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Foreword 

Welcome to the 2023 International Workshop on Pulmonary Imaging. As is always the case at 
this multidisciplinary meeting, we have worked hard to include presenters who are able to 
speak authoritatively on a wide range of current topics—from lung physiology and mechanics 
to pulmonary imaging techniques, IPF, and recent advancements in hyperpolarization 
technology. This year, for this first time, we have also included sessions dedicated to photon-
counting CT and pre-COPD.  

The program is divided into 18 sessions consisting of 89 total presentations split between 
keynote lectures, presentations from leading researchers in pulmonary imaging and rising stars 
in the field, as well as a number of shorter presentations from postdoctoral fellows and 
graduate students, and a 2-hour MAD Minute poster presentation session. Presentations in 
each session are typically organized around an underlying method or concept. While the 
discussion periods at the end of each session are limited by time constraints, we hope that the 
numerous breaks between sessions will allow meeting participants to engage in further, 
informal conversation about the presentations.  

Again, it is our great pleasure to welcome you to this meeting. 

Warren Gefter, MD  Rahim Rizi, Ph.D.
Professor of Radiology, Professor of Radiology, 
University of Pennsylvania University of Pennsylvania 

John Mugler, Ph.D.  Giles Santyr, Ph.D.
Professor of Radiology, Professor of Medical Biophysics, 
University of Virginia  University of Toronto 



XV Scanner™

Advanced 
Lung Scanning Technology

The XV Scanner offers technological and competitive advantages 

over existing imaging modalities. 

It is the first dedicated lung scanner to provide non-invasive 

functional insights into breathing lungs—providing images with 

unprecedented levels of clinical detail and actionable information.

XV Scanner

• First dedicated lung function scanner

• Optimized for XV, improved sensitivity

• Better patient experience

• Rapid, automated scan (in 1–2 breath)

• Scan during normal breathing 

• Very low dose (< 1 typical chest X-ray)

www.4dmedical.com

21255 Burbank Blvd, Suite 120 
Woodland Hills CA 91367  |  +1 833 987 2267

Not yet available for commercial sale in the US. 



Transform MRI Into a Lung 
Ventilation Imaging Platform with 

©2023 Polarean, Inc. All rights reserved. XENOVIEWTM is a trademark of Polarean, Inc. 
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INDICATIONS FOR USE  
XENOVIEW, prepared from the xenon Xe 129 Gas Blend, is indicated for use with magnetic resonance imaging 
(MRI) for evaluation of lung ventilation in adults and pediatric patients aged 12 years and older.  Limitations of 
Use: XENOVIEW has not been evaluated for use with lung perfusion imaging

WARNINGS AND PRECAUTIONS
Risk of Decreased Image Quality from Supplemental Oxygen: Supplemental oxygen administered simultaneously 
with XENOVIEW inhalation can cause degradation of image quality. For patients on supplemental oxygen, 
withhold oxygen inhalation for two breaths prior to XENOVIEW inhalation, and resume oxygen inhalation 
immediately following the imaging breath hold.

Risk of Transient Hypoxia: Inhalation of an anoxic gas such as XENOVIEW may cause transient hypoxemia in 
susceptible patients. Monitor all patients for oxygen saturation and symptoms of hypoxemia and treat as clinically 
indicated.

ADVERSE REACTIONS
Adverse Reactions in Adult Patients: The adverse reactions (> one patient) in efficacy trials were oropharyngeal 
pain, headache, and dizziness.

Adverse Reactions in Pediatric Patients: In published literature in pediatric patients aged 6 to 18 years, the 
following transient adverse reactions were reported: blood oxygen desaturation, heart rate elevation, numbness, 
tingling, dizziness, and euphoria. In at least one published study of pediatric patients aged 6 to 18 years, transient 
decrease in SpO2% and transient increase in heart rate were reported following hyperpolarized xenon Xe 129 
administration. XENOVIEW is not approved for use in pediatric patients less than 12 years of age.

Please see www.XENOVIEW.net for full Prescribing Information.

XENOVIEW Important Safety Information (ISI):
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WiFi Connection Instructions 
 

1. Select the AirPennNet-Guest SSID 

2. Open a browser 

3. Review and accept the Acceptable Use Policy terms and conditions 

4. Enter a valid email address 

5. Click Submit 

 

Note: 

1. Registration of devices on the AirPennNet-Guest wireless network 
will need to be renewed daily. 

2. Only basic Internet connectivity will be provided, including web 
browsing and secure protocols, such as standard VPN and RDP. 

3. Bandwidth usage limits are in effect providing 3Mbps up/down 
per device. 

4. The AirPennNet-Guest wireless network will block hosts that may 
serve malicious content. 

5. In case of abuse, repeat offenders will be blocked from using the 
AirPennNet-Guest wireless network. 



 

Thursday, February 23rd, 2023 

6:50 – 7:40 am Continental Breakfast  
7:40 – 7:50 am Introductory Remarks 

Rahim R. Rizi, Ph.D. 
University of Pennsylvania 

7:50 – 8:00 am Welcome Remarks 
Mitchell D. Schnall, M.D., Ph.D. 
University of Pennsylvania 

Session I: Keynote Lectures – Part I 
Moderator: Warren Gefter, M.D. 

8:00 – 8:25 am A Birds-eye View of Pulmonary Challenges and How Imaging Might Help  
Fernando Martinez, M.D.  
Weill Cornell Medicine  

8:25 – 8:45 am Imaging Needs to Guide Interventional Treatments for COPD Patients 
Gerard J. Criner, M.D. 
Temple University 

8:45 – 9:05 am Origins of Quantitative Functional X-ray Computed Tomography of the Lung and What’s 
Next 
Eric A. Hoffman, Ph.D. 
University of Iowa 

9:05 – 9:25 am MRI in Cystic Fibrosis: Successful Translation of Functional MRI into Clinical  
Medicine 
Hans-Ulrich Kauczor, M.D. 
University Hospital Heidelberg, Germany 

9:25 – 9:45 am The Small Airways: A Key Target for Quantitative, Functional Lung Imaging 
Warren Gefter, M.D. 
University of Pennsylvania   

9:45 – 10:00 am Discussion 
10:00 – 10:15 am Break 

Session II: Keynote Lectures – Part II 
Moderator: Hans-Ulrich Kauczor, M.D. 

10:15 – 10:35 am Artificial Intelligence in Chest Imaging: Is the Future Really Here? 
Edwin van Beek, M.D., Ph.D. 
University of Edinburgh, U.K. 

10:35 – 10:55 am Latest Advances in Imaging in Asthma – Targeted Therapy 
Mario Castro, M.D. 
University of Kansas Medical Center 

10:55 – 11:15 am Role of Imaging in COPD, in 2023 and Beyond 
MeiLan Han, M.D. 
University of Michigan   

11:15 – 11:35 am Sarcopenia: The Multiple Pathways of Muscle Loss 
George R. Washko, M.D. 



Brigham and Women's Hospital  
11:35 – 11:55 am Towards Routine Quantitative Lung Imaging  

Joon Beom Seo, M.D., Ph.D. 
University of Ulsan, South Korea  

11:55 – 12:10 pm Defining Human Specific Mechanisms of Lung Development, Injury & Regeneration  
Maria Basil, M.D., Ph.D. 
University of Pennsylvania  

12:10 – 12:20 pm Discussion 
12:20 – 1:10 pm Lunch 

Session III: Early Investigators 
Moderator: Stephen Kadlecek, Ph.D. 

1:10 – 1:20 pm Tracking Intratidal Blood Volume Redistribution with Dynamic Dual-energy CT 
Jacob Herrmann, Ph.D. 
University of Iowa 

1:20 – 1:30 pm Translating 129Xe MRI to Clinical Practice: Preliminary Experience 
Robert Thomen, Ph.D. 
University of Missouri  

1:30 – 1:40 pm Optimizing Dynamic Contrast Analysis for Imaging Pulmonary Perfusion in Injured Lungs 
Yi Xin, Ph.D. 
Massachusetts General Hospital  

1:40 – 1:50 pm Emerging MRI Techniques and Insights for the Neonatal Lung 
Nara Higano, Ph.D. 
Cincinnati Children's Hospital Medical Center 

1:50 – 2:00 pm Polymorphic Deep Learning for Robust Segmentation Across Species and Diseases 
Sarah E. Gerard, Ph.D.  
University of Iowa 

2:00 – 2:15 pm Discussion 
2:15 – 2:30 pm Break 

Session IV: Lung Cancer   
Moderator: David Mankoff, M.D., Ph.D. 

2:30 – 2:45 pm 
 

Molecular Imaging of Lung Cancer:  Metabolism and Proliferation 
David Mankoff, M.D., Ph.D. 
University of Pennsylvania 

2:45 – 3:00 pm 
 

The Role of Surgery in the Treatment of Mesothelioma 
Joseph Friedberg, M.D. 
Temple University 

3:00 – 3:15 pm 
 

Quantitative Imaging for Lung Cancer in the Era of Immuno-oncology 
Ho Yun Lee, M.D., Ph.D. 
Sungkyunkwan University, South Korea 

3:15 – 3:30 pm Intraoperative Molecular Imaging of Lung Cancer 
Sunil Singhal, M.D. 
University of Pennsylvania 

3:30 – 3:45 pm Lung Cancer Screening Efficacy Enhanced Through Radiomic Biomarkers  



Jessica C. Sieren, Ph.D. 
University of Iowa 

3:45 – 3:55 pm  Discussion 
3:55 – 4:05 pm Break 

Session V: COVID and Post-COVID Lung Imaging 
Moderator: Maurizio Cereda, M.D. 

4:05 – 4:20 pm Are 129Xe MRI Ventilation Abnormalities Clinically Relevant in Post-acute COVID-19 
Syndrome, 3 and 15 Months Post-infection? 
Grace Parraga, Ph.D. 
Western University, Canada 

4:20 – 4:35 pm Leveraging CXR and CT Advanced Quantitative Imaging and Machine Learning Beyond 
COVID-19 Diagnosis to Quantification and Prognostication 
Eduardo J. Mortani Barbosa Jr., M.D. 
University of Pennsylvania 

4:35 – 4:50 pm 
 

Longitudinal Monitoring of Lung Function and Structure Post-COVID-19 Hospitalisation 
with Multinuclear Lung MRI 
Jim Wild, Ph.D.  
University of Sheffield, U.K.  

4:50 – 5:05 pm Visualizing Gas Exchange Defects Using Hyperpolarized 129Xe MRI in Patients with Post-
acute COVID-19 Respiratory Symptoms 
Peter Niedbalski, Ph.D. 
University of Kansas Medical Center 

5:05 – 5:15 pm Discussion 
5:15 – 5:30 pm Break 

Session VI: Assessment of Structural and Functional Changes in ARDS 
Moderator: Marcos Vidal Melo, M.D., Ph.D. 

5:30 – 5:45 pm 
 

Regional Blood Flow and Inflammation During Low Tidal Volume Mechanical Ventilation 
Marcos Vidal Melo, M.D., Ph.D. 
Columbia University 

5:45 – 6:00 pm Imaging Lung Perfusion to Guide ARDS Care 
Maurizio Cereda, M.D. 
Massachusetts General Hospital 

6:00 – 6:15 pm Ventilating the Injured Lung: Insights from Quantitative CT Imaging 
David Kaczka, M.D., Ph.D. 
University of Iowa 

6:15 – 6:30 pm New Approaches to Lung Repair 
Nicolino V. Dorrello, M.D. 
Columbia University 

6:30 – 6:45 pm Leveraging Imaging to Inform Molecular Subphenotypes of ARDS 
Nadir Yehya, M.D. 
Children's Hospital of Philadelphia 

6:45 – 7:00 pm  Discussion  

Friday, February 24th, 2023 



7:00 – 8:00 am Continental Breakfast 
Session VII:  Interstitial Lung Disease 

Moderator: Michael Beers, M.D. 
8:00 – 8:15 am Leveraging Novel Preclinical Models, Big Data Omics, and New Paradigms to Drive 

Discovery in Idiopathic Pulmonary Fibrosis 
Michael F. Beers, M.D. 
University of Pennsylvania 

8:15 – 8:30 am Regional Patterns of Fibrosis, Gas Exchange and Perfusion in IPF Using Chest CT and MRI 
Sean B. Fain, Ph.D. 
University of Iowa 

8:30 – 8:45 am Molecular Imaging of Fibrosis and Fibrogenesis in ILD 
Peter Caravan, Ph.D. 
Massachusetts General Hospital 

8:45 – 9:00 am Discussion 
9:00 – 9:15 am Break 

Session VIII: Machine Learning and Deep Learning – Imaging in COPD 
Moderator: Saurabh Jha, MD 

9:15 – 9:35 am Unsupervised Machine Learning of Quantitative CT Emphysema Subtypes 
R. Graham Barr, M.D., DrPH 
Columbia University 

9:35 – 9:50 am AI in Chest Imaging: From Detection to Prediction 
Joon Beom Seo, M.D., Ph.D. 
University of Ulsan, South Korea 

9:50 – 10:05 am Synthesizing Lung Functional Images Using Deep Learning 
Joseph M. Reinhardt, Ph.D. 
University of Iowa 

10:05 – 10:20 am Assessments of Emphysema and Pulmonary Fibrosis on CT Using Deep Learning 
Stephen Humphries, Ph.D. 
National Jewish Health 

10:20 – 10:35 am Recent Advances in Assessing Vascular Morphology and Perfusion in Pulmonary 
Vascular Disease  
Raul San Jose Estepar, Ph.D. 
Brigham and Women's Hospital 

10:35 – 10:50 am Discussion 
10:50 – 11:05 am Break 

Session IX: Post-Doctoral Fellow and Graduate Student Presentations  
Moderator: Kai Ruppert, Ph.D. 

11:05 – 11:13 am Denoising Diffusion-weighted Hyperpolarized 129Xe Images with Patch-based Higher-
order Singular Value Decomposition 
Stephanie A. Soderlund 
Cincinnati Children’s Hospital Medical Center 

11:13 – 11:21 am Time-resolved Dynamic Lung Water Magnetic Resonance Imaging During Exercise Stress 
Felicia Seemann 
National Institutes of Health 



11:21 – 11:29 am 3D Quantification of Clustered Lung Volume Defects in Different Lung Diseases Utilizing 
Hyperpolarized Gas MR Images 
Gabriela  Delgado 
University of Missouri 

11:29 – 11:37 am Effect of CFTR Modulator Therapy with Elexacaftor/Tezacaftor/Ivacaftor on Pulmonary 
Ventilation Derived by 3D Phase-resolved Functional Lung MRI in Cystic Fibrosis Patients 
Filip Klimeš 
Hannover Medical School, Germany 

11:37 – 11:45 am Quantitative Mapping of Cardiopulmonary Oscillations Using Hyperpolarized 129Xe Gas 
Exchange MRI 
Junlan Lu 
Duke University 

11:45 – 11:53 am Pulmonary Vascular Redistribution Following 2.5-year Anti-IL-5Rα Treatment in 
Eosinophilic Asthma 
Marrissa J. McIntosh 
Robarts Research Institute and Western University, Canada 

11:53 – 12:01 am Lung Volume Dependence and Repeatability of Hyperpolarized 129Xe MRI Gas Uptake 
Metrics in Healthy Volunteers and Patients with COPD 
William J. Garrison 
University of Virginia 

12:01 – 12:10 pm Discussion  
12:10 – 1:00 pm Lunch 

Session X: Pre-COPD and Small Airways  
Moderator: Eric Hoffman, Ph.D. 

1:00 – 1:15 pm Investigating COPD Progression Through Quantitative CT 
Craig J. Galbán, Ph.D. 
University of Michigan 

1:15 – 1:30 pm 
 

Dysanapsis: Origins and Clinical Significance Thanks to Pulmonary Imaging 
Benjamin M. Smith, M.D. 
McGill University and Columbia University 

1:30 – 1:45 pm PET Imaging of Pulmonary Vasculitis  
Delphine L. Chen, M.D. 
University of Washington  

1:45 – 2:00 pm Physiologic Characterization of Respiratory Function Using Fluoroscopy-based X-ray 
Velocimetry 
Naresh M. Punjabi, M.D., Ph.D. 
University of Miami 

2:00 – 2:15 pm New Metrics for Quantification of Airway Disease in COPD  
Surya P. Bhatt, M.D. 
University of Alabama at Birmingham 

2:15 – 2:30 pm Reliable Lung Quantification via CT Using Virtual Imaging Trials 
Ehsan Abadi, Ph.D.  
Duke University 

2:30 – 2:45 pm Mucus Plugs Occluding COPD Airways: A Review of Their Clinical Impact 



Alejandro A. Diaz, M.D., MPH 
Brigham and Women’s Hospital 

2:45 – 2:55 pm Discussion 
2:55 – 3:10 pm Break 
Session XI: Assessment of Pulmonary Disorders in the Pediatric Population and Imaging Asthmatic Patients 

Moderator: Zackary Cleveland, Ph.D. 
3:10 – 3:25 pm Structural and Functional Proton MRI in Pediatric Lung Disease  

Giles Santyr, Ph.D.  
The Hospital for Sick Children, Canada 

3:25 – 3:40 pm Translational Xe MRI in Pediatrics 
Jason Woods, Ph.D. 
Cincinnati Children's Hospital Medical Center 

3:40 – 3:55 pm Body Composition CT Metrics and Lung Function in Asthma Participants: Analyses from 
the Severe Asthma Research Program 
Mark L. Schiebler, M.D. 
University of Wisconsin, Madison 

3:55 – 4:10 pm Phenotyping Asthma/COPD Overlap in Patients with Mild Lung Disease with Xenon MRI 
and Lung Function - Results from the Novelty Cohort 
Laurie Smith, Ph.D.  
University of Sheffield, U.K. 

4:10 – 4:25 pm Discussion  
4:25 – 4:40 pm Break 

Session XII: Proton MRI of the Lung 
Moderator: John Mugler, Ph.D. 

4:40 – 4:55 pm Phase Resolved Functional Lung (PREFUL) MRI: Latest Developments and Clinical 
Translation 
Jens Vogel-Claussen, M.D. 
Hannover Medical School, Germany 

4:55 – 5:10 pm 4D Proton MRI of the Lung at High Spatiotemporal Resolution 
Wilson Miller, Ph.D. 
University of Virginia 

5:10 – 5:25 pm Proton MR Imaging at 0.55T 
Adrienne Campbell, Ph.D. 
National Institutes of Health 

5:25 – 5:40 pm Quantitative Measures of Ventilation, Perfusion, and Ventilation-perfusion in the 
Human Lung Using Proton MRI 
Rui Carlos Sa, Ph.D. 
National Institutes of Health 

5:40 – 5:55 pm Discussion 
6:00 – 8:30 pm Poster Session  

 
Saturday, February 25th, 2023 



7:00 – 7:45 am Continental Breakfast 
Session XIII: Imaging of Lung Transplant and Cell Therapy 

Moderator: Joel Cooper, M.D. 
7:45 – 8:00 am Predicting the Outcome of Lung Transplantation Using Machine Learning 

Pratik Chaudhari, Ph.D. 
University of Pennsylvania  

8:00 – 8:15 am The Role of CT Imaging in Lung Transplant 
Micheal McInnis, M.D. 
University of Toronto, Canada 

8:15 – 8:30 am Hyperpolarized 129Xe Ventilation and Gas Exchange as Markers for Lung Transplantation 
Faraz Amzajerdian  
University of Pennsylvania 

8:30 – 8:45 am Lung Metabolism and Graft Preservation on Ex Vivo Lung Perfusion 
Kentaro Noda, Ph.D. 
University of Pittsburgh  

8:45 – 9:00 am Metabolic Changes in the Donor Lung During Ischemia as a Function of Time and 
Temperature 
Zachary Schug, Ph.D. 
Wistar Institute  

9:00 – 9:15 am Contemporary Challenges and Opportunities to Improve Equity and Use of Organs for 
Lung Transplant 
Edward Cantu, M.D. 
University of Pennsylvania 

9:15 – 9:30 am Neutrophil Trafficking After Lung Transplantation 
Daniel Kreisel, M.D., Ph.D. 
Washington University in St. Louis 

9:30 – 9:45 am Discussion 
9:45 – 10:00 am Break 

Session XIV: Advances in CT Imaging and Photon Counting 
Moderator: Peter B. Noël, Ph.D. 

10:00 – 10:15 am Photon-Counting CT – Opportunities for Interdisciplinary Preclinical and Clinical 
Research 
Peter B. Noël, Ph.D. 
University of Pennsylvania 

10:15 – 10:30 am Fundamentals of Photon Counting CT and Experiences with the First Clinically Available 
System 
Juan Carlos Ramirez-Giraldo, Ph.D. 
Siemens Healthineers 

10:30 – 10:45 am End-to-end Radiomics Standardization Framework  
Grace Gang, Ph.D. 
University of Pennsylvania 

10:45 – 11:00 am Hierarchical Phase Contrast Tomography: A Method for Imaging Multiscale Three-
dimensional Structures in Whole Human Lung 
Claire Walsh, Ph.D. 



University College London, U.K. 
11:00 – 11:15 am Discussion  
11:15 – 11:30 am Break 

Session XV: Lung Imaging with Hyperpolarized 129Xe 
Moderator: Rosa Tamara Branca, Ph.D. 

11:30 – 11:45 am Dissecting Pulmonary Gas Exchange and Hemodynamics with 129Xe MRI 
Bastiaan Driehuys, Ph.D. 
Duke University 

11:45 – 12:00 am Combining HP 129Xe and UTE MRI with Proteomics to Phenotype Cystic Fibrosis Lung 
Disease 
Zackary I. Cleveland, Ph.D. 
Cincinnati Children's Hospital Medical Center 

12:00 – 12:15 pm Sensing the Heat with Spin Polarized 129Xe  
Rosa Tamara Branca, Ph.D. 
University of North Carolina at Chapel Hill 

12:15 – 12:30 pm How to Capture an Atom: Developing Molecular Sensors with Useful Xenon-binding 
Properties 
Ivan Dmochowski, Ph.D. 
University of Pennsylvania 

12:30 – 12: 45 pm Role of 129Xe MRI in Determining the Significance of Pulmonary Pathology in Challenging 
Cases (Examples of COPD, E-cigarette, and Aging)  
Y. Michael Shim, M.D. 
University of Virginia 

12:45 – 1:00 pm 129Xe MRI Phenotypes of Post-HSCT Pulmonary Complications 
Laura L. Walkup, Ph.D. 
Cincinnati Children's Hospital Medical Center 

1:00 – 1:15 pm Assessing Lung Structure via Hyperpolarized 129Xe MR Spectroscopy: Peeking into Peaks 
Kai Ruppert, Ph.D. 
University of Pennsylvania 

1:15 – 1:30 pm Discussion 
1:30 – 2:15 pm Lunch  

Session XVI: COPD and AI 
Moderator: Grace Parraga, Ph.D. 

2:15 – 2:30 pm Data Harmonization on Large Cohorts of Lung CT Scans 
Andrew F. Laine, Ph.D. 
Columbia University 

2:30 – 2:45 pm Image-based Multiscale Modeling of the Lung to Quantify Regional Mechanical Stress In 
Vivo  
Reza Avaz, Ph.D.  
Texas A&M University 

2:45 – 2:55 pm Dynamic Imaging of the Lung with Hyperpolarized 129Xe 
Hooman Hamedani, Ph.D. 
University of Pennsylvania 

2:55 – 3:05 pm Airway Aerodynamics: MRI-based Modeling and Validation  



Alister Bates, Ph.D.  
Cincinnati Children's Hospital Medical Center 

3:05 – 3:15 pm AI-based Detection of COPD on Computed Tomography 
Sandeep Bodduluri, Ph.D.  
University of Alabama at Birmingham 

3:15 – 3:30pm Discussion 
3:30 – 3:45 pm Break 

Session XVII: Lung Imaging with 19F  
Moderator: Brandon Zanette, Ph.D. 

3:45 – 4:00 pm 
 

19F Lung Imaging with Octafluorocyclobutane  
Mitchell Albert, Ph.D. 
Thunder Bay Regional Health Research Institute, Canada 

4:00 – 4:15 pm Imaging Change in Ventilation Properties with 19F-MRI: Quantitative, Repeatable and 
Accessible Imaging of Lung Function 
Peter Thelwall, Ph.D. 
Newcastle University, U.K. 

4:15 – 4:30 pm Beyond FEV1: Dynamic Perfluorinated Gas MRI in Cystic Fibrosis 
Jennifer Goralski, M.D. 
University of North Carolina at Chapel Hill 

4:30 – 4:45 pm Discussion 
Session XVIII: Clinical Translation and Latest Technical Developments  

Moderator: G. Wilson Miller, Ph.D. 
4:45 – 5:00 pm Late Breaking News: FDA Approval and Launch of Hyperpolarized Xenon MRI 

Alex Dusek, Chief Commercial Officer 
Polarean 

5:00 – 5:15 pm Next-generation Gas Hyperpolarization and HP Imaging on Point-of-care MRI Scanners 
Boyd Goodson, Ph.D. 
Southern Illinois University 

5:15 – 5:30 pm Next-generation Enabling Hyperpolarized Clinical Technologies Using Parahydrogen 
Eduard Chekmenev, Ph.D. 
Wayne State University 

5:30 – 5:45 pm Closing Remarks 
5:45 pm Adjourn 
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Origins of Quantitative Functional X-ray Computed Tomography of the Lung and What’s Next 
Eric A. Hoffman, PhD 

University of Iowa Carver College of Medicine 
 
In this talk, we will explore the origins of functional CT and track its evolution towards higher temporal, 

spatial and contrast resolution. With the emergence of multi-spectral CT imaging including dual energy 

utilizing energy integrating technology and multi-energy binning utilizing photon counting and function 

tagged via use of blood-born or inhaled contrast agents. Lung disease phenotypes have previously been 

lumped together by the limitations of spirometry and plethysmography. Quantitative CT (QCT) and its 

functional embodiments have been imbedded into studies seeking to characterize COPD, severe asthma, 

interstitial lung disease and more. With reductions in radiation dose by an order of magnitude or more and 

significant increases in spatial resolution coupled together with reductions in imaging artifacts such as 

beam hardening, scatter and electronic noise, attention has turned towards more mild forms of disease 

and younger populations.  

In early applications, clinical CT concentrated on anatomic details of the lung. However, from the earliest 

days of CT, experimental and limited production scanners, such as Mayo’s Dynamic Spatial Reconstructor 

or Imatron’s Electron Beam CT, have sought to inter-relate regional anatomic details of the lung together 

with function. Structural details extracted at multiple lung volumes offer indices of lung mechanics. 

Additionally, single or multiple volumetric images, if acquired at standardized lung volumes and body 

posture, can be used to model function by employing such engineering techniques as computational fluid 

dynamics. QCT offers assessment of functional small airways disease (fSAD) as well as regional 

ventilation-perfusion matching (V/Q) and more.  

Summary: Quantitative/functional CT has and continues to evolve so as to offer new insights into normal 

and pathophysiology of the cardiopulmonary system through the non-invasive exploration of the dynamic 

three-dimensional functioning of the breathing lung and beating heart within the unique negative pressure 

intrathoracic environment of the intact chest. 

 

Adapted from: Hoffman EA. Origins of and lessons from quantitative functional X-ray computed 

tomography of the lung. Br J Radiol. 2022 Apr 1;95(1132):20211364. doi: 10.1259/bjr.20211364. Epub 

2022 Mar 1. PMID: 35193364; PMCID: PMC9153696. 



MRI in Cystic Fibrosis: Successful Translation of Functional MRI into Clinical Medicine 
 

Hans-Ulrich Kauczor 

Disease severity and mortality in patients with cystic fibrosis (CF) is mainly determined by 
(progressive) pulmonary lung disease. Early diagnosis, such as newborn screening, and therapy 
are important and of prognostic value to conserve lung function. Novel specific therapies with 
elexacaftor/tezacaftor/ivacaftor have evolved as a real game changer leading to a significant 
longer life expectancy of CF patients.  

Primary imaging techniques for lung imaging are x-ray and computed tomography (CT) to monitor 
disease severity and regional distribution. They also have been used widely in CF in the past. 
Radiation-free imaging techniques such as magnetic resonance imaging (MRI) have gained 
increasing interest over the last decade in order to prevent radiation damage. In multiple 
institutions, MRI has been successfully introduced into clinical routine, e.g. annual surveillance 
examinations as well as diagnosis of exacerbations and therapy response assessment. MRI is well 
suited to demonstrate infiltrations, consolidations, bronchial wall thickening, bronchiectasis and 
mucus retention as proton rich structures (“plus”-pathologies). Chest MRI in preschoool children 
is also capable to assess the concomitant involvement of the paranasal sinuses and its response 
to therapy.   

However, MRI can do more. Dynamic contrast-enhanced MRI will visualize and quantify regional 
lung perfusion, which is regarded as a surrogate marker of hypoxic pulmonary vasoconstriction 
reflecting regional ventilation. These images also allow for the assessment of the growth, dilation 
and respective therapy response of the bronchial arteries, which indicate hypertrophy of systemic 
blood supply to the lungs and an increased risk for hemoptysis. Regional assessment is a major 
advantage when compared to pulmonary function testing which will only provide global 
measures.  

Using hyperpolarized gases, e.g. 129Xe, addresses the disease from the opposite side: direct 
visualization of ventilation and its defects as well as additional measures of the dissolved phase 
in order to assess perfusion and gas exchange using chemical shift imaging. A stroke of genius was 
the introduction a regional measurement of ventilation and perfusion without the requirement 
of any contrast agent by using Fourier decomposition. This technology benefits from the facts 
that the weak signal of the ventilated lung increases and decreases regularly at two different 
rhythms. One is the respiratory movement, less signal in inspiration, more signal in expiration, 
the other one is the cardiac action with the highest signal at the moment of highest pulmonary 
blood volume.  

MRI is now established for routine, regular, repeated assessment (surveillance) of CF patients 
from newborns (before being symptomatic) to advanced age (exacerbations and longitudinal 
progress of the disease). MRI is also capable to visualize and quantify the effect of mucolytic or 
antibiotic therapy. Additional functional MRI demonstrates impairment of perfusion or 
ventilation even if morphological changes are not obvious. Thus, imaging can prevent 



complications, support individual therapy decisions and be used as an endpoint within the 
framework of clinical studies.  
 
  
Suggested reading 
Graeber SY et al. Effects of Lumacaftor-Ivacaftor on Lung Clearance Index, Magnetic Resonance 
Imaging, and Airway Microbiome in Phe508del Homozygous Patients with Cystic Fibrosis. Ann Am 
Thorac Soc. 2021;18:971-980.  
 
Sommerburg O et al. Magnetic Resonance Imaging Detects Chronic Rhinosinusitis in Infants and 
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The Small Airways: A Key Target for Quantitative, Functional Lung Imaging 
Warren B. Gefter, M.D. 

University of Pennsylvania 
 

The small airways are less than 2mm in diameter, beginning at the 8th generation. They comprise close to 99% of 
the lungs. While decreasing in length and diameter going distally, they increase exponentially in cross-sectional 
area. The small airways have been referred to as the “Quiet Zone”, since as much as 75% of the small airway cross-
sectional area may be obliterated before airflow obstruction is detectable by spirometry. 
 
Accumulating evidence indicates that the small airways are a primary site of involvement in virtually all of the 
major lung disorders, and often the initial site of pathology. Collaborative research between UPenn and Dr. James 
Hogg’s group at the University of British Columbia using micro-CT confirmed that these are the airways involved in 
the early stages of COPD, even prior to the development of emphysema [1]. They are also increasingly recognized 
for their importance in asthma, either in early disease or as a phenotype. Asthma therapies utilizing ultrafine 
particles which can be delivered to the small airways have improved therapeutic efficacy. The small airways play a 
principal role in lung disease due to smoking (tobacco, cannabis, vaping), air pollution, respiratory disease due to 
climate change, ozone and other toxic inhalational exposures, pre-COPD, viral infections and post-COVID-19 
pneumonia, hypersensitivity pneumonitis, immunological/inflammatory conditions, and even in idiopathic 
pulmonary fibrosis. Thus, there is a highly important need to assess early abnormalities in small airway 
morphology and function, enabling early disease detection and therapeutic intervention. Advancing knowledge of 
small airway epithelial cellular/molecular processes and small airway biomechanics can lead to novel and 
individualized therapies and their delivery systems.  
 
The objectives of this presentation are the following: 1. Define the anatomic and functional characteristics of the 
small airways. 2. Discuss non-imaging and imaging methods to assess the small airways, focusing upon recent 
developments in image-based detection of small airway abnormalities. The latter include non-rigid registration of 
inspiratory/expiratory CT (parametric response mapping) [2,3,4], micro-CT [1,4] multiparametric imaging using HP-
gas MRI, deep learning identification of air trapping, and the improved spatial resolution of airway images using 
recently introduced photon counting CT. 3. Illustrate the important role played by small airway disease in specific 
major lung disorders. 4. Demonstrate the importance of small airway pathophysiology for development of more 
effective therapeutic agents and delivery systems to target the small airways. 5. Describe recent approaches to 
studying molecular/cellular small airway epithelial processes, including cell culture, precise-cut lung slices and 
“airway-on-a chip.” 6. Discuss important ongoing challenges in evaluating small airways disease, current 
knowledge gaps, and fruitful directions for future research [5].  
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Artificial Intelligence in chest imaging: is the future really here? 

Edwin J.R. van Beek MD PhD 

SINAPSE Chair of Clinical Radiology, University of Edinburgh, UK 

 

There has been an enormous focus on various applications and developments of machine learning 
(ML) and artificial intelligence (AI) tools (often these terms are used indiscriminatory) for medical 
imaging. The initial “hype” led to a certain fear among radiologists that there domain was under 
pressure, but more recently, the development of these tools has been embraced for various reasons 
(e.g. lack of manpower, enhanced reporting information, automation of more tedious tasks, etc.). 

For chest imaging, various diagnostic questions have been at the forefront of developing computer 
algorithms to enable more rapid and precise diagnosis. Initially these computer aided diagnosis 
algorithms were relatively crude, and focused on lung nodule detection, detection of pulmonary 
embolism and segmentation tasks, such as airways and quantification of parenchymal lung disease, 
such as pulmonary fibrosis and emphysema. 

The newer technologies that are now being developed go beyond the original techniques, as they 
make greater use of convolutional neural networks, with or without expert annotation, and many of 
these systems have the ability to perform “self-directed” learning and get better over time. That is, 
of course, the aim of the game! 

However, if one delves into what is now feasible, there is a distinct lack of validation of most new 
proposed ML/AI tools. This is, of course, ultimately required to provide the necessary evidence that 
these tools can be trusted. In addition, most of the current tools are developed on either well-
characterised databases (e.g. LIDC for lung nodules; COPDGene for emphysema and airways) or are 
based on single center populations. This makes introduction into other clinical environments and 
populations more difficult. 

Finally, one needs to remember that the tools that are currently available or under development are 
mostly focussed on performing a single task, e.g. lung nodule detection. And even then, one needs 
to remember that threshold settings may vary depending on the population being studies: for CT 
lung cancer screening a threshold of 2-3 mm may be required, whereas for detection of incidental 
pulmonary nodules a threshold of 4-5 mm is considered sufficient). 

In conclusion, although the field is generally moving into a patchwork of dedicated ML/AI tools for 
assessment of lung disease, the radiologist will be tasked with ensuring the correct algorithms are 
applied in the right context. Many of the tools that are being published still lack validation and 
therefore are not directly applicable for introduction into the clinical domain. It is anticipated that it 
will be another 5-10 years before these tools are more widely clinical acceptable and applicable. 
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Latest Advances in Imaging in Asthma – Targeted Therapy 

Mario Castro, M.D., University of Kansas Medical Center 

Imaging of the lungs in patients with asthma has evolved dramatically over the last two decades with 

sophisticated techniques, including quantitative CT (qCT) and hyperpolarized gas (HP) MRI (using 3He and 
129Xe), and quantitative software applications to assess airway anatomy, regional lung mechanics and associated 

function (gas exchange/diffusion). Previous reports in asthma have been primarily limited to gross anatomic 

abnormalities, such as the presence of bronchiectasis, atelectasis or bronchial wall thickening, noted in asthma, 

especially in severe disease, compared to normal individuals.1-3 qCT analysis objectively quantifies airway, 

parenchymal, and pulmonary vascular characteristics,4,5 and its use has led to the successful identification of 

novel phenotypes in both COPD and asthma.6-8 Herein, we describe its application in a new mucus plugging 

(MP) phenotype and its role in airflow obstruction and air trapping in persistent asthma and subsequent decline 

in lung function. Dunican et al., demonstrated the presence of MP in all severities of asthma and that there was 

an inverse correlation between this phenotype and lung function that was not reversed by inhaled 

corticosteroids.9 Interestingly, the MP seemed to be driven by airway eosinophilia and type 2 inflammation with 

marked upregulation of MUC5AC in the airway. Subsequently, Tang et al., demonstrated that this MP phenotype 

is persistent for at least 3 years in the same bronchopulmonary segments and correlated with loss of lung 

function.10 In addition, we demonstrate that adult asthma patients with more severe airway remodeling, more 

small airways disease, and less regional change in lung expansion, based on quantitative imaging analyses, 

suffered more severe future lung function decline and a greater frequency of future asthma exacerbations.11 

Imaging of lung function using HP MRI has discovered local areas of airway obstruction in asthma that are 

heterogeneous and occur more frequently in severe asthma.12,13 Ventilation defect percentage correlates with 

several clinical parameters including spirometry, severity, control and predicts severe exacerbation. In a recent 

pilot study of 30 subjects with severe asthma refractory to current therapies, we demonstrated that a single 

bronchial thermoplasty (BT) treatment guided by 129Xe MRI provided similar quality of life improvements after 12 

weeks as standard three-session BT.14 One of the most notable benefits of a single treatment is reduced peri-

procedure adverse events, making it a more favorable option for this therapy.  

Application of these new functional lung imaging techniques in asthma present new opportunities for 

enhanced phenotyping, early-stage disease detection and diagnosis, and provides insights into the 

pathophysiologic causes of airway remodeling and disease progression in severe asthma. Ultimately qCT and 

XeMRI techniques have allowed us to move to the next stage of guiding therapeutic interventions by mapping 

regional function and allowing measurement of therapeutic response. 
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Role of Imaging in COPD, In 2023 and Beyond 
MeiLan Han, M.D. 

University of Michigan 
 

In recent years, computed tomography (CT) has become increasingly available, both as a 
research tool and in clinical practice, providing additional insights into the structural and 
pathologic abnormalities present in COPD.  This has led to enhanced understanding of disease 
phenotypes and outcomes.  However, traditionally CT imaging has not considered part of routine 
diagnostic criteria or management for COPD. The diagnosis of COPD has centered on 
establishing the presence of airflow obstruction using spirometry. Yet spirometry is grossly 
underutilized. Most patients with COPD are diagnosed only when the disease has significantly 
advanced. At the same time, CT imaging is being increasingly routinely, particularly among 
individuals with risk factors for COPD given the routine use of CT imaging for lung cancer 
screening. Here, both traditional quantitative analytic methods in addition to deep learning 
approaches have the potential to increase the value of CT imaging for identification of 
individuals with COPD.1-3   

CT can also be important for aiding with differential diagnosis.  Patients with excessive cough 
and sputum, despite maximal medical therapy, may have concomitant bronchiectasis or atypical 
infection that require specific therapies.  Roughly 30% of COPD patients have bronchiectasis 
visible on CT, which is now the examination of choice when bronchiectasis is suspected.  
Bronchiectasis is associated with increased risk for exacerbations and mortality.4 Both lung 
volume reduction surgery and bronchoscopic lung volume reduction reduce hyperinflation and 
improve symptoms. Hence, if emphysema is suspected, CT imaging can identify location and 
severity of emphysema as well as fissure integrity, helping to identify patients that might be 
appropriate for one of these therapies.  While historically this has been performed based on 
expert radiologist visual analysis, particularly for LVRS, increasingly quantitative analysis for 
emphysema extent, location and fissure integrity is being performed to assist with treatment 
decision making. The presence of emphysema is also associated with more rapid progression of 
FEV1 decline, increased mortality and increased risk for development of lung cancer. Finally, it 
should be noted that CT imaging of the chest can also provide a wealth of information about 
COPD comorbidities including coronary artery calcium, bone density and muscle mass.  Such 
CT assessed comorbidities have been associated with all-cause mortality.5 

While current recommendations suggest imaging in COPD should be focused on patients eligible 
for lung cancer screening, those with persistent exacerbations or symptoms out of proportion to 
spirometric severity and those individuals with FEV1 less than 45% and hyperinflation6, in the 
future CT may be used at a health system level for COPD screening and phenotyping. 
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Sarcopenia: The Multiple Pathways of Muscle Loss 

George R. Washko, M.D. 
Brigham and Women’s Hospital 

 
Low muscle mass is associated with numerous adverse outcomes independent of other 
associated comorbid diseases. In smokers, the loss of muscle mass may be due to 
inflammation and disuse atrophy.  Our goal is to predict and understand an individual’s risk for 
developing low muscle mass using proteomics and machine learning. Muscle mass was 
objectively assessed on computed tomographic imaging by measuring the cross-sectional area 
of the pectoralis major and minor muscles at the level of the aortic arch.  This metric has 
previously been demonstrated to be associated with fat free mass as well as clinically relevant 
outcomes such as exercise capacity and survival.   
 
We identified 8 biomarkers associated with low pectoralis muscle area (PMA). We built 3 
random forest classification models that used either clinical measures, feature selected 
biomarkers, or both to predict development of low PMA. The area under the receiver operating 
characteristic curve for each model was: clinical-only = 0.646, biomarker-only = 0.740, and 
combined = 0.744. We displayed the heterogenetic nature of an individual’s risk for developing 
low PMA and identified 2 distinct subtypes of participants who developed low PMA. While 
additional validation is required, our methods for identifying and understanding individual and 
group risk for low muscle mass could be used to enable developments in the personalized 
prevention of low muscle mass. 
 
 
 



Towards Routine Quantitative Lung Imaging 

Joon Beom Seo 

 

From early stage of clinical implementation, chest imaging, particularly CT has played an 

important role in the diagnosis and treatment of various lung diseases. Thin section CT images provide 

excellent information on the structural change of the disease lung, so that we can understand the 

underlying pathophysiologic changes. However, most of information was given by subjective assessment 

by radiologists and the extent and severity of the disease elements were given in qualitative or semi-

quantitative ways.  

 With use of various image processing technologies, many disease elements can be 

quantitatively assessed using computer software. These components include radiomics of lung cancer, 

emphysema, air trapping, airway wall thickening, extent of localized disease patterns of interstitial lung 

disease, and so on. Many researches have shown that those quantitative information will be useful in 

clinical practices, since it can be used in early disease detection in preclinical stage, assessment of 

disease severity, choice of treatment options, and assessment of treatment responses and so on.  

 Even with many promising results on quantitative lung imaging, the implementation of real 

clinical practice has been delayed. Aside the necessity of proving real value of quantitative imaging in 

clinics, there are severe technical issues to be overcome to accelerate the clinical adoption. Firstly most 

of image processing algorithms are not perfect; it often requires human interaction such as minor 

correction or confirmation, which is usually time consuming and hinders timely presentation of 

information. Secondly, most of software algorithms are very sensitive to imaging parameters such as 

radiation dose, reconstruction kernels, slice thickness and so on. This limitation generate serious 

variation of measurements and the results and thresholds of clinical researches by using standardized 

imaging protocols cannot be applied in clinical practice. It also hampers transfer of quantitative results 

to other hospital, in comparison to the results of clinical studies such as CBC or PFT. Thirdly, there is a 

concern of radiation exposure of the routine use of CT for measuring disease changes. Finally, the 

quantitative results include too many measures and there should be a way to summarize or visualize 

the results to be accessible by general physicians and patients.  

 With the recent introduction of deep learning algorithm and many researches, all of the 

technical problems mention above can be solved, at least in part. Full automation without human 

interaction of quantitative assessment is possible by replacing human interactive steps with deep 



learning algorithms. Measurement variation can be minimized by using image style conversion 

algorithm. Further reduction of radiation dose has become possible by applying deep learning algorithm 

either in raw data or image domain. 

 With additional technical development and clinical validation, routine clinical use of quantitative 

lung imaging will be possible in the future and will open a new era of thoracic imaging big data.  
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The Human Respiratory Airways – a Regenerative Niche in Lung 
Development, Injury, and Regeneration 

 
Maria C. Basil, MD PhD 

Perelman School of Medicine at the University of Pennsylvania 

 
Chronic Obstructive Pulmonary Disease (COPD) is one of the leading causes of morbidity and mortality 
worldwide. Despite this intense disease burden, no novel molecular therapies have been developed in 
over a decade. For COPD, as is true for nearly all forms of lung injury and disease, therapies are aimed 
at stopping destruction, not at repair and regeneration of the injured lung. Recent work has advanced our 
knowledge of the pathways and processes at work in lung regeneration, but much of this work has been 
done in murine models, and has yet to be translated into human disease. The molecular pathways 
dysregulated during lung repair in COPD, however, have been difficult to study because the anatomical 
site of the inciting injury in this disease – the distal human respiratory airways – is absent in mice.  
 
The distal airways of human lungs contain respiratory bronchioles (RBs), which are a unique anatomic 
structure where regions of low cuboidal airway epithelium are interdigitated with regions of alveolar 
epithelium, the sites of gas exchange. The RBs have been shown to be a site of injury in several 
respiratory diseases including COPD, Bronchiolitis Obliterans Syndrome (BOS), various forms of 
interstitial lung disease, and aging. Despite their immense clinical relevance, the cellular composition, 
function, molecular regulation, and response to injury of this region are poorly understood. We have 
characterized a novel progenitor cell type in the RBs of human lungs that we term Respiratory Airway 
Secretory Cells (RAS cells).  
 
Using advanced genomic techniques, high-resolution imaging, a novel bi-lineage human embryonic stem 
cell (hESC) reporter system, ferret models of disease, and human primary cell organoid modeling we 
have shown that RAS cells act as progenitors for Alveolar Type 2 (AT2) epithelial cells in a rapid and 
unidirectional manner, also act as progenitors for other airway epithelial cells types in the distal lung, and 
these progenitor relationships are regulated, in part, by Notch and WNT signaling. These findings support 
the RB has a regenerative niche within the distal human lung. Furthermore, we identified the emergence 
of an abnormal AT2 state that expresses markers of RASCs in multiple human disease and injury states 
including cigarette smoke injury, COPD and BOS, suggestive of aberrant regenerative response in 
human lung injury.  
 
Through the interrogation of the molecular pathways that govern development, injury response, and 
repair in human respiratory bronchioles, we hope to further our understanding of the molecular regulation 
of RAS cell function, the signals that maintain the human RB niche, and how this region responds to 
injury. Combined, this will allow for the development of new treatment modalities in COPD and other 
devastating respiratory diseases. 
 
 



Tracking Intratidal Blood Volume Redistribution with Dynamic Dual-Energy CT 
 

Jacob Herrmann, PhD 
 
Purpose: High airway pressures applied during mechanical ventilation of injured lungs 
can be beneficial for recruiting atelectatic lung regions, yet can also impose 
hemodynamic challenges. In this study, we present a novel experimental method for 
imaging intratidal variations in pulmonary perfused blood volume (PBV) during 
uninterrupted mechanical ventilation, using dynamic contrast-enhanced dual-energy 
computed tomography (DECT) with retrospective gating [1]. 
 
Methods: CT imaging was performed during pressure-controlled ventilation in one pig 
with iodinated liposomal contrast [2], using inspiratory:expiratory ratios of 1:2.2 and 
6.2:1, typical timings used in pressure-control ventilation (PCV) and airway pressure 
release ventilation (APRV) modalities, respectively. For each modality, two consecutive 
20-second axial scans (57.6 mm axial coverage) were acquired at 70 kVp and 150 kVp. 
X-ray projections were retrospectively sorted according to the phases of the respiratory 
and/or cardiac cycles to reconstruct 4D and 5D dynamic DECT image sequences [1].  
PBV and virtual noncontrast images were computed by three-material decomposition. 
Lung regions were segmented automatically using a convolutional neural network [3]. 
 
Results & Discussion: Increased gas pressures during inspiratory phases of 
mechanical ventilation were associated with intratidal increases in aeration and 
reductions in PBV, similar to findings of dynamic imaging studies performed using 
single-slice CT [4] and synchrotron radiation [5].  There was a phase lag between 
changes in aeration and changes in PBV, measured in 4D-DECT at 240 ms during 
PCV, and 150 ms during APRV.  PBV from 4D-DECT exhibited no consistent signal 
associated with the heart rate. However, cardiac-associated PBV fluctuations measured 
in 5D-DECT during PCV and APRV were on average 49% and 28% of corresponding 
respiratory-associated PBV fluctuations measured in 4D-DECT, respectively. 
 
Conclusion: During positive pressure ventilation, inspiratory reductions in pulmonary 
perfused blood volume lagged changes in lung aeration, with substantial hysteresis in 
measured PBV-aeration curves. PBV fluctuations due to ventilator cycles were 2- to 4-
fold larger than those due to cardiac cycles, depending on the ventilation modality and 
phase of the ventilator cycle. These results highlight the dynamic interactions between 
pulmonary blood and gas volumes, and the influence of mechanical ventilation modality. 
 
References: 
[1] J Herrmann et al. IEEE Trans Med Imaging 36(8):1722-1732, 2017. 
[2] S Mukundan Jr et al. Am J Roentgenol 186(2):300-307, 2006. 
[3] SE Gerard et al. Med Image Anal 60:101592, 2020. 
[4] JN Cronin et al. Crit Care Med 48(3):e200-e208, 2020. 
[5] L Porra et al. Am J Respir Cell Mol Biol 57(4):459-467, 2017. 



Translating 129Xe MRI to Clinical Practice: Preliminary Experience 

Robert P Thomen, PhD 

With the recent FDA approval of 129Xe MRI, practical questions related to clinical implementation 
and hospital adoption must be addressed. Creating patient orders, CPT coding, reimbursement, 
pharmacy involvement, radiologist reads, and polarizer operation are just a few aspects of clinical 
operation which must be given consideration. Whether clinicians adopt or abandon a new 
technique can depend greatly on the ease with which it can be implemented and executed; thus, 
establishing concrete standards of operation is essential in the early stages of a clinical program. 
In this discussion, I will present these aspects of clinical implementation including successes and 
struggles experienced in University of Missouri healthcare system. We will also examine aspects 
of 129Xe MRI which will require changes and augmentations for true clinical adoption separate 
from research laboratories including the requirements/responsibilities of technologists, polarizer 
operators, dose administrators, and nurses.  



Optimizing Dynamic Contrast Analysis for Imaging Pulmonary Perfusion in Injured Lungs 
Yi Xin 

 
Background: Acute respiratory distress syndrome (ARDS) is characterized by a maldistribution of 
pulmonary blood flow (PBF) but the clinical impact of perfusion changes is under-investigated 
due to limitations in available imaging methods. Dynamic contrast-enhanced (DCE) CT captures 
first-pass kinetics of intravenously injected dye during continuous scan acquisitions. Injection of 
concentrated contrast, which has several folds higher viscosity than blood yields a better signal 
to noise ratio in static imaging but the effects of contrast dilution in dynamic imaging have never 
been explored. We aimed to 1) evaluate the effects of contrast viscosity on imaging PBF; 2) 
perform comparative evaluation of difference PBF models in healthy lungs and after lung injury, 
validating their results against cardiac output by thermodilution.  

Methods: 10 Yorkshire pigs (5 with lung injury, 5 healthy) were anesthetized, intubated, and 
mechanically ventilated. In the lung injury group, 3.5 ml/kg of HCl was divided into 5 ml aliquots 
and instilled via bronchoscopy into the lobar bronchi of each lung. Each DCE CT scan was obtained 
during a 30 second end-expiratory breath-hold. A 57.6 mm slab was imaged continuously at the 
temporal resolution of 0.25 seconds. After a 5-second inspiratory hold, 16 ml of each contrast 
agent - Isovue-370 and diluted Isovue-370 (3:2 ratio contrast:0.9% saline) - were separately 
injected via internal jugular vein catheter at a rate of 4 ml/s with a washout of 10 minutes. 
Density-time curves were analyzed via both the steepest slope (SS) and peak enhancement (PE) 
models. PBF measurements was compared to cardiac output via thermodilution as gold standard 
for whole-lung perfusion using regression analysis. In two healthy pigs, three slabs of image 
covering the entire lung were acquired to determine cumulative PBF in comparison to cardiac 
output.  

Results: Slab-averages of PBF in SS model had a better correlation with cardiac output (R2=0.82) 
than the PE model (R2=0.64). Moreover, whole lung perfusion was also shown to be closer to the 
cardiac output value in the SS model compared to the PE model. Both methods have the 
prerequisite assumption that contrast injection is fast enough that tissue venous outflow can be 
ignored. The SS model detects the maximum gradient of enhancement in the middle of the 
upsloping density-time curve, which occurs earlier than the peak value captured in the PE model. 
This characteristic implies that the SS method may be less influenced by venous outflow than the 
PE model, and it may explain why PE estimates of PBF were underestimated compared with 
cardiac output. In addition, injecting diluted isovue-370 did not significantly alter peak 
enhancement in the pulmonary artery (p=0.156) and in lung tissue (p=0.108). However, mean 
transit time (MTT) was smaller with diluted vs. undiluted contrast in pulmonary vessels, 
suggesting faster passage of contrast through the lungs. With diluted contrast, calculated PBF 
values were larger than with undiluted dye (3.03±1.05 vs. 3.24±1.05, P<0.001).  

Conclusion: DCE CT using the SS model and diluted contrast agent provided reliable quantitative 
estimates of PBF.  

 



Emerging MRI Techniques and Insights for the Neonatal Lung 
Nara Higano, Ph.D.  

Division of Pulmonary Medicine and Department of Radiology, Cincinnati Children’s Hospital 

 

The underlying structure, function, and microstructure of pulmonary disease in neonates who are born 

preterm (bronchopulmonary dysplasia, BPD) or with congenital abnormalities (e.g. pulmonary 

hypoplasia) remains poorly characterized, with unclear links to later morbidity and mortality. There is a 

lack of suitable techniques to reliably assess lung disease in this population; infant PFT, chest x-ray 

radiography, and chest CT are limited by technical challenges, low sensitivity, or safety concerns. 

Recent advances in both 1H and hyperpolarized 129Xe pulmonary MRI in infants allow for refined 

characterization of neonatal lung pathologies, particularly in BPD, with minimal safety concerns. 

1H ultrashort echo-time (UTE) MRI can sensitively characterize abnormal structures in infant lungs and 

can quantify lung tissue density with CT-like metrics, due to proton-density weighting. UTE MRI has 

revealed clinical relevance in BPD when applying a modified Ochiai reader score, with the ability to 

predict short-term respiratory outcomes better than current clinical measures (R2 = 0.77–0.91).1 

Hyperinflation in BPD (whole-lung volumes normalized by body size) is a strong marker of severe BPD 

(P = 0.001) and poor clinical trajectories (P = 0.0004), similar to PFT findings of obstructive lung disease, 

and may provide image-based phenotyping of obstructed pulmonary function.2 Early work exploring 

lung ventilation via k0-gated UTE MRI during tidal breathing may map the spatiotemporal features 

relevant in multifaceted neonatal lung diseases such as BPD, with minimal patient risks.3 

Application of hyperpolarized 129Xe gas MRI in infants is early, with preliminary experience 

demonstrating feasibility and challenges for future consideration.4 Patients with severe BPD were 

imaged with breath-hold 129Xe MRI near term-age (~40 weeks gestation). Spiral ventilation acquisitions 

(N = 6) showed good image quality and sufficient sensitivity to detect mild defects that were mostly, but 

not exclusively, attributable to structural findings on 1H UTE. Observed ADC values (N = 4) were similar 

to those seen in healthy adults (~0.04 cm2/s), and in an extremely pre-term patient, ADC was notably 

high (~0.06 cm2/s). Dynamic spectroscopy (N = 7) revealed an RBC/M ratio that would be considered 

abnormally low (~0.14) in adults and school-aged children (0.46 and 0.31, respectively).5 

Over the past decade, 1H MRI has begun to mature as a sensitive technique with true clinical relevance 

to characterize neonatal lung structure and function, with strong potential for early outcomes 

prognostication, monitoring disease progression via serial imaging with minimal risk, and informing 

clinical management decisions on an individual patient basis. Initial feasibility and safety findings of 
129Xe MRI in infants are emerging; early results hint at sufficient sensitivity for measuring multiple 

aspects of functional and microstructural impairment in BPD. 



1.  Higano NS, Spielberg DR, Fleck RJ, et al. Neonatal pulmonary magnetic resonance imaging of 

bronchopulmonary dysplasia predicts short-term clinical outcomes. Am J Respir Crit Care Med. 

2018;198(10):1302-1311. doi:10.1164/rccm.201711-2287OC 

2.  Higano N, Mukthapuram S, Hysinger E, Fleck RJ, Woods JC. Obstructive Versus Restrictive 

Lung Disease in Neonatal Bronchopulmonary Dysplasia: Surrogate MRI Metrics Reveal 

Differences in Clinical Relevance. In: Proceedings of the American Thoracic Society. ; 

2022:A5298-A5298. doi:10.1164/ajrccm-conference.2022.205.1_MeetingAbstracts.A5298 

3.  Bates A, Higano N, Schuh A, et al. Neonatal Lung Ventilation Mapping from Proton Ultrashort 

Echo-Time MRI. In: Proceedings of the International Society for Magnetic Resonance in 

Medicine. ; 2020. 

4.  Higano NS, Stewart NJ, Mukthapuram S, et al. Initial Experience with Hyperpolarized Xenon-

129 Gas MRI in Neonates with Bronchopulmonary Dysplasia. In: Proceedings of the American 

Thoracic Society. ; 2022:A4356-A4356. doi:10.1164/ajrccm-

conference.2022.205.1_MeetingAbstracts.A4356 

5.  Willmering MM, Walkup LL, Niedbalski PJ, et al. Pediatric (129) Xe Gas-Transfer MRI-

Feasibility and Applicability. J Magn Reson Imaging. 2022;56(4):1207-1219. 

doi:10.1002/jmri.28136 

 

 



Polymorphic Deep Learning for Robust Segmentation Across Species and Diseases 

Sarah E. Gerard, PhD 

Chest computed tomography (CT) produces spatially resolved maps of pulmonary anatomy, 
enabling detection and characterization of disease with greater specificity compared to global 
measures of lung function from spirometry. Segmentation of pulmonary structures in CT images 
is important for efficient and reliable quantification of disease phenotypes. Deep learning has 
achieved ubiquitous improvements in accuracy and efficiency of image segmentation across 
different organs and medical imaging modalities. However, training neural networks require 
large annotated datasets with consistent labeling, which are tedious and expensive to produce. 
The ability to combine annotated datasets from different sources would expedite new network 
development and improve network generalizability, however, inconsistencies in label specificity 
between datasets can impose challenges. As a result, many research efforts rely on small 
bespoke training datasets. 

We propose a novel neural network training paradigm called polymorphic deep learning which 
combines differently labeled datasets to produce a network that is capable of labeling images 
at any desired specificity level. This is a form of weak supervision for partially labeled training 
data. Polymorphism in this context refers to a property of labels with multiple hierarchical 
meanings. For example, voxels specifically labeled as “left lower lobe” in one dataset also 
implicitly belong to the “left lung” label as well as the most general “lung” label. The 
polymorphic training paradigm allows inclusion of multiple datasets with heterogeneous 
labeling specificity, by injecting supervision at multiple layers and enforcing hierarchical label 
constraints.  

Our recent work used polymorphic training to achieve lobe-specific segmentation in thoracic CT 
images of critically ill COVID-19 patients without any training data from the COVID-19 dataset. 
This was achieved by combining training data from different sources, including humans with 
COPD, IPF, and lung cancer and experimental animal models of acute lung injury. We are 
extending this network to achieve lobar segmentation across multiple species using specifically 
labeled human datasets and non-specifically labeled animal datasets. The results demonstrate 
that polymorphic training enables unified training on heterogenous datasets which can enable 
network generalizability across species and diseases. This talk will present an overview of the 
polymorphic training paradigm. We will then present our recent study performed in COVID-19 
patients. We will conclude with future directions for polymorphic training to improve CT lung 
segmentation. 

 

SE Gerard, J Herrmann, Y Xin, KT Martin, E Rezoagli, D Ippolito, G Bellani, M Cereda, J Guo, EA 
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PET/CT Molecular Imaging of Lung Cancer - Metabolism and Proliferation 
David A. Mankoff, M.D., Ph.D. 

 
The ability to measure biochemical and molecular processes to guide cancer treatment 
represents a potentially powerful tool for trials of targeted cancer therapy.  These assays 
have traditionally been performed by analysis of tissue samples.  More recently, functional 
and molecular imaging allows in vivo assay of cancer biochemistry and molecular biology 
that is highly complementary to tissue-based assay.  Molecular imaging can be used as a 
biomarker inform targeted cancer clinical trials and clinical decision making by (1) 
measuring regional expression of the therapeutic target, (2) testing the ability of drugs to 
interact with their intended targets, and (3) by measuring cancer response early in the 
course of treatment, and (4) relating response to the risk of relapse.  
 
This talk will review basic principals of molecular imaging in cancer, with an emphasis on 
those methods that have been tested in patients. The talk will review the current state of 
molecular imaging in lung cancer patients, including methods in routine clinical use, those 
undergoing advanced clinical trials, and those in early-phase testing.  Topics covered will 
including imaging lung cancer metabolism with a focus on glucose metabolism, and 
cellular proliferation as a tool assessing tumor response.  The talk will also briefly touch 
on new targets for lung cancer treatment, including immunotherapy. Current trials and 
future directions will also be highlighted, as will the application of new technology 
advances, including total-body PET. 
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The Role of Surgery in the Treatment of Pleural Mesothelioma 
 

Joseph S. Friedberg, MD FACS 
 
Pleural Mesothelioma (PM) remains one of the most virulent cancers known to man.  It is sDll 
considered incurable and typically portends a life expectancy in the one-year range.  It is an 
orphan disease, only several percent as common as lung cancer, and is associated with asbestos 
exposure in the majority of cases.  The standard of care is palliaDve systemic therapy, either 
pemetrexed-plaDn doublet chemotherapy or, more recently, nivolumab-ipilimumab 
immunotherapy (1).   
 
Surgery, at this Dme, remains an invesDgaDonal treatment for PM.  The reason for this is that it 
is not possible to achieve a microscopically complete (R0) resecDon for diffuse pleural cancers.  
When employed, the role of surgery is to a achieve a macroscopically complete resecDon as 
part of a mulDmodal treatment plan that should also include standard of care systemic therapy. 
 
There are two surgical approaches to achieving a macroscopic complete resecDon, both involve 
resecDng or treaDng all parietal pleural surfaces.  The visceral pleural surface can be addressed 
by either performing a pneumonectomy or preserving the lung.  Over the past two decades the 
general internaDonal trend has been toward lung preservaDon, but there is no standard surgical 
approach at this Dme.  In either case it is a colossal operaDon, arguably the most extensive 
palliaDve procedure in the field of medicine. 
 
The reason surgery does appear to have a role in the treatment of PM is because carefully 
selected paDents seem to exhibit a significantly longer survival than would be anDcipated with 
systemic therapy alone.  Oncologic indicaDons for surgery are well established for most solid 
tumors, like NSCLC, with the staging system clearly idenDfying the paDents likely to benefit from 
surgery.  This is not the case for PM.  While the staging system for PM conDnues to be improved 
and revised, two of the most significant prognosDcators that inform the expected oncologic 
benefit of surgery, histologic subtype and tumor volume, are not included in the staging system.  
Histologic subtype, with epithelioid being the most likely to be posiDvely impacted by surgical 
exDrpaDon, is readily determined with a biopsy.  Accurate esDmates of tumor volume, 
presumably from CT scans, as proved more elusive. A number of approaches have been 
employed to render esDmates of tumor volume, but a standardized volumetric system has yet 
to emerge.   
 
It seems likely that if a validated and universally accessible instrument becomes available to 
measure tumor volume from a CT scan, that this technique will become standard of care for 
PM.  Volumetric esDmaDon would prove not only useful for general prognosDcaDon, but would 
be invaluable in helping with paDent selecDon for surgery. 
 
  



1 First-line nivolumab plus ipilimumab in unresectable malignant pleural mesothelioma 
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30;397(10272):375-386.  
 



Quantitative Imaging for Lung Cancer in the Era of Immuno-oncology 

 

Ho Yun Lee 
 
Clinical oncology is experiencing rapid growth in data that are collected to enhance cancer care, where 

quantitative imaging has been proposed as the next frontier in radiology as part of an effort to improve 

patient care through precision medicine. Especially with recent advances in the field of artificial 

intelligence (AI), there is now a computational basis to integrate and synthesize this growing body of 

multi-dimensional data, deduce patterns, and predict outcomes to improve shared patient and clinician 

decision making.  

What’s more, another paradigm shift in treatment of cancer has been brought by immune-checkpoint 

inhibitors achieved impressive success. Yet, unfortunately, only a subset of unselected cancer patients 

responds to these therapies. Thus, an important area of ongoing research is to identify biomarkers that 

can predict which patients are most likely to derive clinical benefits.   

In this lecture, the rationale for and the key facts related to the application of these quantitative imaging 

biomarkers in the recent era of immune-oncology are presented. 
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Intraoperative Molecular Imaging of Lung Cancer 

Sunil Singhal, MD 
 
Lung cancer remains the most common cause of cancer death in the United States with more than 
235,000 new cases last year.  Surgery remains the most effective approach to manage lung cancer if 
the patient’s tumor is completely resectable and the patient can tolerate an operation.  However, 
despite seemingly successful surgery, 20% of patients develop a local recurrence due to surgical 
failure. This local recurrence rate is due to positive margins during resection and missed synchronous 
or discontinuous cancers. 
 
Intraoperative molecular imaging (IMI) has developed rapidly over the past decade to address this 
challenge. IMI utilizes optical tracers that target malignant lesions through a variety of means. These 
tracers fluoresce and can easily be visualized using optical imaging instrumentation, making it 
possible to accurately identify tumors intraoperatively, remove them with negative margins, and even 
identify additional lesions that were not visualized preoperatively. Recent studies have also used 
fluorescent tracers to help surgeons identify and avoid vital structures like nerves and vasculature.  
 
Fluorescent tracers generally act through one of three mechanisms: passive, active, and activatable. 
Passive targeting relies on the enhanced permeability and retention effect, which leverages the 
increased vascular permeability and decreased lymphatic drainage of cancerous tissue. More 
recently developed tracers actively target abnormally expressed receptors on malignant cells, 
enhancing labeling specificity and permitting higher resolution imaging. Our group has been studying 
targeting folate-receptor alpha (FRɑ) with a near-infrared targeted tracer that has allowed real-time 
visualization of radiologically occult lung tumors and contrast between tumor cells and normal lung. 
 
Over the last decade, our group has performed preclinical work and clinical trials testing this strategy.  
In the presentation, we will discuss the results of the preclinical studies and the resulting Phase I, 
Phase II and Phase III studies.  In this Phase III, 12-center randomized trial, 111 subjects with 
suspected or biopsy-confirmed cancer in the lung scheduled for sublobar pulmonary resection were 
administered a single intravenous infusion of pafolacianine within 24 hours before surgery. Subjects 
were randomly assigned (10:1) to surgery with (n=100) or without (n=11) IMI. The primary endpoint 
was the proportion of subjects with a clinically significant event (CSE), defined as a clinical change in 
the surgical operation attributed to enhanced visualization of tumors.  
 
No drug-related serious adverse events occurred.  One or more CSE’s occurred in 54/100 subjects 
(54%, 95% CI 43.7 – 64.0, p < 0.0001) randomly assigned to IMI.  There were 38 patients with 
margins < 10 mm from the resected primary nodule (38%, 95% CI 28.5 – 48.3) with 32 confirmed by 
concordant pathology measurement. In 19 subjects (19%, 95% CI 11.8 – 28.1), IMI located the 
primary nodule that the surgeon could not locate.  IMI revealed 11 occult synchronous malignant 
lesions in 9 subjects (9%, 95% CI 4.2 – 16.4) unknown to the surgeon. A change in the overall scope 
of surgical procedure occurred for 29% of the subjects (22% increase, 7% decrease).  Most (73%) 
IMI-discovered synchronous malignant lesions were outside the planned resection field. In 10% of the 
cases, the use of IMI up-staged the patients due to new information. 
 
Based on these results, this past December 2022, this molecule was granted FDA approval and will 
be the first targeted fluorescent probe in humans. 
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Lung Cancer Screening Efficacy Enhanced Through Radiomic Biomarkers 
 

Jessica Sieren 

 

Smoking is the largest risk factor for both lung cancer and obstructive lung disease. The National 

Lung Screening Trial (NLST) enrolled subjects who reported a cigarette smoking history of at 

least 30 pack years and showed that annual low-dose computed tomography (LDCT) screening 

could reduce mortality from lung cancer by approximately 16%, compared to conventional chest 

x-ray1.  However, it remains clinically challenging to efficiently distinguish the small number of 

malignant nodules from the many benign lung nodules detected with screening. 

CT imaging creates a wealth of information. We have previously demonstrated the potential of 

radiomic features in predicting lung cancer risk in a cohort of 460 subjects, with an accuracy of 

100% in testing and 98% in validation2. In that study, computer extracted features capturing the 

radiological intensity, texture, and shape of the imaging identified pulmonary nodules were 

utilized, along with features extracted from an optimized perimeter of peri-nodular lung 

parenchyma. However, these preliminary results focused on high-resolution CT data in a diverse 

cohort of research subjects. Hence, the approach requires testing and validation using LDCT data 

and in a cohort specifically meeting the criteria for lung cancer screening.  

A comparator to risk prediction models created with radiomic features, are existing mathematical 

risk prediction models using multivariate logistic regression and incorporating demographic, 

clinical and radiologist assessed nodule features from imaging data. We have tested the 

performance of four such models (including the Brock University model3 recommended by the 

British Thoracic Society4), pre- and post-calibration of the thresholds5, on a subset of subjects 

from the NLST. We compare the performance of the mathematical risk prediction models in the 

context of the Lung-RADS criteria. The performance of these simpler prediction models forms a 

baseline for which the radiomics model in development must outperform. 
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Are 129Xe MRI ventilation abnormalities clinically relevant in post-acute 
COVID-19 syndrome, 3- and 15-months post infection? 

 
Grace Parraga PhD FCAHS 

 

The COVID-19 pandemic has compelled the intentional development and optimization of new 

ways to directly evaluate the effects of acute viral infection in patients with mild (requiring home-

based care only) and more severe symptoms (requiring hospital and intensivist care). Whilst a 

myriad of body/organ systems were affected, the respiratory system was the main entry and viral 

replication space; severe, acute respiratory symptoms obligated the necessity for the application 

of rapid chest imaging methods and measurements in patients. Chest CT and CT pulmonary 

angiography certainly dominated for those patients experiencing severe acute chest infection 

requiring hospital-based care.1 As the pandemic evolved however, it became clear that many 

COVID-19 survivors reported new and ongoing symptoms of unexplained dyspnea, tachypnea, 

malaise, exercise limitation and quality-of-life deficits, in the absence of measurable virus and 

with normal or only mildly abnormal chest CT and pulmonary function tests. Defined as post-acute 

COVID-19 syndrome2, substantial numbers of infected patients experienced long-term symptoms 

12 weeks+ post-infection. The possibility was raised that some of these symptoms may be due to 

small airways disease.3 To test this hypothesis and demonstrate feasibility,  we evaluated 53 

patients with symptoms and poor quality-of-life scores consistent with post-acute COVID-19 

syndrome, 3- and 15-months post-infection using hyperpolarized 129Xe ventilation MRI.  

In this prospective study at two centres in the province of Ontario, Canada, 129Xe MRI ventilation 

defect percent (5.4±7.1%, 4.2±6.8%; P=.003), forced expiratory volume in 1s (85±20%pred, 

90±19%pred P=.001), diffusing capacity of the lung for carbon-monoxide (DLCO; 89±29%pred, 

99±22%pred; P=.002) and quality-of-life-score (35±18, 25±20, P<.001) significantly improved at 15-

months as compared to 3-months post-infection. In multivariable models, abnormal MRI 

ventilation defect percent at 3-months post-infection predicted the change in six-minute-walk-

distance, 15-months post-infection (β=-.643, P=.001), while the changes in both DLCO and forced-

vital-capacity explained the change in quality-of-life score. Treatment with inhaled airways 

disease medication at 3-months post-COVID correlated with improved quality-of-life score (odds 

ratio=4.0, 95%CI:1.2,13.8, P=.03) 15-months post-COVID. 

Pulmonary function, exercise capacity, quality-of-life, and 129Xe MRI ventilation defect percent 

improved in participants with post-acute COVID-19 syndrome 15-months post-infection. 

Participants prescribed airways-disease therapy were four-times (OR=4.0, p=.03) more likely to 

experience quality-of-life-score improvements.  We are currently exploring the relationship of 

ventilation and gas-exchange abnormalities in those participants evaluated using both 

approaches.
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Leveraging CXR and CT Advanced Quantitative Imaging and Machine Learning Beyond COVID-19 

Diagnosis to Quantification and Prognostication 

Eduardo J. Mortani Barbosa Jr., M.D. 

University of Pennsylvania 

 

 At the dawn of COVID-19 pandemic, pulmonary involvement was acknowledged as the 

primary contributor to morbidity and mortality. While the diagnosis of COVID-19 infection relies 

on detection of viral proteins or its genetic material, detecting COVID-19 pneumonia requires 

medical imaging, such as radiographs (CXR) or chest CTs. Nonetheless, the simple binary 

detection of pneumonia relinquishes a substantial amount of latent information on imaging, 

which can be unleashed through quantitative methods to inform predictive prognostic models 

and assess therapeutic response. Therefore, imaging pattern detection, classification, 

quantification, and prognostication driven by a combination of automated algorithms and 

human expert input should be holistically integrated. 

 This presentation will discuss original research on novel methods and applications 

utilizing artificial intelligence algorithms in the clinical setting of patients with suspected COVID-

19 pneumonia. The first
1
 is a novel method that leverages the superior 3D quantification of 

airspace disease (AD) on chest CTs, which is encoded in planar projections through the creation 

of synthetic DRRs (digitally reconstructed radiographs), allowing superior 2D quantification on 

paired chest radiographs by a deep convolutional neural network (CNN). The CNN, learning 

from the DRRs, was able to achieve expert level performance to quantify the area of AD on 

chest radiographs, with mean absolute error of [8.8 – 10.2%] and correlation of [0.73 - 0.85] 

with the reference standard of volumetric AD quantification on chest CTs. The second
2
 is a 

multicenter study applying machine learning methods (both supervised and unsupervised) to 

classify different 3D patterns of lung disease on chest CTs, which achieved AUC (area under the 

ROC curve) of 0.93, sensitivity of 0.90 and specificity of 0.83 to diagnose COVID-19 pneumonia. 

Furthermore, the deep-learning classifier achieved a moderate to high performance to correctly 

classify non-COVID-19 pneumonias (64%), interstitial lung diseases (91%) and normal CT scans 

(94%). The third
3
 is a retrospective observational study comparing the utility of both 3D AD 

quantification by CT and 2D AD quantification by CXR with established prognostic markers in 

patients with COVID-19, such as demographics, vital signs (Sat O2, respiratory rate) and 

laboratory metrics (d-dimer, ferritin, WBC), for prognostication of COVID-19, separating 

mild/moderate from severe disease that required ICU admission. Models using imaging derived 

quantitative markers outperformed models utilizing demographics, vital signs, and laboratory 

values (AUC of 0.78 vs 0.67, p<0.05), and importantly, performed equally well when 2D AD data 

replaced 3D AD data. 

 Taken together, these research results indicate that CT and CXR imaging derived 

quantitative measurement of AD, performed by automated algorithms which learned from 

expert humans, not only allow accurate detection and classification of COVID-19 pneumonia, 

but also enable superior prognostication when compared to clinical metrics. Hence, these  



provide valuable guidance to proactively identify and aggressively manage COVID-19 patients at 

the greatest risk for poor outcomes. 
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Longitudinal lung function assessment of patients hospitalised with COVID-19 using 1H and 129Xe lung 
MRI 
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Abstract  

Introduction: Microvascular abnormalities and impaired 129Xe gas transfer have been observed in 
patients with COVID-19. The progression of pathophysiological pulmonary changes during the post-
acute period in these patients remains unclear.  

Methods: Patients who were hospitalised due to COVID-19 pneumonia underwent a pulmonary 1H and 
129Xe MRI protocol at 6, 12, 25 and 51 weeks after hospital admission. The imaging protocol included: 
ultra-short echo time, dynamic contrast enhanced lung perfusion, 129Xe lung ventilation, 129Xe diffusion 
weighted and 129Xe 3D spectroscopic imaging of gas exchange. 

Results: 9 patients were recruited and underwent MRI at 6 (n=9), 12 (n=9), 25 (n=6) and 51 (n=8) weeks 
after hospital admission. At 6 weeks after hospital admission, patients demonstrated impaired 129Xe gas 
transfer (RBC:M) but normal lung microstructure (ADC, LmD).  Minor ventilation abnormalities present in 
four patients were largely resolved in the 6–25 week period. At 12 week follow up, all patients with lung 
perfusion data available (n=6) showed an increase in both pulmonary blood volume and flow when 
compared to 6 weeks, though this was not statistically significant. At 12 week follow up, significant 
improvements in 129Xe gas transfer were observed compared to 6-week examinations, however 129Xe 
gas transfer remained abnormally low between 12 and 51 weeks. 

Conclusions: This study demonstrates that multinuclear MRI is sensitive to functional pulmonary 
changes in the follow up of patients who were hospitalised with COVID-19. Persistent impairment of 
xenon transfer may represent a physiological mechanism underlying ongoing symptoms in some 
patients and may indicate damage to the pulmonary microcirculation.  

 

 

 

 

 

 



 

Figure 1: Example ultra-short echo time (UTE) images, RBC:M maps, 129Xe ventilation images and maps 
of pulmonary blood flow at visit 1 and visit 2, for each patient. The white arrow shows a segmental 
perfusion defect visible at visit 1 which improves at visit 2. UTE: ultra-short echo time. RBC: red blood 
cell. M: membrane. PBF: pulmonary blood flow.

 



Visualizing Gas Exchange Defects Using Hyperpolarized 129Xe MRI in Patients with Post-acute 
COVID-19 Respiratory Symptoms 

Peter Niedbalski 
Since the beginning of the COVID-19 pandemic, >660 million people (>100 million in 

United States) have been infected, leading to the death of >7.5 million (>1 million in US). Over 
time, it has become clear that acute COVID-19 is only part of the story, with 54% of hospitalized 
COVID-19 patients and 34% of non-hospitalized patients exhibiting lingering symptoms at least 
28 days after acute COVID-19 infection.1 Respiratory (or respiratory-related) symptoms are 
among the most prevalent post-COVID-19 complaints. In particular, 23% of COVID-19 patients 
report fatigue, 13% report dyspnea, 7% report cough, and 5% report chest pain.1 These 
symptoms are often associated with radiologic and lung function abnormalities. However, there 
are also many cases in which imaging and lung function are normal or symptoms are 
disproportionate to radiologic and lung function abnormalities.2 Hyperpolarized 129Xe MRI (Xe-
MRI) can elucidate impaired lung function with a high degree of sensitivity, and thus is a 
compelling modality to use in the post-acute COVID-19 population. 

Xe-MRI can be used to collect images reflecting ventilation and the transfer of gas to red 
blood cells (RBCs) through the pulmonary interstitium (“membrane”), commonly referred to as 
gas exchange imaging.3 We collected ventilation and gas exchange Xe-MRI images in 35 
patients who had COVID-19 (mean 333 ± 188 days diagnosis). Imaging was performed using 
3D spiral acquisition (“FLORET”) for ventilation imaging and radial 1-point Dixon imaging for gas 
exchange.4 At the time of imaging, we collected information regarding respiratory symptoms in 
all participants. A subset of participants (N = 15) were imaged at a second timepoint 6 months 
after the initial imaging timepoint. Images were quantified to calculate mean RBC/membrane, 
membrane/gas, and RBC/gas ratios.5 We then examined the association between respiratory 
symptoms and Xe-MRI markers. Following this single-site study, we examined Xe-MRI data 
collected using similar protocols in post-acute COVID-19 patients across 2 other sites in the 
United States and Canada (Duke University, University of British Columbia). 

Participants with respiratory symptoms trended toward having lower RBC/Membrane 
(0.32 ± 0.09 vs. 0.37 ± 0.10, p = 0.13) and RBC/Gas (0.28 ± 0.1 vs. 0.34 ± 0.09, p = 0.1) ratios 
than participants with no long-term respiratory symptoms. When examining prominent 
symptoms (dyspnea, fatigue, cough) individually, only fatigue was associated with a significant 
difference in Xe-MRI markers (RBC/Gas: 0.26 ± 0.09 vs. 0.35 ± 0.11, p = 0.01). Membrane/Gas 
was widely variable across participants and ventilation defect percent was not associated with 
respiratory symptoms. There was no significant change in Xe-MRI markers from baseline to 6-
month imaging (p > 0.15 for all markers). This was the case in participants who continued to 
experience respiratory symptoms and those who reported resolution of symptoms.  

In the larger, multi-site cohort (N = 104, N = 67 with symptoms, 37 recovered), similar 
results are observed. Participants reporting respiratory symptoms show significantly reduced 
RBC/Membrane (0.37 ± 0.12 vs. 0.45 ± 0.12, p < 0.001) and RBC/Gas (0.29 ± 0.09 vs. 0.33 ± 
0.1, p = 0.01) as compared to those without respiratory symptoms. Similar to the single-site 
results, Membrane signal was widely variable and not significantly associated with symptoms. 

These results demonstrate that Xe-MRI is sensitive to lung damage associated with 
post-acute COVID-19 respiratory symptoms. Moreover, these results are suggestive of primarily 
vascular pathophysiology in post-acute COVID-19, based on reductions to RBC signal with no 
corresponding elevation in membrane signal. Preliminary results examining patients over 6 
months suggest that the functional impairment associated with symptoms persists over long 
time scales. Finally, the Xe-MRI results observed at a single-site were consistent with results 
observed previously2 and when examining a larger, multi-site Cohort. Ultimately, Xe-MRI is an 
effective method to assess pulmonary functional impairment in patients experiencing post-acute 
COVID-19 respiratory symptoms.  
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Imaging Lung Perfusion to Guide ARDS Care 
Maurizio Cereda, MD 

Treatment of acute respiratory distress syndrome (ARDS) focuses primarily on monitoring and 

protecting the pulmonary airspaces: dialing lower tidal volumes, targeting lower driving pressures, 

and using prone positioning to reduce lung stress during mechanical ventilation. Pharmacological 

options are limited by insufficient characterization of heterogeneous ARDS populations.  

Early angiographic and autopsy studies revealed simultaneous reversible (pulmonary 

vasoconstriction, thromboembolism, interstitial edema) and irreversible (intimal proliferative 

lesions progressing to permanent vascular obstruction and remodeling) impairment of lung 

perfusion in early ARDS1. Because of this, blood is variably diverted to well perfused lung regions, 

where in addition to worsening hypoxemia, elevated intravascular volumes and pressures 

damage the vascular endothelium, compounding pulmonary edema and stress-induced injury2. 

However, little has been done to preserve and improve pulmonary vascular function. 

Imaging regional lung perfusion may help characterize ARDS patients: abnormal blood flow 

distributions and locally altered vasoregulation are likely associated with important biological 

characteristics, treatment responses, and outcomes of ARDS. Furthermore, mapping regional 

blood flows can help interpret the relationship between gas exchange impairment and severity of 

lung injury in each patient, improving individualized outcome predictions. 

4D dynamic contrast-enhancement (DCE) computed tomography (CT)3, and dual energy CT 

(DECT)4 contribute to pre-clinical and clinical research by providing high-resolution maps of 

pulmonary blood flow (PBF) and volume (PBV). In experimental ARDS, we used these 

instruments to quantify regional changes in pulmonary perfusion related to treatments such as 

prone positioning, inhaled nitric oxide (iNO), and cardiac stimulants.  

Electrical impedance tomography (EIT) is a bedside imaging modality which enables frequent 

joint assessments of regional lung mechanics and perfusion without requiring patient transport. 

EIT injects electric microcurrents through 16-32 electrodes to monitor the distribution of thoracic 

impedance in an axial plane. Regional PBF is measured after intravenous injection of small 

boluses of hypertonic saline tracer5. In experimental ARDS, we test correlations of EIT-derived 

and CT-derived PBF values. Furthermore, we used this technique in human ARDS to 

demonstrate individual variability of responses to iNO. 

Moving forward, integrating techniques of perfusion imaging in ARDS research and care will likely 

allow a paradigm shift to targeting the vascular physiology and biology in addition to airspace 

mechanics.  
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Ventilating the Injured Lung: Insights from Quantitative CT Imaging 
 

David W. Kaczka, MD, PhD 
 

The acute respiratory distress syndrome (ARDS) is a deadly form of respiratory failure 
associated with high mortality, and places significant burdens on public health resources. Patients 
suffering from ARDS have few treatment options available to them, other than supportive 
mechanical ventilation. However, mechanical ventilation itself also has the potential to increase 
mortality, due to the maldistribution of ventilation and lung parenchymal strain, as well as 
repetitive alveolar collapse and expansion.  Together, these phenomena may contribute to 
unintended ventilator-induced lung injury (VILI).  Lung protective mechanical ventilation attempts 
to mitigate the risk for VILI, while simultaneously providing life-sustaining gas exchange of the 
failing respiratory system.  Traditional strategies for protective ventilation rely on appropriate 
levels of positive end-expiratory pressure (PEEP) to limit end-expiratory derecruitment, and low 
tidal volumes or driving pressures to limit overdistention.  However, since ventilation distribution 
in ARDS is governed by a heterogeneous distribution of regional mechanics, the most appropriate 
distending pressure, ventilation frequency, or tidal volume for one lung region may not necessarily 
be the same for another, even within the same patient. This may result in poor ventilation-to-
perfusion matching and ineffective gas exchange. 

We have previously demonstrated that ventilation of a mechanically heterogeneous lung 
using multiple simultaneous frequencies, improves gas exchange and maintains lung recruitment 
at lower distending pressures compared to traditional “single-frequency” ventilation (3).  We have 
termed this unique modality of mechanical ventilation “multi-frequency ventilation” (MFV), and 
have postulated that such improvements in physiological outcomes may arise from a more even 
distribution of ventilation to different lung regions, in accordance with local mechanical properties.  
Since specific lung regions may be characterized by different “preferred” frequencies of 
ventilation, MFV is uniquely capable of enhancing gas exchange in the mechanically 
heterogeneous lung, including more efficient oxygenation and CO2 elimination. MFV may also be 
a more efficacious approach to minimizing VILI in the heterogeneously injured lung, by reducing 
parenchymal strain heterogeneity.  In this presentation, we will discuss the theoretical rationale 
for the use of MFV in structurally heterogeneous pathologies such as ARDS.  Based on our 
previous work using dynamic xenon-enhanced computed tomographic (CT) imaging (1) and four-
dimensional image registration (2), we will elucidate mechanisms by which MFV improves 
regional ventilation distribution, aeration, and parenchymal strain in a porcine model of ARDS.  
We expect that these pre-clinical studies of MFV will have a high likelihood of establishing the 
foundation for the further exploration of novel modes of conventional and oscillatory ventilation in 
a broad range of patients with acute respiratory failure.  
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Lung repair by alveolar type II epithelial cells in surfactant protein C deficient mice 
 

N. Valerio Dorrello, MD PhD 
Columbia University 

 
Childhood interstitial lung disease (chILD) secondary to pulmonary surfactant deficiency is a 
devastating chronic lung disease in children. The incidence of ChILD ranges from 0.1 to 16.2 per 
100,000 people (12,13) with a prevalence of 1.3-3.8 per million and mortality as high as 35% (6,9–
11,14–16). Some forms of chILD are lethal in the neonatal period while others cause respiratory 
disease ranging from neonatal respiratory failure to childhood- or adult-onset interstitial lung 
disease. There is no specific treatment, except lung transplantation, which is hampered by a 
severe shortage of donor organs, especially for young patients. 
 
Repair of lungs with chILD represents a longstanding therapeutic challenge but cellular therapy 
is a promising strategy. As surfactant is produced by alveolar type II epithelial (ATII) cells, 
engraftment with normal or gene-corrected ATII cells might provide an avenue to cure. Here we 
used a chILD disease-like model, Sftpc-/- mice, that lack surfactant protein C (SPC), to provide 
proof-of-principle for this approach.  
Sftpc-/- mice were followed up to 12 months of age.  They developed progressive interstitial lung 
disease with age and lack of SPC resulted in morphological and stereological changes of the 
lungs similar to histological patters observed in chILD.  
 
We next explored whether bleomycin, a chemotherapeutic and radiomimetic agent, could be used 
to ablate endogenous ATII cells. We treated mice with 3 increasing doses of bleomycin. Sftpc-/- 

mice were more susceptible to bleomycin injury than Sftpc+/+ and bleomycin depleted ATII cells in 
Sftpc-/- mice already at the lowest dose. 
 
Finally, we investigated engraftment of ATII cells in bleomycin-treated Sftpc-/- mice. 4-, 8-, and 12-
month-old Sftpc-/- mice were conditioned with low- or high-dose bleomycin and 10 days later 
received 1x106 Sftpc+/+ ATII cells i.t.  We detected the higher number of transplanted Sftpc+/+ cells 
in younger mice (4 and 8 months) compared to older mice (12 months) and after low compared 
to high bleomycin dose or vehicle. Transplanted ATII cells produced mature SPC and attenuated 
bleomycin-induced lung injury up to four months post-transplant. 
 
In conclusion, our data demonstrates that partial replacement of mutant ATII cells can promote 
lung repair in Sftpc-/- mice. Our study lays the foundation for cell therapy in chILD, offering an 
alternative approach to lung transplantation. 
 
 
 
 

 
 



Leveraging Imaging to Inform Molecular Subphenotypes of ARDS 

Nadir Yehya, MD MSCE 

Heterogeneity of critical illness syndromes, such as sepsis and acute respiratory distress 
syndrome (ARDS), has contributed to negative clinical trials, as therapies effective in some 
subtypes may be harmful in other subtypes (1).  Prior attempts at subphenotyping ARDS have 
relied on clinical characteristics, such as direct (pulmonary) versus indirect (extra-pulmonary) 
inciting etiologies, or infectious (pneumonia or sepsis) versus non-infectious.  Imaging has been 
proposed as a method to subphenotype ARDS, with a single trial testing the efficacy of standard 
lung-protective ventilation versus ventilator strategies personalized according to whether 
subjects had focal (consolidations only in the inferoposterior lung) or non-focal (diffuse 
pulmonary edema) on chest radiograph or computed tomography (CT)(2).  However, clinical 
and radiographic subphenotyping is subject to high risk of misclassification, making this an 
imperfect solution for mitigating heterogeneity. 

Biomarkers have also been proposed to mitigate heterogeneity in ARDS, with clustering 
methodology applied to combinations of clinical variables and biomarkers to identify 
subphenotypes (3).  Secondary analyses of multiple ARDS trials and cohorts has consistently 
demonstrated the presence of two subphenotypes, dubbed hyper- and hypoinflammatory (3-
6).  Hyperinflammatory ARDS is characterized by higher levels of inflammatory biomarkers, 
more shock, and higher prevalence of sepsis.  However, these subphenotypes are not specific 
for ARDS, and generalize to other critical illness syndromes (7, 8).  However, molecular 
subphenotypes have not been systematically analyzed alongside imaging subphenotypes, and 
the degree of overlap is unknown.   

Imaging in ARDS is often hampered by the degree of patient illness, limiting the frequency, 
type, and resolution of available imaging to inform care.  The majority of imaging studies in 
ARDS have relied on (readily available and portable) plain radiographs and (snapshot in time) 
CTs.  Advances in novel imaging technologies, such as dynamic chest radiography, electrical 
impedance tomography (EIT), and lung ultrasound can now provide viable portable alternatives, 
with longitudinal and spatial resolution, to fill in the gaps of plain radiographs and CT.   

As a first step, biomarker-based subphenotypes should be thoroughly characterized using 
multimodal imaging, both at ARDS onset and longitudinally.  Second, reproducible imaging 
characteristics can be used as inputs for future subphenotyping strategies, both alone and 
alongside biomarkers and clinical characteristics, in order to determine subtypes more specific 
to ARDS.  Finally, some aspects of image analysis can be automated for real-time subphenotype 
determination in the electronic health record, helping operationalize these concepts for use in 
cohort recruitment, randomized trials, and eventually for clinical care. 
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Leveraging Novel Preclinical Models, Big Data Omics, and New Paradigms to Drive Discovery in 
Idiopathic Pulmonary Fibrosis 
 
Michael F. Beers, M.D   Perelman School of Medicine at The University of Pennsylvania 
 
Despite considerable research effort and investment, median survival following a diagnosis of Idiopathic 
Pulmonary fibrosis (IPF) remains 3 to 5 years and has remained remarkably refractory to current “gold-standard” 
anti-fibrotic strategies (i.e., Pirfenidone; Nintedanib). The lack of preclinical model systems that effectively 
reproduce the pathologic features of human IPF and can also be exploited to assess drug efficacy is a significant 
impediment to the realization of clinical treatments stemming from basic IPF research. The most frequently used 
model to study IPF involves intratracheal delivery of the DNA-damaging agent bleomycin to mice. This model is 
characterized by widespread acute inflammation and rapidly forming fibrosis that spontaneously resolves. In stark 
contrast, human IPF is marked by the absence of overt inflammation and defined by non-resolving, progressive 
pathology classified as usual interstitial pneumonia (UIP). Other less commonly used animal models of IPF 
similarly reproduce some but not all disease features and the effects are often strain-specific. As such, there is a 
critical and unmet need for improved research tools and resources that facilitate the study of IPF and further the 
development and testing of novel therapeutics to treat this devastating disease. 
The weight of current evidence suggests that the pathogenesis 
of IPF involves the aberrant intersection of diverse cellular and 
molecular pathways. Repetitive injury to a vulnerable alveolar 
epithelium is thought to initiate the processes that have been 
observed in the lungs of patients with mild to moderate IPF: 
increased apoptosis/senescence of the alveolar epithelium, 
localized proliferation of repair-associated myofibroblasts, and 
excess extracellular matrix including collagen deposition. Slowly 
over time and in association with the aging process, an 
accumulation of these events is believed to produce the 
histopathological features of advanced IPF, such as patchy 
subpleural and basilar-predominant interstitial thickening, 
fibroblastic foci, and cystic dilation of the alveoli and bronchioles 
that eventually lead to a progressive decline in lung function and 
clinically apparent symptoms. Studying the insidious onset of 
these wide-ranging pathological features is further complicated 
by spatial and temporal heterogeneity among fibrotic zones, with 
areas of normal lung architecture interspersed with regions of 
dense fibroblastic foci even within the same lobe. 
The identification of rare IPF associated genetic variants has provided valuable insight into cells and pathways 
that participate in fibrotic lung remodeling. Mutations in the alveolar epithelial type 2 cell (AT2) restricted 
Surfactant Protein C (SP-C) gene (SFTPC) have been identified in a subset of these patients.  We described 2 
major classes of disease-associated SFTPC mutations based upon AT2 stress phenotypes evoked by the 
mutant SP-C isoforms: (i) “Trafficking” mutants evoke lysosomal stress, and inhibit autophagy; (ii) misfolded, 
aggregation-prone “BRICHOS” mutants elicit endoplasmic reticulum (ER) stress and AT2 apoptosis. These 
findings, coupled with signatures of autophagy dysfunction and ER stress in the epithelium of patients with 
sporadic IPF, illustrate that AT2 centric pathways are capable of driving PF.  As proof of concept, we then 
generated two novel knock-in murine models expressing either a trafficking (SP-CI73T)1 or a BRICHOS misfolding 
(SP-CC121G) mutation2. Expression of either mutation in adult mice results in spontaneous fibrosis and 
recapitulation of many disease defining elements including: i) activation of lung tissue repair-associated 
pathways; ii) heterogeneous fibrotic histology with features of usual interstitial pneumonia; iii) restrictive lung 
physiology; iv) relevant IPF biomarkers (SP-D, Osteopontin, MMP7, CCL17, MCP-1).  
As a preclinical platform these models have been successfully leveraged as a Discovery/ Target ID tool to explore 
multiple aspects of IPF pathogenesis including: (i) early immune cell (monocyte/macrophage) recruitment3; (ii) 
AT2 cell ER stress2; (iii) the emergence of a novel pathological AT2 derived transitional cell state4; (iv) AT2 
metabolic reprogramming and mitochondrial dysfunction5.  In preclinical testing, the Sftpc models also respond 
to standard of care “antifibrotics (e.g. Nintedanib) and have been utilized to index effect sizes of various 
therapeutic strategies including TGFB inhibition, prostaglandin signaling, and Unfolded Protein Response 
pathways. In summary, Sftpc mouse models offer an additional and disease relevant preclinical platform to 
explore IPF pathogenesis and therapeutic discovery. 
  

 

Transitional
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Hyperpolarized (HP) Xenon MRI can be used to measure the transfer of gas from the alveoli into 
the lung tissue and blood and has shown promise for characterizing regional pathophysiology in 
ILD [1] and progression in Idiopathic Pulmonary Fibrosis (IPF) [2]. Quantitative measures of lung 
perfusion using dynamic contrast enhanced (DCE) MRI have shown similar promise in IPF [2-5]. 
Here, we explore the regional relationship between HP Xe MRI of gas exchange and DCE MRI 
of perfusion in patients with IPF and how these patterns co-localize to fibrotic injury on chest CT. 

At total of 5 participants were studied with spectroscopic HP Xenon imaging performed 
using a 1-pt Dixon sequence to estimate the regional uptake of Xenon into the lung tissue/plasma 
(“Membrane”) and into the red blood cells (“RBC”). The ratio of these two measurements 
(RBC:Membrane) was used as a surrogate for gas exchange. Pulmonary blood flow (PBF), blood 
volume (PBV), and mean transit time (MTT) were calculated using indicator-dilution theory. 
Functional gas exchange and perfusion images were spatially registered using Advanced 
Normalization Tools (ANTs).  The lung volume was sub-segmented into 12 components 
composed of Left/Right, Upper/Middle/Lower, and Anterior/Posterior regions. The median value 
of each metric was then calculated in each region for each subject. Regional correlations between 
gas exchange and perfusion estimates were calculated. Finally, a linear mixed effects model was 
used to account for the random effects between participants. 

Significant and moderate regional correlations were found between RBC:Membrane and 
PBF (r = 0.44, P=5.7e-4), PBV (r = 0.42, P=8e-4), but not MTT (r = .11, P=0.42). Correlation 
analysis indicates some variability in the relationship between these metrics across the different 
participants. However, the linear mixed effect models show PBF and PBV remain strong 
explanators of RBC:Membrane (PBF: P=4.7e-4; PBV: P=6.7e-4), and similarly do not support an 
association of RBC:Membrane and MTT (P=0.41). In most cases texture analysis on chest CT 
indicates patterns of reduced RBC:Membrane and PBF that are regionally heterogeneous and 
are located in normal appearing, non-fibrotic lung (Figure). 
 

 
 
MRI based estimates of gas exchange made with HP Xenon MRI are moderately correlated 
regionally with both PBF and PBV in patients with IPF. Although a larger sample size is needed 
to confirm, the observed regional association of PBF and PBV, but not MTT, with the 
RBC:Membrane measure suggests patterns of pathophysiology in gas exchange on HP Xenon 
MRI may be due to the regional matching of pulmonary ventilation and pulmonary blood volume.  
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Molecular Imaging of Fibrosis and Fibrogenesis in ILD 

Peter Caravan 

 

There remains an unmet need for better methods to predict disease progression in interstitial 

lung disease and to monitor treatment response.  Our lab has developed molecular MR and PET 

imaging probes, first to type I collagen, and then to oxidized collagen as quantitative markers of 

fibrosis and fibrogenesis.1-4 In animal models we have shown that the collagen-targeted PET 

probe 68Ga-CBP8 is specific for fibrosis and that probe uptake in the lung correlates strongly 

with the collagen concentration in the lungs in both a murine model of pulmonary fibrosis (r2 = 

0.93) and in explanted human lungs from IPF patients (r2 = 0.94).1 We have also been 

developing PET and MR probes that bind to allysine, an amino acid side chain formed by the 

action of lysyl oxidase enzyme on collagen and other matrix proteins.  These probes show 

promise in monitoring disease activity and in distinguishing active fibrosis from stable scar.   

 

We performed the first-in-human studies of 68Ga-CBP8 PET-MRI in healthy volunteers (n = 4) 

and subjects with IPF (n = 9) and showed that this probe detects increased lung collagen in IPF 

subjects.2 Here we will describe our continued work with 68Ga-CBP8 PET-MRI in IPF subjects 

and in non-IPF ILD subjects.  Our preliminary data indicates that 68Ga-CBP8 lung uptake can 

predict 12 month change in pulmonary function tests like change in forced vital capacity. 

 

We have also been exploring the potential of dynamic contrast enhanced MRI to characterize 

ILD and predict disease progression.5 In a study comparing DCE-MRI in IPF subjects and 

healthy volunteers we found that DCE measures of perfusion could distinguish the two groups.  

Interestingly the rate of contrast washout from the lung appears to predict outcome in the IPF 

group with rapid progressors exhibiting markedly slower tissue washout.  Taken together these 

molecular and functional lung imaging approaches show promise in improving prognostication in 

ILD. 
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Unsupervised Machine Learning of Quantitative CT Emphysema Subtypes 
R Graham Barr, MD DrPH 
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Treatment advances for chronic obstructive pulmonary disease (COPD) have been slowed due, 
in part, to limited subphenotypes. New subphenotypes, for example learned on massive data in 
research computed tomographic (CT) scans, might provide more specific targets for personalized 
therapies.  We hypothesized that large-scale unsupervised machine learning on CT images would 
discover CT emphysema subtypes. 

New CT emphysema subtypes were identified using unsupervised machine learning on 
the texture and location of emphysematous regions on CT scans from 2,853 participants in the 
Subpopulations and Intermediate Outcome Measures in COPD Study (SPIROMICS), a COPD 
case-control study, followed by data reduction. Subtypes were compared to symptoms and 
physiology among 2,949 participants in the population-based Multi-Ethnic Study of 
Atherosclerosis (MESA) Lung Study, which acquired lung CTs following the SPIROMICS 
protocol. Prognosis and incident COPD were examined among 6,658 MESA participants 
followed for up to 18 years with baseline cardiac scans, which were labeled using a deep-learned 
algorithm.  Structure of CT emphysema subtypes was assessed using hyperpolarized 3He MRI 
with co-registration to CT scans. Associations with genome-wide single-nucleotide-
polymorphisms were examined. 

The algorithm discovered six CT emphysema subtypes with a high degree of 
reproducibility of learning at regional and subject levels. The most common subtype in 
SPIROMICS, the combined bronchitis-apical emphysema subtype, was associated with chronic 
bronchitis, accelerated lung function decline, hospitalizations, deaths, and incident airflow 
limitation.  The second, the diffuse subtype was associated with lower weight, respiratory 
hospitalizations and deaths, and incident airflow limitation.  The senile subtype was associated 
with age only.  The fourth and fifth visually resembled combined pulmonary fibrosis emphysema 
and had distinct symptoms, physiology, and prognosis.  The sixth visually resembled vanishing 
lung syndrome. Lung microstructure, assessed by apparent diffusion capacity (ADC) varied by 
CT emphysema subtype. Regional heterogeneity of PAO2 and ventilation defects were increased 
in lung regions labeled as combined bronchitis-apical emphysema and vanishing lung subtypes 
compared to normal lung.  There were distinct, replicated, biologically relevant genetic 
associations for three subtypes.  

Large-scale unsupervised machine learning on CT scans defined six reproducible and 
familiar CT emphysema subtypes with distinct symptomatology, prognoses, genetic associations 
and lung microstructure.  Quantitative CT emphysema subtypes suggest paths to more specific 
diagnosis and personalized therapies in COPD and preCOPD. 

Funding: NIH/NHLBI R01-HL121700, R01-HL076612, R01-HL093081  
 



AI in Chest Imaging: From Detection to Prediction 

Joon Beom Seo 

 

Recently application of artificial intelligence, particularly deep learning algorithm has opened 

the new chances of use of chest imaging in clinical practices. From early stage, many researches has 

focused on applying AI in interpretation of chest radiographs and chest CT particularly lung cancer 

screening setting, because those are typical labor intensive task requiring expert radiologists. Many 

studies have proved that deep learning is very useful in this task of detecting various disease patterns 

on chest radiographs and detecting lung nodules on chest CT. In addition many studies have shown 

that it is also useful in classifying disease, such as determination of likelihood of malignancy of detected 

lung nodules.  

Although detection and diagnosis of disease is important clinical task in chest radiology, there 

are multiple clinical works in practice, which can be improved by using AI. For example many technical 

obstacles of using quantitative lung imaging analysis can be overcome by using deep learning 

technology. In addition, deep learning method can provide novel information which was not possible 

before. For example, by using quantitative assessment and deep learning algorithm, retrieval of cases 

of similar imaging pattern is possible from the imaging database, which will help correct diagnosis of 

disease, choice of right treatment options by reviewing similar chases and so on. Secondly, image based 

prediction of disease progression of interstitial lung disease, genetic mutation of lung cancer, survival 

of patients is possible, which will be useful in choice of treatment. Finally, novel additional information 

of patients can be extracted from the image, for example predictive value of FVC or FEV1 from chest 

CT to be used for screening purposes to triage patients of early stage of decreased lung function 

requiring PFT examination.  

With further researches and development, AI will be useful tool of chest imaging practice, 

improving quality of care and expanding indication of imaging beyond simple detection of 

abnormalities.  
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Estimating CT Biomarkers of Lung Disease Using Deep Learning 

Joseph M. Reinhardt, PhD 

 

Purpose: Inspiratory-expiratory CT image pairs can be used to characterize lung disorders such as 
COPD. Emphysematous regions can be identified on the inspiratory scan, air trapping regions can be 
detected on the expiratory scan, and by registering the inspiratory and expiratory images, functional 
small airways disease (fSAD), local lung volume change, and biomechanical parameters can be 
computed. However, acquiring multiple CT images increases time, cost, and radiation dose. We describe 
a deep-learning approach that can directly estimate multi-volume, lung biomarkers from a single 
inspiratory CT image. 

Methods: Our approach uses a style-based generative adversarial network called Lung2Lung for 
translating CT images from end-inspiratory to end-expiratory volume. The input to the network is a CT 
image at inspiration and the network synthesizes the corresponding expiratory image. The expiratory 
image is created in the shape of the inspiratory image, so effectively, the two images are in registration 
and local lung volume change and parametric response mapping biomarkers can be directly computed. 

The network is trained and evaluated using CT data from a diverse set of 1567 subjects in the 
SubPopulations and Intermediate Outcome Measures in COPD Study (SPIROMICS). Subjects from all 
GOLD stages and non-smokers were included. Each subject in SPIROMICS had total lung capacity (TLC) 
and residual volume (RV) scans at baseline. The TLC and RV scans were registered using a mass 
preserving B-spline-based lung registration method. The CT data was split into training and testing 
subgroups, with 1055 subjects used for training and 512 subjects used for testing. Lung2Lung was 
implemented using the open-source PyTorch framework and was trained on a single NVIDIA RTX8000 
GPU. Training time was approximately 72 hours with a batch size of four. 

Results: After training, the network can synthesize an artificial expiratory image from a real inspiratory 
image in about 40 seconds.  In the testing subgroup, air trapping estimated from the synthetic RV image 
was close to the ground truth values; the average Lung2Lung estimate of air trapping was 24.2% vs. 

25.5% ground truth. The average PRM fSAD 
estimate using the Lung2Lung RV image was 15.4% 
vs 17.4% fSAD using the actual RV image. 

Summary: A generative adversarial network called 
Lung2Lung was trained to synthesize expiratory CT 
images from an inspiratory scan, thus allowing 
estimates of air trapping, fSAD, and local volume 
change. Lung2Lung can enable air trapping, fSAD, 
and lung volume change analysis in existing data 
sets that only contain inspiratory images, and reduce 
time, cost, and radiation dose by allowing new 
studies to collect only inspiratory scans. The 
biomarker estimates derived from the Lung2Lung  
synthetic expiration image match closely with 
ground truth data in the COPD subjects in 
SPIROMICS. It may be possible to extend this 
approach to other image translation tasks, such as 
estimating a hyperpolarized gas images directly from 
a CT image or proton MRI image.  

Real TLC (input) Real RV (truth) Lung2Lung RV



Assessments of Emphysema and Pulmonary Fibrosis on CT Using Deep Learning 
 

Stephen Humphries 
 

 
 
CT plays an essential role in the evaluation of patients with diffuse lung disease. Capitalizing on 
the inherent tissue contrast of aerated lung, CT captures the presence, pattern, and extent of 

phenotypic abnormalities associated with chronic obstructive pulmonary disease (COPD) and 

various forms of interstitial lung disease (ILD). However, visual assessment of images is limited 

by interobserver variation and is often considered insufficiently precise for longitudinal evaluation. 

Deep learning (DL) has been successful in a wide range of challenging image analysis tasks 

including segmentation, pattern classification and quantification and has provided improved tools 

for objective assessments of emphysema and pulmonary fibrosis on CT. 

 

We developed a DL model, consisting of convolutional neural network (CNN) and long-short term 

memory (LSTM) components, capable of automatic classification of CT emphysema severity 

according to the Fleischner Society scoring system[1]. We used the CNN-LSTM to classify 

emphysema at baseline and 5-year follow-up in n=5056 participants in the COPDGene study and 

showed that 26% (n=1293) had an increase in emphysema grade at 5 years. These inviduals had 

progressive airflow obstruction, greater decline in 6-minute walk distance, and greater 

progression in emphysema extent (based on CT lung densitometry) than those with 

nonprogressive emphysema. Further, emphysema progression was associated with increased 

mortality[2]. 

 

In separate work we developed DL methods for detection and quantification of fibrotic abnormality 
on CT. In multiple independent cohorts of patients with pulmonary fibrosis we have shown that 

extent of fibrosis, measured objectively at baseline CT using DL, is associated with disease 

progression and mortality, independent of pulmonary function[3]. DL is also capable of detecting 

clinically significant early fibrotic abnormality in patients at risk of developing fibrotic ILD. In 

separate cohorts we showed that DL-based fibrosis extent score was associated with lower lung 

function, more breathlessness and poorer survival, suggesting that DL may be more sensitive 

than visual assessment for identifying early lung abnormalities[4], [5].  

 

DL enables enhanced, objective assessments of chest CT that can provide clinically meaningful 

markers of severity and progression of emphysema and pulmonary fibrosis.  
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Recent Advances in Assessing Vascular Morphology and Perfusion in Pulmonary Vascular 
Disease 

Raul San Jose Estepar, Ph.D. 

 

 

The pulmonary vasculature is the primary system coupling the lungs with the heart and is directly 

involved in the gas exchange. Pulmonary Vascular Disease is a broad term that refers to multiple 

conditions affecting the lungs. From Pulmonary Hypertension (PH) to vascular remodeling and 

injury due to chronic lung disease, changes affecting the pulmonary vasculature play a 

fundamental role in the etiology of multiple pathological conditions of the lung. 

 

Among the imaging technologies that target the lung, imaging of pulmonary vascular structural 

complexity using X-ray computed tomography has been empowered by recent advances in 

computational imaging and deep learning [1]. Emerging approaches to segment, classify and 

resolve small vessels at the limit of the resolution are enabling end-to-end automatic imaging 

phenotyping of pulmonary vascular disease [2,3]. During this talk, we will review some of those 

advances propelling the clinical utilization of quantitative imaging of the lung vasculature. We 

will overview the relevant vascular metrics proposed to characterize vascular remodeling and 

pruning and present some recent studies showing the impact of quantifying small arterial and 

venous simplification in relation to COPD and PH [4,5].   

 

Finally, we will briefly overview some of the upcoming advances in characterizing 

microvasculature and perfusion from single, dual, and multispectral CT imaging using photon 

counting technology that can address some imaging gaps at the alveolar level. 
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Denoising Diffusion-Weighted Hyperpolarized 129Xe Images with Patch-Based Higher-Order Singular Value Decomposition 
Stephanie A. Soderlund1, Abdullah S. Bdaiwi1, Joseph W. Plummer1,2, Jason C. Woods1, Laura L. Walkup1,2, Zackary I. Cleveland1,2 

1Center for Pulmonary Imaging Research, Division of Pulmonary Medicine, Cincinnati Children’s Hospital Medical Center, Cincinnati, OH 45229,  
2Department of Biomedical Engineering, University of Cincinnati, Cincinnati, OH 45221  

Purpose: Gas exchange is limited by the surface area provided by alveolar microstructure, making the dimensions of acinar units of fundamental 
interest. Hyperpolarized (HP) 129Xe MRI, when combined with diffusion encoding, provides a powerful and non-invasive method to probe these di-
mensions. Within the acini, collisions with the alveolar walls restrict 129Xe motion, resulting in an apparent diffusion coefficient (ADC) that is reduced 
relative to free diffusion. When alveolar compliance and elastance are disrupted (e.g., by disease processes such as emphysema), ADC increases. Thus, 
HP 129Xe ADC has been used to evaluate lung disease severity in a range of disorders, including chronic obstructive pulmonary disease (COPD) and 
lymphangioleiomyomatosis (LAM).(1) However, diffusion is negative form of image contrast (i.e., contrast is generated by decaying signal as a function 
of diffusion weighting) and HP gas ADC measurements are biased by low signal-to-noise (SNR).(2) In many regions of clinical importance—cysts in 
LAM or bullae in COPD—ventilation is reduced, resulting in lower 129Xe signal due to gas dilution and elevated ADC.(3) Thus, ADC accuracy is lowest 
in regions where clinical value is greatest. Here, we seek to increase SNR across diffusion weightings (b values) and improve ADC estimates via patch-
based Global-Local Higher-Order Singular Value Decomposition (GLHOSVD) denoising.(4) GLHOSVD was validated in simulated and physical free-
diffusion phantoms with known ADC values and then applied in-vivo in four subject cohorts (healthy, cystic fibrosis [CF], asthma, and LAM). 
Methods: Patients with CF (N=39, age=14.9±8.9 years, range=6-37), asthma (N=19, age=14.1±7.9 years, range=7-45), LAM (N=27, age=45.7±10.3 
years, range=25-64), and healthy controls (N=38 age=17.9±11.2 years, range=6-40) underwent diffusion-weighted 129Xe MRI under FDA and IRB 
approved protocols after obtaining informed consent (adults and parents) or age-appropriate ascent (children). HP 129Xe was polarized to 15-40% 
(Polarean, PLC; Model 9820A). Images were acquired during ≤16s breath-holds (129Xe dose=1/6th total lung capacity up to 1L) with a 3T Philips 
Achieva or Ingenia scanner [resolution=5×5 mm2, BW=264.8 Hz/pixel, TE=2.9 ms, TR=6.1 ms, FOV=250-350 mm, 3-8 slices, slice thickness=15 
mm, 𝑏 = (0, 6.25, 12.5, 18.75, 25) s/cm2]. Images were reconstructed and processed in MATLAB (Mathworks) before denoising using GLHOSVD. 
Briefly, the algorithm first applies a global smoothing filter (kglobal) across all the images. Voxels are then binned into patches of a designated size 
(patch), grouped based on signal within applied search windows (SW) that move with a specified step size (step), and finally filtered on a local level 
(klocal).(4) GLHOSVD parameters included: kglobal=0.4, klocal=0.8, step=2, patch=6, and SW=12. A variance stabilizing transformation was applied to 
magnitude data before GLHOSVD to generate Gaussian rather than Rician-distributed noise, and the inverse transformation was applied to restore the 
data afterwards.(5) ADC was calculated by weighted linear fitting. Differences before/after denoising were assessed via Wilcoxon signed-rank tests.  

Results & Discussion: GLHOSVD effectively increased the SNR across diffusion images by 156 ± 98% with the greatest relative increases observed 
in the highest b values originally suffering the lowest signal. For example, a nearly a three-fold increase in SNR was observed (5.69 to 16.9) in the in 
vivo b=25 s cm-2 images shown in Figure 1. There was no significant difference in the median ADC (p≥0.05), but significant reductions in the ADC 
standard deviation (p<0.001) after denoising—often by >50%. These metrics indicate that GLHOSVD improves the precision—and therefore physio-
logical relevance—of ADC measurements without compromising accuracy.  
Conclusions: When applied to diffusion HP 129Xe imaging, GLHOSVD denoising generates more precise ADC measurements—particularly in lung 
regions with low SNR. Improved precision thus increases the utility of 129Xe ADC measurements for assessing microstructural changes in the lungs.  
References: [1] Walkup LL, Woods JC. NMR in Biomed 2014;27(12):1429-1438. [2]O’Halloran RL, et al., JMR (1997) 2007;185(1):42-49. [3]Walkup 

LL, et al., AnnalsATS 2019;16(8):1008-1016. [4]Kim Y., et al., MRM 2021; 86(5):2497-2511. [5]Azzari L. & Foi A. IEEE Signal Proces 
(2016); 23(8):1086-1090. 

 

Fig 1. (A) Diffusion-weighted images with corresponding ADC maps before (A) and after (B) GLHOSVD denoising for a (i) Shepp-Logan simulated 
phantom (ADC=0.04), (ii) healthy control (HC), age=20, and (iii) LAM patient, age=25. (C) ADC histograms of all voxels before (white) and after 
(green) denoising with ADC median (µ) and standard deviation (σ) provided. (D) Boxplots showing no significant change in median ADC (left) but 
significant reductions in the ADC standard deviation (right) after denoising.  
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Purpose: Exertional dyspnea caused by accumulation of lung water is 
an early symptom of heart failure. Quantification of lung water 
dynamics during exercise stress is therefore of interest to unmask 
latent heart failure1. In this study, we develop a continuous 3D 
magnetic resonance imaging (MRI) method to quantify lung water 
dynamics between rest and exercise stress. 
Methods: Free-breathing data was acquired at 0.55T2 using a 
continuous 3D stack-of-spirals proton density weighted MRI sequence 
with isotropic resolution3. Time-resolved images were derived using a 
motion compensated sliding-window reconstruction with 90s temporal 
resolution and 20s temporal increment. The method was evaluated in a 
porcine model of dynamic lung water accumulation through mitral 
regurgitation (n=5), and in 15 healthy subjects and 2 patients with 
compensated heart failure imaged in transitions between rest and 
exercise stress. A supine MRI-compatible pedal ergometer was used 
for exercise. Time-resolved global and regional lung water density 
(LWD) and percent change in LWD (ΔLWD), and accumulation rates 
dLWD/dt were quantified using an automated pipeline4 (Fig 1). The 
measured LWD were corroborated with cardiac output by phase 
contrast MRI. Pulmonary arterial wedge pressure (PAWP) was 
measured simultaneously to imaging in pigs. 
Results: An increase in LWD was observed in conjunction with 
induction of lung water in all pigs, with a peak lung water accumulation 
rate of 1.01±0.81%/min. Over the course of 10 minutes ΔLWD 
increased by 3.3±1.5%, from 0.34±0.05 L to 0.35±0.05 L of lung water 
volume, p=0.02. PAWP increased by 6.6±3.1 mmHg (101±112%, 
p=0.009), and cardiac output decreased by -28±15%, from 3.7±0.7 
L/min to 2.6±0.8 L/min (p=0.01), suggesting that measured ΔLWD was 
predominantly extravascular (Fig. 2). Healthy subjects developed a 
ΔLWD of 7.8±5.0% during moderate exercise, peaked at 16±6.8% 
during vigorous exercise, and remained unchanged over 10 minutes at 
rest (-1.4±3.5%, p=0.18). Cardiac output increased from 4.5±1.5 L/min 
at rest to 7.5±2.6 L/min at moderate exercise, p=0.0004. Regional 
LWD were higher posteriorly compared the anterior lungs (rest: 
33±3.7% vs 20±3.1%, p<0.0001; peak exercise: 36±5.5% vs 25±4.6%, 
p<0.0001). Patient and healthy subject LWD were similar at rest 
(28±10% and 28±2.9%), respectively, as was peak vigorous ΔLWD 
(17±10% vs 16±6.8%) (Fig 3). Accumulation rates were slower in 
patients than in healthy subjects (2.0±0.1%/min vs 2.6±0.9%/min).  
Discussion: This study presents a continuous MRI method which was 
capable of depicting and quantifying LWD dynamics in a controlled 
porcine lung water model, and in healthy subjects and heart failure 
patients during supine exercise stress. The 3D images have isotropic 
resolution, allowing re-slicing in any orientation. The method does, 
however, not distinguish between intravascular and extravascular fluid 
and the measured LWD-increase in healthy subjects is attributed to an 
exercise-induced increase in intravascular lung  fluid. We hypothesize 
that the predominant posteriorly accumulated LWD, but higher anterior 
ΔLWD-increase, reflects a global increase in pulmonary perfusion 
during exercise. Additional patient studies are warranted to determine 
if this method can unmask latent heart failure, where an extravascular 
lung water accumulation is expected, in line with the pig model results 
where the LWD increased despite a decrease in cardiac output. 
Conclusion: Dynamic changes in LWD can be quantified during 
exercise using a continuous 3D acquisition and a sliding-window, 
motion compensated image reconstruction.   
. 
References. 1. Thompson et al, JCMR 2019; 2. Campbell-Washburn 
et al, Radiology 2019; 3. Javed et al, MRM 2022; 4. Seemann et al, 
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Figure 1. Illustration of image processing steps in a sagittal slice. 1) 
Automated lung segmentation (red mask) and liver annotation (white) 
used for quantitative purposes. 2) Coil shading correction. 3) 
Derivation of quantitative lung water density (LWD) maps. 

Figure 2. A) Example of concurrent increase in lung water density 
(ΔLWD) and PAWP, and decrease in SBP and DBP upon induction of 
mitral regurgitation in a porcine model. B) Lung water density maps in 
a sagittal slice at baseline and after 10 mins of mitral regurgitation. 

Figure 3. Changes in lung water density (ΔLWD) in a heathy subject 
(solid line) and a patient with heart failure (dashed line) at rest (black) 
and exercise stress (red). A) ΔLWD at rest. B) ΔLWD starting at rest, 
followed by vigorous exercise targeting maximum heart rate, and then 
rest again. C) ΔLWD at rest, followed by exercise. D) Dynamic ΔLWD 
starting at moderate exercise then rest. E) LWD-maps in a sagittal 
slice at rest and after 10 minutes of moderate exercise in a healthy 
subject and a patient with heart failure. LWV, lung water volume. 
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Purpose: In this study, we developed a 3D cluster quantification algorithm that was used to compare the spatial distribution of defects in hyperpolarized gas magnetic 
resonance images of subjects with asthma, cystic fibrosis, and chronic obstructive pulmonary disease. 
Introduction: Hyperpolarized gas MR imaging (HPG) is a non-ionizing tool that demonstrates lung function and structure with regional specificity which allows for the 
quantification of a patient’s lung volume that is poorly ventilated: a ventilation defect percentage (VDP)1. Although informative, VDP does not provide information 
regarding spatial distribution information of defects which could reflect underlying pathophysiology of lung disease. For example, small vs large, localized defect 
patterns may reflect the relative contributions of small vs large airways to disease presentation. Expanding on an approach introduced by Valk et al.2, we have 
developed an algorithm that quantifies the relative spatial congregation of defect voxels within the lung. This algorithm returns a patient’s whole-lung clustering 
index (CI): sparser defects yield low CI, more focal defects yield high CI. We hypothesized that lung CI may provide valuable spatial information related to lung disease 
where VDP is uninformative. We compared CIs among different lung diseases with their corresponding VDP. 
Methods: The CI algorithm (Figure 1a) inputs a 3D binary array of defect voxels calculated from subject’s HPG images (60% of mean as defect threshold). At each 
identified defect voxel, a sphere was expanded until the quantity of defect voxels within the sphere was less than 50% of the total voxels inside the sphere. The final 
sphere volume was then recorded as the cluster value (CV) for the active voxel; the process was repeated for all defect voxels. Voxel CVs were normalized to the 
subject’s total lung volume, and the 95th percentile CV value was returned as the subject’s whole-lung CI. Artificial defect arrays of 100 binary dense and scattered 
spherical defects with radii of 3 to 14 voxels were created to assess and confirm accurate results are returned (max CV value for sphere = 21/3R). CI analysis was then 
performed on 16 sets of HPG images in subjects with asthma and cystic fibrosis (CF) (mean age 46.4± 18.7): 2D multi-slice GRE3 (Figure 3a, b): TR=9.7-12 ms, TE=1 ms, 
flip angle=9-11°, voxel size=2.5-3.9 mm in-plane, 15 mm slice thickness, bandwidth of 170-391 Hz/pixel. 
Results: Linear regression of maximum CI for synthesized defect arrays of dense spheres a slope of √23  (m = 1.25) as excepted, while the slope of the scattered 
defects had a lower, but linear, slope (m = 0.7053). Example HPG images and CI maps from 3 subjects are presented in Figure 1b where similarities and differences in 
VDP and CI are observed. Pearson correlation coefficients between CI and VDP were r = 0.4492 (p=0.0809) when evaluated through all 16 subjects. Example HPG 
images and CI maps of 3 subjects with corresponding VDP and CI are found in Figure 1b. A scatterplot of all subjects and their corresponding CI versus VDP is found in 
Figure 1c.  
Discussion: As seen in Figure 1b, subjects with similar VDP values (~5.9%) can have CI differences: 0.35% in Subject 1, 2.37% in Subject 2. Additionally, subjects with 
higher VDP (14.14%) values can also have CI differences (4.10%) like Subject 3. These differences in CI are supported by visual inspection of defect morphometry: 
defects in the asthma subject are smaller and sparsely distributed whereas defects in the CF subject are large and focal. As expected, CI and VDP are positively though 
not perfectly correlated (r = 0.4492, p = 0.0809). This may be useful to clinicians weighing potential benefits of treatments which target different pathways, or which 
may be globally vs locally targeted (e.g., biologic vs thermoplastic treatment of severe asthma).  
Conclusion: The spatial distribution of defects and how these agglomerate in HPG MRI could be caused by different underlying pathophysiological features among 
lung diseases which is something that cannot be quantified with VDP calculations. Having the ability to not only observe how they cluster but also the quantification 
of these defects may be helpful in quantifying differences in defect clusters throughout different diseases, etiologies, or regional treatment response in longitudinal 
studies. Future work will involve further analysis in larger sample sizes, especially those with higher VDP, and how these possibly differ among more lung diseases and 
the possible evaluation of regional defects in smaller and larger airways. 
References: [1] Thomen RP, et al., J Cyst Fibros. 2017;16(2):275-82., [2] Valk, A, et al., Magn Reson Med. 2021; 86: 3224– 3235., [3] Mugler, J.P., III, et al., J. Magn. 
Reson. Imaging. 2013;37: 313-331 

 
Figure 1. (a) Process diagram of the cluster quantification algorithm. (b) Example HPG ventilation images in 3 subjects with VDP and corresponding whole-lung CI. 

VDP and whole-lung CI are reported on the right. (c) Plot of CI versus VDP of all lung disease data. 



EFFECT OF CFTR MODULATOR THERAPY WITH ELEXACAFTOR/TEZACAFTOR/IVACAFTOR ON 

PULMONARY VENTILATION DERIVED BY 3D PHASE-RESOLVED FUNCTIONAL LUNG MRI IN 
CYSTIC FIBROSIS PATIENTS 

F. Klimeš1,2; A. Voskrebenzev1,2; M. Gutberlet1,2; M. Speth1,2; R. Grimm3; M. Dohna1; G. Hansen2,4; F. Wacker1,2; D. Renz1; A. Dittrich2,4; 

J. Vogel-Claussen1,2  
1Institute of Diagnostic and Interventional Radiology, Hannover Medical School, Hannover, Germany 
2Biomedical Research in Endstage and Obstructive Lung Disease Hannover (BREATH), German Center for Lung Research (DZL), Hannover, Germany 
3MR Application Predevelopment, Siemens Healthcare GmbH, Erlangen, Germany 
4Department for Pediatric Pneumology, Allergology and Neonatology, Hannover Medical School, Hannover, Germany 

 
Purpose: To investigate whether 3D phase-resolved functional lung (PREFUL) MRI parameters are suitable to measure response to 

elexacaftor/tezacaftor/ivacaftor (ETI) therapy and their association with clinical outcomes in cystic fibrosis (CF) patients. 

Methods: 23 patients with CF underwent MRI examination at baseline and 8-16 weeks after initiation of ETI therapy. In addition to 

morphological sequences, a functional 3D PREFUL measurement assessed pulmonary ventilation. Morphological images were 

evaluated using a semi-quantitative scoring system, and 3D PREFUL functional scans were evaluated by ventilation defect percentage 

(VDP) values derived from regional ventilation (RVent) and cross-correlation maps. Improved ventilation volume (IVV) and IVV 

normalized to body-surface area (BSA) between baseline and post-treatment visit were assessed. Along with spirometry, lung 

clearance index (LCI) was assessed by nitrogen multiple breath washout technique. Treatment effects were analyzed using paired 

Wilcoxon signed rank tests. Treatment changes and post-treatment agreement between 3D PREFUL and clinical parameters were 

evaluated by Spearman correlation analyses.  

Results: After therapy with ETI all 3D PREFUL ventilation markers (all P < 0.0056) improved significantly, except for mean RVent 

parameter. The IVVRVent and IVVRVent normalized to BSA were significantly correlated to relative treatment changes of MEF25 and 

mucus plugging score (all |r| > 0.44, all P < 0.0350). In post-treatment analyses, 3D PREFUL VDP values significantly correlated with 

spirometry, LCI, MRI global, morphology and perfusion scores (all |r| > 0.44, all P < 0.0348). 

Discussion: 3D PREFUL MRI derived VDP maps show significantly reduced ventilation defects (19-28%) after ETI therapy. The 

significant post treatment correlations of 3D PREFUL ventilation measures especially with LCI, FEV1 % pred, and global MRI score 

suggest that 3D PREFUL MRI is sensitive to measure improved regional ventilation of the lung parenchyma due to reduced 

inflammation induced by ETI therapy in CF patients. 3D PREFUL MRI derived improved ventilation volume (IVV) correlated with MRI 

mucus plugging score changes suggesting that reduced endobronchial mucus is predominantly responsible for regional ventilation 

improvement 8-16 weeks after ETI therapy. This may show the complementary value of 3D PREFUL MRI to global clinically 

established measures such as FEV1 and LCI.  

Conclusion: 3D PREFUL ventilation MRI is a very promising tool to monitor CFTR modulation induced regional dynamic ventilation 

changes in CF patients. 
Figure 1. In (A) exemplary treatment 

response maps for a 26-year-old female 

derived from VDPRVent maps are observed. 

The positive change of 24.2% (IVVRVent / BSA 

= 442 ml/m2) compared to the negative 

change of 3.1 %, resulted in an improvement 

of 21.1%. In (B) examples of coronal 

treatment response maps for a 19-year-old 

male derived from VDPCC maps are shown. 

Subtracting the negative change of 1.3 % 

from the positive change of 16.1% (IVVCC / 

BSA = 358 ml/m2) results in an improvement 

of 14.8%. 
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Purpose: The interaction of 129Xe atoms with pulmonary capillary red blood cells (RBCs) exhibits cardiogenic oscillations that are sensitive to 
pre- and post-capillary pulmonary hypertension (PH)[1]. However, current measurements using whole-lung spectroscopy are unable to discern 
spatial heterogeneity and the previously established cardiogenic oscillation mapping methods[2] are not robust to radial undersampling artifacts. 
Here, we use digital phantom simulations to optimize keyhole reconstruction of oscillation imaging. We apply this method to establish proposed 
healthy reference values and to evaluate CTEPH subjects before and after thromboendarterectomy. 
 
Methods: We designed a 6-zone digital lung phantom to investigate the effects of radial views, key radius, and SNR. We acquired standard 1-
point Dixon 129Xe gas exchange MRI[3] in a healthy cohort (n=17), from which we proposed reference distributions mapping thresholds. These 
were used to map RBC oscillation amplitudes in 10 CTEPH subjects, 6 of whom were scanned again after endarterectomy. 
 
Results: Undersampling with 1,000 radial views introduces significant heterogeneity, but this can be reduced by decreasing the key radius. 
Subjects with CTEPH at baseline exhibited lower mean oscillation amplitudes, (4.8±2.9%) than healthy volunteers (11.2±3.4%, p < .001). Those 
who also underwent PTE exhibited mean oscillation amplitudes that increased from 4.0±3.5% to 7.5±5.2% (p = 0.04). 
 
Discussion: RBC oscillation imaging using keyhole reconstruction is sensitive to the choice of radial projection binning, keyhole radius, and 
voxel intensity calculation. Applying these updated methods to a well-curated healthy cohort yielded a narrower healthy reference distribution 
while also demonstrating the ability to spatially localize regions of low oscillations for subjects with CTEPH. 
 
Conclusions: Digital phantom simulations demonstrate both the veracity of the keyhole reconstruction technique and limitations of standard 1-
point Dixon imaging parameters. The improvements introduced here for image preprocessing and reconstruction permit more robust quantitative 
mapping of cardiogenic oscillation amplitudes. 
 
Figures  

 
Figure 1. Six-zone cylindrical phantom design and simulation of signal intensity oscillation. Each zone 𝑖 is assigned an oscillation amplitude 𝐴𝑖. 
For each TR, a single radial projection is acquired as signal evolves according to the function 𝐶 + 𝐴𝑖𝑠𝑞𝑢𝑎𝑟𝑒(𝑤𝑡).  
 

 
 

Figure 2. 129Xe RBC oscillation imaging for a representative subject with CTEPH and no extensive obstructive or interstitial disease. 
Conventional whole-lung dynamic spectroscopy showing a 10.9% oscillation amplitude would falsely classify this subject as having no PH[4]. 
However, spatially resolving the oscillations appears to correctly indicate the presence of decreased perfusion (areas of decreased oscillations) 
and at baseline and an improvement in perfusion post-PTE. 
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PURPOSE: Chest CT investigations from the Severe Asthma Research Program revealed pulmonary vascular remodelling 
in asthma,1 which was suggested to be mediated via hypoxic vasoconstriction.1,2 Ventilation distribution in asthma may be 
non-invasively quantified using hyperpolarized noble gas magnetic resonance imaging (MRI).3 Both vascular1 and 
ventilation abnormalities4,5 have been linked to abnormal airway and systemic eosinophilia and poor asthma control. In 
eosinophilic asthma anti-IL-5Rα treatment eliminates airway and systemic eosinophils,6 and was shown to improve MRI 
ventilation defects.7 Based on these previous findings, we evaluated CT pulmonary vascular tree small-vessel volume and 
density in eosinophilic asthma participants prior to anti-IL-5Rα initiation and following 2.5-years of continuous treatment. 
We also compared these measurements to those of healthy, elderly never-smokers. 
METHODS: Participants with eosinophilic asthma provided written informed consent (NCT03733535, NCT02351141) to 
CT, 129Xe MRI and spirometry just prior to anti-IL-5Rα treatment initiation and after 2.5-years of continuous treatment. 
Healthy, elderly never-smokers (NCT02483403) were retrospectively evaluated as controls. The Chest Imaging Platform8 
was used to generate total blood volume (TBV) and the blood volume for vessels with cross sectional area less than 5 mm2 
(BV5), between 5-10 mm2 (BV5-10) and greater than 10 mm2 (BV10). CT mucus-score9 and MRI ventilation defect percent 
(VDP) were quantified as previously described.10 Differences were evaluated using paired or independent samples t-tests 
and non-parametric relationships were evaluated using Spearman (ρ) correlation coefficients. 
RESULTS: Of 28 participants with poorly-controlled, eosinophilic asthma evaluated with CT at Day-0,7 12 (10 females, 
61±15y) completed a visit after 2.5-years of continuous anti-IL-5Rα therapy. In eosinophilic asthma, as compared to Day-
0, BV5/TBV (∆=0.06±0.03, p=.02) and BV10/TBV (∆=-0.05±0.02, p=.03) were significantly different (improved) after 2.5 
years while TBV (p=.09) was not. In eosinophilic asthma, as compared to 42 healthy controls (22 females, 73±6y), 
BV5/TBV (p<.001) and BV10/TBV (p=.002) were significantly worse at Day-0, but not different at 2.5-years (p=.3, p=1.0, 
respectively). The change in BV5/TBV after 2.5-years in eosinophilic asthma was related to Day-0 blood eosinophils (ρ=.78, 
p=.004), FEV1 (ρ=-.64, p=.03), VDP (ρ=.83, p=.001) and mucus-score (ρ=.91, p<.001). 
DISCUSSION: In a small group of patients with poorly-controlled, eosinophilic asthma, CT small-vessel volume was 
worse than in healthy controls at baseline, but increased (improved) alongside decreased large-vessel volume after 2.5-years 
of continuous anti-IL-5Rα treatment. This novel finding suggests that pulmonary vascular small vessels increased in volume 
and/or density as a direct or indirect response to anti-IL-5Rα-driven eosinophil depletion. Worse ventilation and more 
airway mucus measured just prior to therapy initiation predicted small-vessel volume increases after 2.5-years of treatment. 
To our knowledge this is the first demonstration of pulmonary vascular differences after biologic therapy in eosinophilic 
asthma. These findings agree with previous suggestions of pulmonary vascular remodeling in asthma.1,2  
CONCLUSIONS: CT small-vessel volume was worse in eosinophilic asthma than healthy, elderly never-smokers at 
baseline, but improved in eosinophilic asthma and was similar to measurements in healthy controls following 2.5-years of 
continuous anti-IL-5Rα treatment. 
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Purpose: MRI of dissolved-phase 129Xe can be used to derive spatially-resolved metrics characterizing gas uptake by the lung, by taking advantage of the distinct 129Xe 
chemical shifts when dissolved in alveolar membrane and blood plasma (Mbr) and bound to hemoglobin in red blood cells (RBC) [1,2]. Signal ratios derived from 
dissolved-phase 129Xe MRI demonstrate sensitivity to changes in lung function associated with disorders including COPD [3,4]. Previous work has noted that lung 
volume during 129Xe MRI significantly impacts gas-uptake metrics [3,5]. This observation holds potential implications for dissolved-phase 129Xe MRI study design, 
particularly in pathological contexts in which lung volume differs from the healthy population, such as in COPD. The purpose of this work was therefore to robustly 
characterize the relationships between lung volume and 129Xe MRI-derived gas-uptake metrics in healthy individuals and individuals with COPD, and to assess the 
impact of scan-to-scan volume differences on measurement variability. 

Methods: Dissolved-phase 129MRI was performed in 49 participants (five 
young healthy, 25 older healthy, 19 COPD). All participants received 
scans at 1/3 FVC and TLC, and 17/49 participants additionally received 
scans at RV. All scans were performed using a 1 L 129Xe dose, with buffer 
gases inhaled (or inhaled 129Xe/air exhaled) in order to reach the target 
inflation level. Multi-echo, IDEAL-based 129Xe MRI was performed as 
previously described [3,4]. The effect of scan-to-scan lung volume 
changes on measured signal ratios was quantified by performing pairwise 
comparisons of scans within each participant. A linear relationship was 
assumed between the relative signal-ratio difference and relative volume 
difference between any two such scans, as described in Eq. 1: 

𝑅2 − 𝑅1
(𝑅1 + 𝑅2)/2

= −𝛼 ∙
𝑉2 − 𝑉1

(𝑉1 + 𝑉2)/2
 (1) 

 
where R1 (R2) and V1 (V2) represent the mean signal ratio and lung volume, 
respectively, from the chronologically earlier (later) of the two scans, and 
α represents the slope of the linear correlation, similar to a relationship 
previously studied in repeated scans in healthy individuals [5].  

Results: Mbr/Gas and RBC/Gas increased with decreasing lung volume, 
and the slope of this dependence was highest at lower lung volumes (Fig. 
1a-b). Strong linear correlations were found between relative ratio 
difference and relative volume difference between scans for Mbr/Gas (R=-
0.97) and RBC/Gas (R=-0.93) (Fig. 1d-e). A weaker relationship was 
found between RBC/Mbr and lung volume (R=-0.66) (Fig. 1c,f). Lung 
volumes achieved during 129Xe MRI were higher for participants with 
COPD than older healthy participants at RV (p=0.02) and 1/3 FVC 
(p<0.001) (Fig. 2a). Mbr/Gas ratios were lower for participants with 
COPD than older healthy participants at RV (p=0.03) and 1/3 FVC  
(p<0.001), but after regressing out volume contribution using Eq. 1, these  
groupwise differences were no longer significant (p=0.15 at RV, 0.29 at  
1/3 FVC) (Fig. 2b-c). 

Discussion and Conclusion: These results implicate volume differences between scans as an important source of variability for Mbr/Gas and RBC/Gas in both healthy 
and diseased individuals. Given the prevalence of hyperinflation in individuals with COPD, it is apparent that care must be taken when comparing gas-uptake metrics 
across healthy individuals and individuals with COPD, particularly as groupwise differences in Mbr/Gas and RBC/Gas in our study population diminished when 
corrections for lung volume were applied. The weaker volume dependence at higher lung volumes suggests that TLC may be the optimal inflation level for these 

measurements with regard to repeatability and reduction of groupwise 
volume-driven differences between healthy individuals and 
individuals with COPD. However, dose volume during experiments 
remains an important concern, and high inflation levels may not 
provide optimal sensitivity to disease [1]. These results therefore 
present an interesting subject of future discussion regarding 
dissolved-phase 129Xe MRI best practices. 
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Figure 2: a) Lung volumes, b) Mbr/Gas, and c) Mbr/Gas projected at reference lung volumes 
for each inflation level using Eq. 1, separated by inflation level, in participants with chronic 

obstructive pulmonary disease (COPD, red) and older healthy participants (blue). Lines depict 
means and standard deviations. 

Figure 1: a) Mbr/Gas, b) RBC/Gas, and c) RBC/Mbr vs. lung volume. Lines connect 
scans from the same participant. d) Relative Mbr/Gas, e) relative RBC/Gas, and f) 

relative RBC/Mbr differences vs. ΔV/V. Each data point in d), e), and f) corresponds to a 
pair of points from the same participant in a), b), and c), respectively.  Light blue = 

young healthy, dark blue = older healthy, red = chronic obstructive pulmonary disease 
(COPD). Lines in d), e), and f) are linear fits to Eq. 1.  



Investigating COPD Progression Through Quantitative CT 
 

Craig J. Galban 

Chronic obstructive pulmonary disease (COPD) is a leading cause of death and 

healthcare burden in the United States and worldwide. Major causes of airflow obstruction are 

attributed to chronic bronchiolitis, a.k.a small airways disease (SAD), and emphysema. Although 

SAD and emphysema are treated as separate COPD subtypes, studies have shown strong 

quantitative evidence that SAD exists as an intermediate state between healthy lung tissue and 

emphysema—i.e., irreversible lung damage—in COPD pathogenesis1-3. At present, little has been 

done to exploit SAD as a predictor of emphysema. Our group investigates how the Parametric 

Response Map (PRM) may be used to harness the predictive potential of SAD. PRM is a CT-

based voxel-wise computational technique that can identify and quantify functional small airways 

disease (fSAD) even in the presence of emphysema4. The percent volume of PRM-derived fSAD 

(PRMfSAD), i.e., the amount of fSAD in the lungs, has improved COPD phenotyping and the 

prediction of spirometric decline in subjects at risk of COPD5. We improved the sensitivity of PRM 

for quantifying fSAD by applying topological techniques to PRM as an extension of the PRM 

algorithm. These topological readouts were shown to improve upon commonly used whole-lung 

PRM measures with respect to COPD characterization6.  

Of particular interest is the Euler-Poincaré characteristic (c). This topological readout, for 

which positive values are associated with pocket formations of fSAD6, may serve as a surrogate 

of lung parenchymal transition from healthy to emphysema through SAD. In recent studies, we 

found that volume density for PRMfSAD was sensitive to overall burden of diseased tissue, whereas 

c was sensitive to the coalescing of diseased tissue into pocket formations. Comparing cfSAD and 

cNorm, we observed a strong correlation between these two readouts. We postulate that mild 

COPD consists of PRMfSAD pockets (high cfSAD) that reside within normal lung tissue (low cNorm). 



These two readouts transition for COPD stages GOLD 2 and 3. In addition, we have observed a 

unique COPD subset, associated with emphysema progression, using an unsupervised clustering 

approach applied to c of PRMNorm and PRMfSAD. 

The topological PRM readout cfSAD provides an index of COPD severity by quantifying the 

extent of SAD pocket formation. Further, cfSAD may be used to assess disease subtypes 

associated with emphysema progression and predict spirometric decline. Our approach shows 

promise for using both the presence and pattern of PRM fSAD as biomarkers of emphysema 

onset. 
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Dysanapsis: Origins and clinical significance 
Benjamin M Smith MD 

Dysanapsis refers to a mismatch between airway tree caliber and lung size that arises early in 

life (Greek: “dys” = unequal “anaptixy” = growth).1 The term was first introduced by Green and 

colleagues in 1974 to describe the hypothesized source of inter-individual differences in lung 

function among healthy adults. 

Advances in pulmonary imaging have since enabled direct and reproducible assessment of 

dysanapsis in vivo.2,3 Imaging-assessed dysanapsis is evident in the general population,2 is 

established by early adulthood,4 extends to from trachea to terminal bronchioles5,6 and is 

strongly associated with chronic obstructive pulmonary disease (COPD) risk later in life2 (as was 

originally hypothesized by Green et al in 1974!) 

More than just a static trait, emerging evidence suggests that dysanapsis may interact with the 

environment to influence susceptibility to air pollutants7 and efficacy of inhaled therapeutics.8 

In this talk I will present some recent findings on the early life origins and later life outcomes of 

dysanapsis. Hope you enjoy! 
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Physiologic Characterization of Respiratory Function Using Fluoroscopy-based X-ray 

Velocimetry 

Naresh M. Punjabi, MD, PhD; University of Miami) 

 
Rationale: X-ray velocimetry (XV) has been utilized in preclinical models to assess lung motion 

and regional ventilation, though no studies have compared XV-derived physiologic parameters to 

measures derived through conventional means. 
Objectives: To assess agreement between XV-analysis of fluoroscopic lung images and pitot 

tube flowmeter measures of ventilation.  
Methods: XV- and pitot tube-derived ventilatory parameters were compared during tidal breathing 

and with bilevel-assisted breathing. Levels of agreement were assessed using the Bland-Altman 

analysis. Mixed models were used to characterize the association between XV- and pitot tube-

derived values and optimize XV-derived values for higher ventilatory volumes. 

Measurements and Main Results: Twenty-four healthy volunteers were assessed during tidal 

breathing and 11 were reassessed with bilevel-assisted breathing. No clinically significant 

differences were observed between the two methods for respiratory rate (average Δ: 0.58; 95% 

95% limits of agreement: -1.55, 2.71) or duty cycle (average Δ: 0.02; 95% limits of agreement: 

0.01, 0.03). Tidal volumes and flow rates measured using XV were lower than those measured 

using the pitot tube flowmeter, particularly at the higher volume ranges with bilevel-assisted 

breathing. Under these conditions, a mixed-model based adjustment was applied to the XV-

derived values of tidal volume and flow rate to obtain closer agreement with the pitot tube-derived 

values. 

Conclusion: Radiographically obtained measures of ventilation with XV demonstrate a high 

degree of agreement with parameters of ventilation. These results open the potential for using XV 

in the regional assessment of ventilatory abnormalities that is not possible with conventional 

pulmonary function tests or static radiographic assessments.  



New Metrics for Quantification of Airway Disease in COPD 

Surya P. Bhatt, MD, MSPH 

The structural underpinnings chronic obstructive pulmonary disease (COPD) include both 

parenchymal destruction and airway remodeling.  Emphysema has been consistently quantified 

using lung density but airway disease is more difficult to quantify, given the non- uniformity of 

the airway structure.  Wall area thickness and wall area percentage at the segmental and sub-

segmental levels have been commonly used to quantify airway wall thickness but these reflect 

changes at only one level.  Pi10 is the square root of the wall area of a theoretical airway with 

internal perimeter 10 mm, derived by plotting the internal perimeters of all measured airways 

against the square root of the wall area of airways.  Pi10 is a useful summary measure of airway 

wall thickness that is adjusted for airway size. A major limitation of Pi10 however is the 

assumption that there is a linear relationship between wall thickness of larger central airways and 

smaller peripheral airways.  We show that the slope of the relationship between airway lumen 

perimeter and wall thickness is not the same in all individuals and that quantifying this slope 

(PiSlope) is a new method of quantifying airway wall thickness. PiSlope decreases with worsening 

disease severity.  We show that, after adjustment for age, sex, race, BMI, smoking status, pack-

years of smoking, and lung function, PiSlope is associated inversely with shortness of breath and 

quality of life and positively with 6-minute walk distance.  PiSlope is also associated inversely 

with exacerbation frequency and survival.  These associations were significant even after adjusting 

for Pi10. 

There is repetitive reduction in airway lumen diameter of daughter airways at each 

generation (as compared to the parent) allowing for maximum efficiency in airflow with minimum 

resistance. This ratio of child-to-parent lumen diameter at each generation is termed the Airway 

Homothety Ratio (AHR). We hypothesized that airway narrowing in adults with COPD results in 

a reduction in the mean AHR, thus increasing overall peripheral airway resistance, and that the 

mean AHR is associated with respiratory morbidity, lung function decline, and mortality. The 

mean AHR decreases progressively with worsening disease. After adjusting for age, sex, race, 

smoking status, BMI, pack-years of smoking, CT scanner type, CT emphysema, and segmental 

airway wall thickness, AHR was independently associated with FEV1 and FEV1/FVC, quality of 

life, dyspnea, lung function decline, and mortality.  
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Reliable lung quantification via CT using virtual imaging trials 

EHSAN ABADI  
Computed Tomography (CT) has notable potential to quantify the severity and progression of diseases in the 

lungs. Such quantification should ideally reflect the true attributes and pathologies of subjects, not scanner parameters 

or makes and models. To achieve such an objective, the effects of the scanner conditions need to be understood so the 

influence can be mitigated.  

These assessments cannot be fully made using patient images as they lack the underlying ground truth. In 

addition, patients cannot be imaged repeatedly across multiple conditions due to radiation dose concerns. Alternative 

assessment of the effects via physical phantoms is further limited because they do not represent the diverse anatomy 

and pathology of real patients. Alternatively, these imaging trials can be explored using realistic simulations of 

targeted patients and imaging scanners, a process known as in silico or virtual imaging trials (VITs). 

The purpose of this talk is to present our recent developments in virtual imaging trials and to demonstrate 

their utility in reliable lung quantifications via CT. We will introduce the developments of a library of 

anthropomorphic, computational human models with COPD abnormalities (i.e., emphysema and bronchitis), 

representing diverse severity and patient attributes. We will also introduce the developments of a scanner-specific CT 

simulator (i.e., DukeSim) with extensive validations against experimental measurements of various scanner models.  

These human and scanner models have been recently utilized to investigate the effects of CT imaging 

parameters and technologies on COPD quantifications (i.e., emphysema and airway measurements). In particular, we 

will present the effects of dose level (mAs), tube current modulation, reconstruction algorithms (filtered 

backprojection vs. iterative reconstruction), reconstruction kernel sharpness, pixel size, and slice thickness. In terms 

of technology, we will present our findings for both energy-integrating and the emerging photon-counting detectors.  

This presentation will demonstrate that while CT quantification is possible, its reliability is impacted by the 

choice of imaging parameters and technologies. The developed virtual imaging trial platform enables comprehensive 

evaluation of CT methods in reliable quantifications, an effort that cannot be readily made with patient images or 

simplistic physical phantoms  



Mucus Plugs Occluding COPD Airways: A Review of Their Clinical Impact 
Alejandro Diaz MD, MPH –Brigham and Women’s Hospital 

COPD is a heterogenous, complex disease. Changes to the mucociliary system are central airway 
pathology of COPD. The airway pathology is characterized by excess mucus production, 
hypersecretion, and reduced clearance, leading to accumulation in the airways as plugs.1 Mucus 
plugs completely occluding the medium-to-large-sized airways (i.e., ~2-10 mm-lumen diameter) 
are observed on computed tomography (CT) scans in up to 67% of individuals with COPD and are 
associated with airflow obstruction, lower oxygen saturation, and reduced exercise capacity.2,3 
Further, up to 30% of individuals with COPD who do not report cough or phlegm, typical 
symptoms of mucus pathology, present with mucus plugs occluding airway lumen.2 As mucus 
plugs provide a potential target for therapeutical intervention, further preliminary studies have 
investigated whether this airway pathology is associated with clinically relevant outcomes, such 
as exacerbations, mortality, and changes in lung function. 
 
In participants with COPD from the COPDGene cohort, during a median follow-up of over 9 years, 
the incidence of exacerbations per 100 person-years was 43.7, 62.4, and 74.6 for participants with 
0, 1-2, and ≥3 lung segments with mucus plugs, respectively. In adjusted models, airway mucus 
plugs were associated with increased frequency of total exacerbations during follow-up (rate ratio 
[RR] [95% confidence interval], 1.07 [1.03 – 1.11] and RR 1.14 [1.10 – 1.19] for those with 1-2 
vs 0 and ≥3 vs 0 lung segments with mucus plugs). The all-cause mortality rate in participants with 
COPD without mucus plugs and 1-2 and ≥3 lung segments with mucus plugs was 34%, 47%, and 
54%, respectively.  In adjusted models, the presence of mucus plugs was associated increased risk 
of all-cause mortality (adjusted hazard ratio of death of 1.15 [95% CI, 1.02 – 1.29] and 1.24 [95% 
CI, 1.10 – 1.41] for those with 1-2 vs. 0 and ≥3 vs. 0 lung segments with mucus plugs, 
respectively). Finally, in participants with both baseline and 5-yr CT scans evaluated, persistently 
positive vs. persistently negative mucus plug status was associated with a greater decline in FEV1 
(-65.5 mL [SE 20.7], p=0.002; -2.66 % predicted [SE 0.74], p<0.001) and higher odds of rapid 
decline in FEV1, i.e., drop in FEV1>40 mL per year (OR [95% CI] 1.59 [1.19 – 2.12]). When 
compared to persistently positive, resolved mucus plugs status was associated with improvement 
in FEV1 (97.6 mL [SE 23.2], p<0.001; 4.07% predicted [SE 0.83], p<0.001). The results suggest 
that mucus pathology is associated with important COPD outcomes and support further 
investigation of therapeutic interventions targeting mucus plugs. 
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Structural and Functional Proton Magnetic Resonance Imaging in Pediatric Lung 

Disease 
 

Giles Santyr PhD 
Senior Scientist, The Hospital for Sick Children 

Professor, Department of Medical Biophysics, University of Toronto 
 

The value of proton Magnetic Resonance Imaging (MRI) for assessing lung disease has 
increased steadily in recent years due to improvements in image quality and the 
emergence of new structural and functional biomarkers.  Furthermore, compared to X-ray 
based methods (eg. computed tomography; CT), MRI does not involve ionizing radiation 
thereby permitting multiple scans without accumulated dose. This is particularly 
advantageous when serial or longitudinal imaging is required to assess disease 
progression or determine the effects of interventions. For these reasons, it is anticipated 
that proton MRI will take on a growing role in diagnosis and monitoring of pediatric lung 
disease. Two particularly useful approaches are ultrashort echo time (UTE) and free-
breathing (FB) proton MRI. UTE can mitigate signal losses in the lung permitting 
structural imaging of the lung parenchyma and airways rivaling CT. FB MRI gathers 
image data through multiple cycles of quiescent tidal breathing to reconstruct motion-free 
lung images at arbitrary respiratory and cardiac phases.  Using non-rigid image 
registration, these images can then be used to calculate functional maps of ventilation and 
perfusion without the need for gaseous or intravenous contrast agents, important for 
imaging of very young or very sick children.  This presentation will describe advances in 
UTE and FB proton MRI with a particular emphasis on structural and functional imaging 
of the pediatric lung. Promising applications of proton MRI for the evaluation of early 
obstructive lung disease (eg. cystic fibrosis; CF) will be high-lighted.   



Body Composition CT Metrics and Lung Function in Asthma Participants: Analyses from the 
Severe Asthma Research Program 

 
Mark L. Schiebler, M.D. 

University of Wisconsin, Madison 

 

Sponsorship: NHLBI SARP III, IV  

 

Introduction 

Recent work by Peters et al (PMID: 27283230) showed that plasma IL-6 levels were increased in 
asthmatics. It is known that low grade inflammation occurs in obesity and is correlated with insulin 
resistance. They showed that the inflammatory cytokine IL-6 was strongly associated with severe 
asthma and that those participants also had higher rates of diabetes and systemic hypertension. 

We aimed to determine if body composition, as measured from routine non-contrast chest CT, was 

related to lung function and IL-6 cytokine levels in SARP participants (PMID: 36194556) 

Methods 

SARP participants with baseline CT Chest exams were secondarily reviewed for their paraspinous muscle 
density (PSMD) and their longitudinal change in lung function. The PSMD was determined from the 
mean Hounsfield unit (HU) value of the right and left erector spinae muscles at T12 obtained with a 
region of interest (500-510mm2) placed in the center of the muscle. The longitudinal change in lung 
function was the post-bronchodilator FEV1%-predicted over a median follow-up period of five years. A 
linear multivariable mixed effects model was used to determine the association of PSMD and lung 
function decline for males and females. 

Results 

A total of 219 asthmatics (147 Females) were studied.  We found that PSMD predicted lung function 
decline for female SARP participants, [(β= -0.47 Δ-slope per 10 HU decrease), p= 0.03], but not males 
[(β= 0.11 Δ-slope per 10 HU decrease), p= 0.77]. In females, the highest PSMD tertile predicted a 2.9% 
improvement in lung function after five years while the lowest tertile predicted a 1.8% decline in FEV1%-
predicted. The Spearman correlations of PSMD with IL-6 were also significant (males- ρ .4, p value 0.3; 
females- ρ .36, p value <.001). 

Conclusion 

In female asthma participants, a CT metric of body composition, was independently associated with lung 
function decline. 

 

 



Phenotyping Asthma/COPD Overlap in Patients with Mild Lung Disease with Xenon MRI and 
Lung Function - Results from the NOVELTY ADPro Cohort 

Laurie Smith PhD, University of Sheffield, UK 

Asthma and chronic obstructive pulmonary disease (COPD) are both highly prevalent respiratory diseases 
affecting >600 million people worldwide and place a large burden on healthcare providers. There is a large 
degree of overlap between the two diseases and therefore distinguishing features of both conditions are 
often prevalent in patients. This becomes a challenge to accurately diagnose, phenotype and treat 
individuals who may have overlap of two highly heterogeneous respiratory diseases. Patients with asthma 
+ COPD have poorer quality of life and more hospitalisations than patients with asthma or COPD alone.  
2015 GINA and GOLD report on asthma+COPD concluded an ‘urgent need for more research on this topic’. 
Patients are predominantly managed in primary care whereby, alongside symptoms, spirometry is the 
primary objective assessment of lung health. Spirometry however is insensitive to early signs of small 
airways disease and spirometry phenotypes are not specific to either asthma or COPD. In addition, 
spirometry cannot provide detail on other physiological characteristics specific to the diseases such as 
ventilation heterogeneity, gas trapping and impaired gas exchange. Tests of physiological function specific 
to disease and lung function characteristics are therefore desirable in order to best manage individuals 
with asthma and/or COPD. 
 
The NOVEL observational longiTudinal studY (NOVELTY) study is an observational longitudinal global 
study of ~12000 patients with a broad range of asthma and/or COPD (ClinicalTrials.gov identifier: 
NCT02760329) and is funded by AstraZeneca. The study broadly aims to phenotype and characterise these 
conditions in order to better understand the differences and similarities. As part of NOVELTY, the Advance 
Diagnostic Profiling (ADPro) sub-study is a collaboration between York primary care trust and the 
University of Sheffield in the UK. The aim of ADPro is to physiologically phenotype patients from NOVELTY 
using 129Xe-MRI of the lung and advanced lung function testing. Patients already taking part in NOVELTY 
in York, were invited to attend Sheffield at two time points approximately 1 year apart. At visit one, post-
bronchodilator, patients performed hyperpolarised 129Xe MRI ventilation imaging, diffusion-weighted 
imaging and gas transfer imaging, in addition to 1H structural imaging. Following the imaging session 
patients also performed, airwave oscillometry, transfer factor for carbon monoxide, body 
plethysmography, spirometry and FeNO. A second visit was performed approximately 1-year post visit 
one where the same methods were repeated both pre and post bronchodilator. 
 
In total 164 patients were assessed at visit one using the methods outlined above. 82 of these had a 
diagnosis of asthma, 27 had a diagnosis of COPD and 55 had a combined diagnosis of asthma and COPD. 
As this study was performed during the COVID-19 pandemic, our resultant population were a mild cohort, 
with 127/164 patients having ‘normal’ spirometry at visit 1. 140 patients were then also followed up at 
visit 2.  
 
This talk will detail the cross-sectional findings to date from the analysis of visit 1. The talk will focus on 
the physiological phenotypes observed between the three diagnosis groups, the increased sensitivity of 
129Xe-MRI and advanced lung function to detect lung disease in patients with normal spirometry and the 
impact of airways dysanapsis on 129Xe-MRI. 

  



Phase Resolved Functional Lung (PREFUL) MRI: Latest Developments and Clinical Translation 

Jens Vogel-Claussen, MD 

Fourier decomposition (FD) is a contrast agent–free 1H MR image acquisition and postprocessing 

method for lung perfusion (Q) and ventilation (V) assessment. Conventionally, after image registration, 

the time series of each voxel is analyzed with regard to the signal amplitude of the cardiac and breathing 

frequency component, and further quantified by using either the amplitude of a full blood voxel or the 

expiratory signal. This analysis offers the possibility to acquire radiation-free V/Q maps simultaneously.  

Using a standard 2D spoiled gradient-echo (GRE) sequence with a temporal resolution of 288 to 324 ms 

an image-sorting algorithm was developed to produce phase resolved functional lung imaging (PREFUL) 

with an interpolated temporal resolution of about 50 ms. With this method it is feasible to evaluate flow 

volume loops during tidal volume free breathing on a voxel level.  PREFUL also depicts the propagation of 

the pulse wave during the cardiac cycle due to the pulsatile inflow of fresh blood into the 2D slice. 

In recent years PREFUL ventilation MRI has been validated using 129Xe and 19F gas imaging with good 

regional agreement. For perfusion weighted imaging the cardiac phase is used at the time of maximum 

flow related enhancement in the lung parenchyma. Perfusion weighted PREFUL MRI has been validated 

using SPECT imaging as well as dynamic contrast enhanced (DCE) MRI. PREFUL has been tested in a dual 

center dual vendor setting and is currently applied in several ongoing multicenter trials. Furthermore, it 

has been shown to be feasible across a range of field strengths (0,55T-3T) and across all age groups. 

Quantitative V/Q PREFUL MRI has been used in patients with CF, COPD, PH and COVID 19 to quantify 

disease and monitor treatment change after therapy. Furthermore, PREFUL V/Q imaging has been shown 

to predict transplant loss due to chronic lung allograft dysfunction (CLAD) in patients after lung 

transplantation. It seems that the dynamic flow-volume loop ventilation parameter have a higher 

predictive power and sensitivity to detect treatment changes compared to the “static” ventilation 

parameter, which only take the end inspiratory and end expiratory phases into account. 

Recently, 3D PREFUL ventilation weighted MRI has been developed to cover the whole lung volume using 

a stack of stars GRE sequence. 3D PREFUL MRI achieves higher image resolution compared to 2D PREFUL 

MRI, which might be more sensitive to detect small ventilation changes in early lung disease. 

In summary, PREFUL MRI is an exciting maturing development for quantitative ventilation and 

pulmomary pulse wave/perfusion imaging for regional pulmonary disease detection, quantification and 

treatment monitoring with added value to the current clinical routine. 
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4D Proton MRI of the Lung at High Spatiotemporal Resolution 
Wilson Miller, University of Virginia 

Robust implementation of proton lung MRI must overcome a variety of challenges, most 
prominently: low proton density and short T2* of lung parenchyma, and cyclical motion of the 
heart and lung during image acquisition. Nonselective 3D excitation combined with ultra-short 
echo time (UTE) or zero echo time (ZTE) radial readouts are often employed to address the T2* 
limitation. Moreover, the oversampling of central k-space provided by 3D radial trajectories 
naturally assists in mitigating heart-motion artifacts. Further combining UTE readout with a 
balanced steady-state free precession (bSSFP) excitation scheme maximizes the sampled signal 
per unit time, thereby addressing the challenge posed by low proton density in lung 
parenchyma1,2. However, the overall advantage of bSSFP (over spoiled RF pulse trains) diminishes 
at higher field strengths. Image artifacts caused by lung motion can be mitigated by using breath 
holds or prospective respiratory gating1. However, breath-hold imaging places restrictive limits 
on scan time (and thereby image resolution and SNR), while prospective gating increases scan 
time and decreases sampling efficiency. Moreover, both of these approaches miss the 
opportunity to image throughout the breathing cycle.  

There has been significant interest in recent years in developing techniques that combine 
continuous image acquisition during free breathing with retrospective motion sorting to produce 
3D images of the lung at one or more phases of the breathing cycle. Such techniques require a 
signal tied to inflation level, which can be provided by a mechanical breathing sensor but can also 
be extracted from the imaging data itself using various strategies ranging from zero-dimensional 
(DC) to three-dimensional motion tracking. Following motion sorting, the nonuniformly under-
sampled temporal frames can be reconstructed using any number of different model-based 
approaches, including CG-SENSE3, XD-GRASP4, L1-ESPIRiT5, and iMoCo6.  

In short, there are many choices to make when implementing an image acquisition and 
reconstruction pipeline for high-resolution lung MRI. In our lab, we are particularly interested in 
combining proton lung MRI with hyperpolarized xenon MRI, which places further constraints on 
the particular scanner (and therefore magnetic field strength) used. This presentation will review 
our experience balancing all these different considerations, towards creating optimized free-
breathing proton imaging schemes for 1.5T and 3T scanners. 

1. Miller GW et al. Advances in functional and structural imaging of the human lung using proton MRI. NMR Biomed 
27(12):1542-1556 (2014). 

2. Bauman G, Bieri O. Balanced steady-state free precession thoracic imaging with half-radial dual-echo readout 
on smoothly interleaved archimedean spirals. Magn Reson Med 84(1):237-246 (2020). 

3. Pruessmann KP et al. Advances in sensitivity encoding with arbitrary k-space trajectories. Magn Reson Med 
46(4):638-651 (2001). 

4. Feng L et al. XD-GRASP: Golden-angle radial MRI with reconstruction of extra motion-state dimensions using 
compressed sensing. Magn Reson Med 75(2):775-788 (2016). 

5. Jiang W et al. Motion robust high resolution 3D free-breathing pulmonary MRI using dynamic 3D image self-
navigator. Magn Reson Med 79(6):2954-2967 (2018). 

6. Zhu X et al. Iterative motion-compensation reconstruction ultra-short TE (iMoCo UTE) for high-resolution free-
breathing pulmonary MRI. Magn Reson Med 83(4):1208-1221 (2020). 



Proton MR Imaging at 0.55T 

Adrienne Campbell-Washburn, PhD 

National Heart, Lung, and Blood Institute, National Institutes of Health, Bethesda, MD 

Proton pulmonary MRI is an ongoing challenge for conventional MRI systems because the air-tissue 
interfaces in the lung cause magnetic susceptibility gradients that corrupt the lung tissue signal. 
However, using a contemporary superconducting magnet operating at a lower field strength (eg. 
0.55T), these artifacts are reduced, thereby improving image quality compared to 1.5T or 3T [1]. 
This image quality can be leveraged for a suite of MR imaging techniques to allow imaging of lung 
morphology, tissue characterization, and assessment of regional lung function and physiology.  

Figure 1 provides an illustration of imaging the same patient with lymphangioleiomyomatosis using 
CT, 1.5T MRI, and 0.55T MRI where the improvement in cyst delineation and parenchymal signal at 
0.55T can be appreciated. In a pilot 
study, we found that 0.55T MRI and CT 
provided similar information content 
[2]. More recently, we have leveraged 
the prolonged T2* at 0.55T to develop 
a free-breathing stack-of spirals for 
isotropic resolution [3].  

In addition, we sought to develop 
functional imaging at 0.55T. Oxygen T1 
relaxivity is higher at lower field strengths, and therefore oxygen-enhanced imaging is attractive [1]. 
We have demonstrated a 3D breath-hold method to quantify oxygen-enhancement and regional 
heterogeneity, and applied this method to assess patients with LAM. We demonstrated that the 
percentage of lung with low oxygen enhancement was modestly correlated with functional 
obstructional classification, and in the same cohort, we demonstrated the ability to quantify cyst 
burden from morphological MRI images with excellent correlation to CT [4]. More recently, we have 
demonstrated dynamic contrast enhanced pulmonary imaging with pharmacokinetic modelling to 
quantify perfusion at 0.55T.  

The contemporary 0.55T platform is also well-suited to combined cardiopulmonary evaluations, 
since the heart and lung can be imaged in the same setting. Such an exam could include imaging of 
cardiac structure, cardiac function, pulmonary structure, pulmonary function, and cardiopulmonary 
physiology, with/without simultaneous hemodynamic measurements via catheters, and 
with/without exercise stress. For example, we have developed the capability to quantify cardiogenic 
pulmonary edema in patients with heart failure [5].  

In summary, contemporary 0.55T MRI may provide a power platform for structural and functional 
proton MRI of the lung.   
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Quantitative Measures of Ventilation, Perfusion, and Ventilation-perfusion in 
the Human Lung Using Proton MRI 

Rui C Sá 
University of California, San Diego 

 
 Ventilation-perfusion matching is the most important mechanism determining gas 
exchange in health and disease. The ability to spatially characterize ventilation-perfusion opens 
a window into the study of regional functional changes originating from disease processes, as 
well as therapeutical interventions.  

The Pulmonary Imaging Laboratory at the University of California, San Diego developed 
multiple quantitative proton MRI approaches that independently map ventilation and perfusion 
in the human lung. Ventilation is quantified using a combination of a fast gradient echo 
measurement of regional proton density1 at end expiration (from which regional functional 
residual capacity is computed), and specific ventilation imaging2, an oxygen enhanced MRI 
technique that measures specific ventilation (the regional ratio of tidal volume to local FRC). 
Perfusion quantification is obtained using arterial spin labelling (ASL)3.  

All these techniques have been validated and/ or cross-correlated against independent 
measurement 4,5,6,7. Images are acquired as ‘thick’ (15mm) 2D slices, typically (but not 
necessarily) in the sagittal plane. Multiple slices are acquired simultaneously (up to 4 without 
compromising spatial resolution), covering most of the lung (typically the right lung, to 
maximize the sampled lung volume and minimize the noise generated by heart movements).  

Ventilation-perfusion ratio quantification is achieved from the independent maps of 
ventilation and perfusion. To minimize potential effects of mis-registration across modalities 
when creating ventilation-perfusion maps, spatial maps of ventilation and perfusion are 
combined at a spatial resolution of ~1cm3 (~5-6 acini). Independent ventilation-perfusion maps 
can be acquired ~30 min apart, an interval largely determined by the ~18min it takes to acquire 
specific ventilation maps. We have recently shown this time can be decreased ~7min8.  

These techniques have been deployed to understand the effects of exercise, aging, 
vaping, asthma, pulmonary arterial hypertension, etc, in ventilation, perfusion, and ventilation-
perfusion ratio and their spatial distributions within the lung. The imaging protocol is optimally 
suited for longitudinal follow up and the study of functional response to interventions (e.g. 
bronchoconstriction / bronchodilation). Given the built-in redundancy of the human lung, 
characterization of regional ventilation, perfusion, and particularly, ventilation-perfusion 
disruptions, are potential early biomarkers of disease, as regional disruption will precede – 
potentially by significant and actionable intervals - detectable changes in the (blunt) integrative 
measurements commonly used for diagnosis. 



1 Theilmann, R. J. et al. Quantitative MRI measurement of lung density must account for the 
change in T2(*) with lung inflation. J Magn Reson Imaging 30, 527–534 (2009). 
2 Sá, R. C. et al. Vertical distribution of specific ventilation in normal supine humans measured 
by oxygen-enhanced proton MRI. J Appl Physiol 109, 1950–1959 (2010). 
3 Hopkins, S. R. et al. Vertical gradients in regional lung density and perfusion in the supine 
human lung: the Slinky effect. J Appl Physiol 103, 240–248 (2007). 
4 Holverda, S. et al. Measuring lung water: ex vivo validation of multi-image gradient echo MRI. 
J Magn Reson Imaging 34, 220–224 (2011). 
5 Sá, R. C. et al. Validating the distribution of specific ventilation in healthy humans measured 
using proton MR imaging. J Appl Physiol 116, 1048–1056 (2014). 
6 Arai, T. J. et al. Comparison of quantitative multiple-breath specific ventilation imaging using 
colocalized 2D oxygen-enhanced MRI and hyperpolarized 3He MRI. J Appl Physiol 125, 1526–
1535 (2018). 
7 Sá, R. C. et al. Measurement of the distribution of ventilation-perfusion ratios in the human 
lung with proton MRI: comparison with the multiple inert-gas elimination technique. J Appl 
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8 Geier, E. T., Prisk G.K., Sá, R.C. Measuring short-term changes in specific ventilation using 
dynamic specific ventilation imaging. J Appl Physiol 132:6, 1370–1378 (2022). 
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Title: Predicting the Outcome of Lung Transplantation Using Machine Learning

Speaker: Pratik Chaudhari

Purpose:
Evaluating whether a potential donor lung is a good match for a particular recipient is hard; physicians often make decisions
using qualitative reasoning and incomplete information. Tools from modern Machine Learning (ML) can help by leveraging
historical data from transplant surgeries to predict the outcome of a specific donor-recipient match.

Results:
We study 61 variables (selected to have less than 10% missing data and to be clinically relevant to lung transplantation) of
18,027 subjects in the United Network for Organ Sharing (UNOS) database (aged 18+ years with lung-only transplant
surgeries performed since 2005). A Random Forest (RF) is used to predict missing entries for each feature given entries of all
other features in the data. Imputation is performed iteratively (25 iterations) on all features to produce a dataset; five imputed
datasets are created. Two Cox Proportional Hazards (Cox-PH) models, one with the hazards function modeled using RF and
another with a linear model, are used to predict the post-transplant survival probability. RFs are powerful ensemble methods
that can model nonlinear interactions in the data for both regression and imputation. Permutation tests and partial dependence
plots are used to quantify variable importance and interpret RF-based ML models.

RF-based imputation can accurately fill in up to 10% missing entries in lung transplantation data. As a validation of the
imputation method, an RF for regressing theLung Allocation Score (LAS) using imputed data obtains R2=0.73, RMSE=7.78
compared to a linear regression with median imputation that obtains R2=0.58, RMSE=14.28. Standard Cox-PH model obtains
a continuous ranked probability score (CRPS, integral of Brier score) of 0.189 which is much higher than that of RF-based
Cox-PH model (0.094); lower CRPS score is better. Variable importance methods reveal that age, recipient’s creatinine,
diagnosis and BMI are the top few strongest predictors of the transplant outcome; these are different from the top few
important variables that make the LAS (O2 requirement at registration, days on waitlist, diagnosis, O2 requirement at rest).

We next pre-trained a deep neural network (DNN) with 3 layers of 1024 neurons each to predict survival one year post-
transplant in order to characterize its performance on different sub-groups of the population. We focus on three features
flagged as strong predictors of survival probability: age, creat_trr and ethnicity. For each feature, we sequester data into three
sub-groups and for each sub-group, we fine-tune the pre-trained DNN using data from that specific sub-group. We ensured
that the pre-trained model was trained with sufficient regularization (Dropout), and the fine-tuning was performed carefully
using stochastic gradient descent (SGD). Such adaptation improves predictions for almost all sub-groups of the population:
prediction error improves for all ages < 65 years while it is unchanged for the rest; we see improved predictions for subjects
with creatinine between 0.62-1.01; we see dramatic improvements in the predictive accuracy of 1-year post-transplant survival
for Hispanic and Black populations.

Discussion:
Machine learning models have shown great promise for precision diagnosis, treatment prediction, and a number of other
clinical applications. This has led to increasing interest in building systems where such models can aid human experts for
accurate and efficient decision making in clinical settings. But data for problems in lung transplantation, and healthcare in
general, is heterogeneous and different demographic, clinical and genetic features, all play a role in the outcome. Current
machine learning methods, which seek to identify salient features across the entire population, work poorly in such cases.
Even if predictive models are accurate on average, they can be quite sub-optimal for specific sub-groups. In such situations,
techniques to mitigate this heterogeneity and explicitly adapt trained ML models to different demographic and clinical
population sub-groups can be very effective.

Conclusions:
RandomForests improve the accuracy of imputation of missing data and post-transplant survival prediction compared to
existing methods in the literature. Deep learning-based methods to explicitly adapt the learned model can significantly improve
predictions in under-represented sub-groups in the population.



The Role of CT Imaging in Lung Transplant 

Micheal McInnis, M.D. 

Computed tomography (CT) is used routinely in the post-operative monitoring of lung transplant 

patients. Although protocols vary, we perform CT acquired at end-inspiration and end-expiration using a 

low dose technique CT at 3, 6, 9, 12, 18 and 24 months which provides a wealth of imaging data.  While 

there are many post-transplant complications, the main cause of lung transplant allograft failure is 

chronic lung allograft dysfunction (CLAD)1. 

There are two principal phenotypes of CLAD with distinct radiologic presentations.  The first and most 

common is bronchiolitis obliterans syndrome (BOS) characterized by progressive and irreversible airway 

obstruction.  Radiologically, this classically presents with progressive air trapping and CT imaging at end-

expiration excels at demonstrating this1. Parametric response mapping (PRM) is a novel method of 

quantifying this air trapping on CT and is the subject of recent and ongoing studies in CLAD2,3. The 

second and less common phenotype is restrictive allograft syndrome (RAS) characterized by volume loss 

and fibrosis with an upper lung zone predominance4.  The prognosis for RAS is much poorer than BOS1. 

We investigated the role of pulmonary opacities on CT at the time of CLAD onset using a commercially 

available quantitative lung texture analysis tool that was machine learning trained. Distinct from 

previously published studies, our CTs were performed close to the time of CLAD onset, in part because 

of our frequent CT surveillance program. The CT analysis tool segments and separates the lung into five 

textures: normal, hyperlucent, ground glass, reticular and honeycombing.  In addition to radiologist 

interpretation, quantitative lung texture was found to be predictive of allograft survival at the time of 

CLAD onset, independent of CLAD phenotype or other factors in our multivariable model.  Indeed, 

quantitative CT effectively discriminated between CLAD phenotypes with characteristic quantitative 

imaging patterns for BOS and RAS.  Furthermore, pulmonary vessel volume, a measure unique to 

quantitative CT with no direct radiologist correlate, was found to be best in phenotyping CLAD and in 

prognostication5. 
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Hyperpolarized 129Xe as Imaging Marker for Early Detection of CLAD 

Faraz Amzajerdian 

Purpose: Lung transplantation outcomes continue to be the poorest among whole organ transplants, 
primarily due to high rates of graft failure and a lack of treatment options, with chronic lung allograft 
dysfunction (CLAD) constituting the leading long-term cause of death. However, while treatments options 
remain limited, earlier CLAD diagnosis could enable the initiation of therapeutic management prior to the 
occurrence of irreversible damage. Unlike the current gold standard clinical assessment, spirometry, 
which cannot provide localized measures of lung function, hyperpolarized xenon-129 (HXe) MRI—and 
Xenon polarization Transfer Contrast (XTC) imaging in particular—is capable of quantifying regional gas 
uptake and exchange, and thus may be more sensitive to early restrictive or obstructive changes 
associated with CLAD. High-resolution maps of exchange between gas-phase (GP) xenon and xenon 
dissolved in the tissue membrane or red blood cells (RBC) can be calculated from the subsequent loss of 
GP signal after selective saturation of the desired dissolved-phase (DP) component1 and, when combined 
with local measures of gas volume, provide a comprehensive evaluation of lung function.  

Methods: Seven bilateral lung transplant recipients were imaged longitudinally at 3, 6 and 12 months post-
transplant, with pulmonary function tests (PFTs) performed the day of imaging, in order to establish 
baseline metrics and trends. Images were acquired at end-exhalation using a multi-breath XTC technique 
consisting of three repeated schemes of 6 wash-in breaths of a HXe mixture and 4 normoxic wash-out 
breaths, with and without saturation of either RBC or tissue resonances. To maintain consistency 
throughout imaging, breathing rates and tidal volumes were guided by a coordinator; inhale and exhale 
flows were recorded to account for any variations in breathing. The flow measurements, along with the 
no-saturation, RBC-saturation, and tissue-saturation images, were fit voxel-wise to a modified fractional 
ventilation (FV) model2 to generate maps of regional ventilation parameters including tidal volume (TV), 
functional residual capacity (FRC) and fractional ventilation (FV), in addition to the RBC- and tissue-gas 
exchange metrics.  

Results & Discussion: For most subjects, one-second forced expiratory volume (FEV1), the clinically 
standard lung function metric, was at its lowest 3 months post-surgery, improving thereafter consistent 
with a typical recovery3. These trends were associated with decreasing average RBC-gas and tissue-gas 
exchange as well as increasing homogeneity, potentially reflecting either recovery following inflammatory 
responses to surgery or a gradual decline in perfusion or uptake. Comparing ventilation parameters with 
percent change in FEV1 revealed little change with TV, which is largely dependent on the respective sizes 
of donor and recipient lungs; for FRC, both heterogeneity and whole-lung averages tended to decrease 
with improved FEV1. These decreased expiratory gas volumes likely indicate greater lung recoil associated 
with improved ventilation efficiency, especially considering corresponding increases in FV. Even with this 
small sample of transplant subjects uncontrolled for age, gender, diagnosis or donor characteristics, 
strong correlations are still apparent and reflect physiological and functional changes associated with lung 
transplant recovery as well as potential CLAD development. 

 

[1] Amzajerdian, Faraz, et al (2020). Measuring pulmonary gas exchange using compartment‐selective 
xenon‐polarization transfer contrast (XTC) MRI. MRM 85(5), 2709-2722. 
[2] Hamedani, Hooman, et al (2016). Regional fractional ventilation by using multibreath wash-in 3He MR 
imaging. Radiology 279(3), 917-924. 
[3] Mason, David P., et al (2012). Effect of changes in postoperative spirometry on survival after lung 
transplantation. The Journal of Thoracic and Cardiovascular Surgery, 144(1), 197-203.e2. 



Lung Metabolism and Graft Preservation on Ex Vivo Lung Perfusion 

Kentaro Noda, PhD. University of Pittsburgh 

Ex vivo lung perfusion (EVLP) contributes to expanding the donor pool in lung transplantation and 

increases 10-15% of transplants every year.1 The current role of EVLP is to find out available 

donors from a marginal donor pool through secondary evaluation. During the evaluation, lung 

grafts exhibit glycolysis and lactate production with progressive acidosis. Recently, our 

institutional data of clinical EVLP showed that the declining glucose and acidosis progression in 

perfusate had a significant correlation with graft quality.2 Also, clinical data showed transplanted 

grafts after EVLP did not show fair outcomes compared to the standard lung transplant control 

cohort.2 Nonetheless, the current EVLP system does not have any metabolic support to keep the 

grafts viable, thus the role of EVLP as the graft preservation as well as therapeutic platform is 

limited. Our research group has been focusing on graft metabolism during EVLP and investigating 

its regulation on graft preservation. We have been investigating to improve the EVLP graft 

preservation milieu by modulating graft metabolism with active oxygenation strategies and 

mitochondrial protection using a rat EVLP model. 

Through our investigation of graft oxygenation via bronchial artery or pulmonary artery, we found 

the graft metabolism was significantly improved along with better graft quality and attenuated 

proinflammatory response compared to normal EVLP setting.3,4 This suggests that lung grafts on 

current EVLP may be exposed to hypoxia therefore the grafts show high glycolysis. While EVLP 

incurs mitochondrial dysfunction and death in lung grafts, the active oxygenation strategies 

preserved mitochondria in the lungs after EVLP. We next tried to preserve the mitochondria during 

EVLP in a normal setting and applied cyclosporin A to prevent the opening of mitochondrial 

membrane transition pores in the lungs. Administration of cyclosporin A successfully preserved 

mitochondria in the lungs during EVLP and significantly attenuated glucose consumption and 

calcium release compared to control.5 Importantly, lungs regulating graft metabolism during EVLP 

exhibited significantly improved posttransplant graft function compared to control.  

Overall, our findings suggest that monitoring graft metabolism can be an alternative graft 

evaluation during EVLP, and the metabolic regulation can improve lung preservation milieu on 

EVLP leading to better posttransplant outcomes. The idea to keep enough energetic support or 

balancing the demand and support of graft metabolism on EVLP may help to develop a novel 

graft preservation strategy to expand the further donor pool and improve posttransplant outcomes 

in lung transplantation. 
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Metabolic Changes in the Donor Lung During Ischemia as a Function of Time and 
Temperature  

 
Zachary Schug 

 
A successful approach to organ preservation is one that can maintain cellular energy, offer osmatic 
support, and lower the risk of post-transplant morbidity and mortality associated with ischemia-
reperfusion injury. Despite the widespread usage of static cold storage (SCS) at 4 or 10oC for donor 
lung preservation, we still know little about the metabolic changes that are suppressed at low 
temperatures, those triggered by unavoidable periods of warm ischemia, or the exact pathways through 
which these changes proceed. We therefore sought to define the impact of both time and temperature 
on the metabolic state of lung tissue during SCS using a liquid chromatography-mass spectrometry 
(LC-MS) based metabolomic approach, we analyzed >200 polar metabolites from rat lungs stored at 
either the clinically standard 4oC or recently explored 10oC (1). As organ preservation typically lasts no 
longer than 8 h, lung tissue was taken from individual rat lungs every 2 h for the first 8 h of SCS, as 
well as at 48 h of SCS, to compare changes in metabolism at the two different temperatures.  We 
detected immediate decreases in the tricarboxylic acid (TCA) cycle intermediate alpha-ketoglutarate 
suggesting decreased mitochondrial metabolism. We also noted that succinate levels increased during 
SCS. Succinate was significantly higher in lungs stored at 10oC for 8 h compared to both 0 h normal 
lungs and lungs stored at 4oC for 8 h. To further investigate the impact on succinate metabolism upon 
reperfusion and reoxygenation, we placed lungs on an EVLP system post-SCS and compared 
metabolites isolated from 10oC SCS lungs to those taken from lungs after 30 min of EVLP at 37oC. 
Succinate levels increased during SCS but dropped after transfer to the EVLP system. Oxidation of 
succinate upon reperfusion has been linked to reactive oxygen species (ROS) generation in tissues (2, 
3). We therefore compared the ratio of oxidized to reduced glutathione (GSSG/GSH) in SCS vs. EVLP 
lungs and saw that SCS decreased the levels of oxidized glutathione, while reperfusion on EVLP 
increased it. These results support a model whereby reperfusion of lungs on the EVLP reoxygenates 
the lung tissue and stimulates the electron transport chain in the mitochondria. The consequent 
oxidation of the NADH and succinate that accumulated during SCS overwhelms the CoQ pool which 
then leads to reverse electron transfer to Complex I and ROS production (4). Overall, our metabolomic 
studies indicated dynamic changes in mitochondrial metabolism during SCS centered around 
succinate, suggesting that strategies that directly address succinate levels before, or ROS during 
reperfusion, may ameliorate these detrimental effects. 
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Contemporary Challenges and Opportunities to Improve Equity and Use of Organs for Lung Transplant 

Edward Cantu, Joshua Diamond, Jason Christie, Robert Gallup, Jesse Hsu, Douglas Schaubel 

 

The US transplant system has seen significant growth since its inception and recently achieved a historic 

milestone of 1 million organ transplants. Half of all transplants performed have occurred within the last 

15 years with over 400,000 recipients alive today with a functioning transplant.1 This has occurred 

through changes in organ allocation, introduction of new technologies and center changes in perception 

of risk. Despite the success of the US transplant system, as a whole, and the individual success seen in 

lung transplant, in particular, the National Academies of Sciences, Engineering and Medicine (NASEM) 

released a report in February of 2022 in response to a request from the U.S. Congress and the National 

Institutes of Health. NASEM identified inequity of access to transplant, limitations in transparency of 

decision making, significant variation in decision making and performance across transplant centers and 

under use of donated organs.2 

Within the last decade, the number of lung recipients has increased by almost 42%.3 Recent trends in 

lung organ allocation have resulted in transplantation of candidates with increased severity of illness. 

Reported consequences of these trends include increases in procurement costs, allograft discard rate, 

ischemic times, primary graft dysfunction (PGD) rates.4  In addition to these challenges, the lack of 

transparency between transplant centers and patients on accountability for candidacy decision making 

and organ offer declines.2 As a solution, the NASEM report recommended the development, 

implementation, and evaluation of objective standardized metrics to track performance and evaluate 

results of the transplant system. 2 This talk will cover our work in the development of PGD prediction, 

candidate risk assessment and future work to address identified challenges in lung transplantation. 
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Neutrophil trafficking after lung transplantation 
 
Daniel Kreisel 
 
Neutrophils have been shown to be critical mediators of tissue damage during ischemia 
reperfusion injury (1). Primary graft dysfunction, a condition that is mediated by ischemia 
reperfusion injury, continues to be a key factor that adversely impacts short- and long-
term outcomes after lung transplantation. Therefore, it is important to gain a better 
understanding of cellular and molecular requirements that guide neutrophils into 
transplanted lungs. Intravital two-photon imaging has allowed investigators to study 
dynamic leukocyte behavior in a variety of tissues. Our group has developed techniques 
to stabilize moving mouse organs, including ventilated lungs and beating heart grafts, and 
image these in vivo (2, 3). Intravital two-photon imaging of ventilated mouse lungs has 
enabled us to gain new insights into cues that regulate neutrophil trafficking into 
pulmonary grafts. We have uncovered an interplay between donor-resident non-classical 
and recipient spleen-derived classical monocytes that, through production of chemokines 
and cytokines, regulate the recruitment and extravasation of neutrophils after lung 
transplantation(4, 5). Using a model of severe ischemia reperfusion injury, we have 
shown that necroptotic death of graft cells, which results in the release of damage-
associated molecular patterns and activation of a variety of donor and recipient cells, is 
an important upstream event that initiates neutrophil recruitment (6). Intravital two-photon 
imaging has also revealed differences between cues that regulate neutrophil trafficking 
into freshly reperfused lungs vs. hearts (7). Thus, our studies have lay a foundation for 
the development of new therapeutic strategies to inhibit neutrophil trafficking into lung 
grafts, which hold promise to prevent or ameliorate primary graft dysfunction.  
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Photon-Counting CT - Opportunities for Interdisciplinary Preclinical and Clinical Research  
 

Peter B. Noël 
University of Pennsylvania 

 
 
Photon counting computed tomography (PCCT) is a novel imaging technology that promises 
improved image quality, reduced radiation dose, and increased accuracy compared to 
conventional Computed Tomography (CT). It is a type of x-ray imaging that uses advanced 
detectors and specialized imaging algorithms to measure the number of photons that pass 
through a patient's body. Today, PCCT is used to diagnose and monitor various diseases, 
including cancer, cardiovascular disease, and pulmonary disorders. In this presentation, we 
present a review of PCCT technology, its advantages and disadvantages, and potential clinical 
applications. 
 
First, the basics of PCCT will be discussed. This includes a description of the first clinical PCCT 
system (Naeotom Alpha, Siemens Healthineers) which has received FDA clearance. In general, 
PCCT scanners are equipped with a standard x-ray source and photon-counting detectors 
(PCDs). PCDs, in contrast to conventional x-ray detectors, are capable of providing energy 
information for individual photons and dividing them into several data bins based upon their 
energy threshold. Second, the advantages and limitations of PCCT will be discussed. Several 
clinical benefits are derived from this technology including improved CNR, higher spatial 
resolution, fewer image artifacts (e.g., reduced blooming, beam hardening artifacts), and reduced 
radiation dose. 
 
Finally, the clinical applications in pulmonary diagnostics will be discussed. PCCT has been 
applied in clinical studies of various pulmonary diseases, such as asthma and chronic obstructive 
pulmonary disease (COPD). In a study of COPD, PCCT was used to evaluate airway wall 
thickness and the degree of emphysema. Results showed that PCCT was able to detect subtle 
differences in airway wall thickness and emphysema that were not detectable with conventional 
CT.  
 
Overall, photon counting CT has proven to be a valuable tool in both clinical and research settings. 
Its ability to provide more detailed imaging, with improved dose efficiency, has enabled it to 
become – in the near future – a mainstay in medical imaging. 



Fundamentals of Photon Counting CT and Experiences with the First Clinically Available System 

Juan Carlos Ramirez-Giraldo, PhD 

Photon-counting detector (PCD)-CT is by now recognized as a strong technological trend for computed 

tomography in years to come with the promise to reduce dose, improve image quality and drive forward 

new clinical CT applications. As of 2023, most manufacturers have existing PCD CT prototypes using 

technologies based on CdTe, CdZTe and Silicon. In October 2021, the FDA cleared the first clinically 

available PCD-CT system in the US, the NAEOTOM Alpha (Siemens Healthineers, Forchheim Germany).  

PCD-CT provides four major benefits including improved spatial resolution, reduced electronic noise, 

equal energy weighting, and concurrent spectral capabilities. In lung imaging, spatial resolution has a 

strong role to play. Typical spatial resolution of energy-integrating detectors (EID-CT) range from 0.5mm 

to 1mm. With PCD-CT the ability to scan with 0.2mm isotropic resolution, early clinical studies have 

found is possible to better characterize lung anatomy and texture which could be helpful for interstitial 

lung disease. Improved spatial resolution will also aid in characterization of lung nodules. With the 

elimination of electronic noise and improved dose efficiency of PCD-CT; early studies are showing is 

possible to substantially reduce radiation exposures in lung CT examinations, while still maintaining or 

improving image quality and preserving CT number accuracy.  

Dual-source CT improves temporal resolution and acquisition speed, which is valuable in lung CT to 

reduce respiratory motion induced artefacts when imaging challenging patients such as pediatrics or 

uncooperative subjects. When dual-source is combined with PCD-CT, similar benefits apply and when 

used for contrast enhanced and angiography CT exams, enables the use of spectral applications such as 

iodine mapping to characterize lung perfused blood volume, VNC imaging or virtual monoenergetic 

images, without acquisition speed tradeoffs. As a result, it is possible to get high spatial resolution, 

excellent temporal resolution and spectral capabilities, all in the same examination.  

With a larger number of detector elements to support improved resolution and with the use of two or 

more energy thresholds; the amount of information generated during a PCD-CT examinations grows 

substantially compared with standard CT. While in a research setting more information provides 

opportunities for investigation, efforts should be spent in the clinics to improve workflows harnessing 

the added information to benefit patients. And hopefully this will not come at the expense of increasing 

reading times for radiologists. Coincidentally, automation of workflows is an active area of focus in 

hospitals and by manufactures which should aid in the goal to maximize the benefits brought by PCD-CT. 



End-to-end radiomics standardization framework 

Grace J. Gang 

Radiomics have demonstrated strong predictive ability for a range for clinical tasks related to disease 
diagnosis, treatment efficacy, patient prognosis, etc. The growing availability of large-scale image 
databases and advancement of artificial intelligence techniques further fueled interests in radiomics 
research. One of the main obstacles to such research is the lack of standardization between patient scans. 
For x-ray computed tomography (CT) in particular, varying image properties as a result of vendors, 
scanning protocols, reconstruction algorithms, and patient habitus introduce scanner-dependent 
variability that reduces the predictive power and generalizability of radiomics models. While these effects 
can be mitigated with careful data curation and standardization of imaging techniques, this is impractical 
for diverse sources of image data.  In this work, we propose to extend traditional end-to-end imaging 
system models to include radiomics calculation as an explicit stage. Such models have traditionally been 
established to predict how spatial resolution and noise vary as a result of different imaging conditions; 
the extended step allows the prediction of radiomics variability in a similar manner. Furthermore, the 
forward model forms a basis for inverting the process to estimate the true underlying radiomics. Utility of 
the framework is demonstrated on histogram- and gray level co-occurrence matrix (GLCM) based 
radiomics features, where ground truth feature values are recovered under a range of radiation dose and 
reconstruction kernels. This framework has the potential to standardize radiomics across imaging 
conditions permitting more widespread application of radiomics models; larger, more diverse image 
databases; and improved diagnoses and inferences based on standardized radiomics values. 
 
 



Hierarchical Phase Contrast Tomography: A Method for Imaging Multiscale 
Three-dimensional Structures in Whole Human Lung 

Claire Walsh 
 
Hierarchical-Phase Contrast Tomography (HiP-CT) is a new synchrotron X-ray tomography technique 
that spans a previously poorly explored scale in our understanding of human anatomy, the micron to 
whole intact organ scale.  HiP-CT utilises the European Synchrotron radiation Facility, taking full 
advantage of the higher energy, greater beam coherence and small source size of the World’s only 
4th generation X-ray source the - ESRF’s Extremely Brilliant Source (ESRF-EBS). With HiP-CT it is 
possible to scan intact human lungs (ex vivo) at 20-8um/voxel for the whole lung; down to 
1um/voxel in selected local regions, without physically sectioning the organ1. The data produced are 
isotropic 3-dimensional and the higher resolution volume images are precisely registered to the 
lower resolution whole lung scans. This technology is transformative, particularly for the assessment 
of 3-dimensional and multiscale structures e.g. vascular networks. It’s application to the pulmonary 
field is already demonstrating utility in understanding these structures in pathological cases.    
 
The vascular architecture of the human lung is highly complex, with physiological and pathological 
vascular topologies, such as shunts, that cannot be assessed via classical 2D histology2,3. Much of the 
know vascular architecture is derived from older anatomical studies3, or from newer methods e.g. 
light sheet microscopy or microCT but on smaller samples4. HiP-CT provides, for the first time, a 
technology that can be used to identify vascular anomalies at the microvasculature level and 
contextualise these within the whole lung, e.g. to hierarchically trace the vascular origins of these 
anomalies back to their source e.g. the bronchial, pulmonary or pleural supplies, or to correlate the 
microfeature to a clinical scale image correlate.   
 
We have developed a protocol for lung inflation, fixation and dehydration and physical stabilisation 
that we have used to image 13 human lungs (both lobes and complete lungs), and 137 core biopsy 
samples. These samples cover a range of pathologies including Pleuroparenchymal fibroelastosis 
(PPFE), COVID-19 and Osler-Weber-Rendu disease.  
Segmentation and or visualisation of the vascular networks within these lungs have revealed 
numerous pathological changes in vessel structures including increased broncho-pulmonary 
anastomosis in COVID-19, with concurrent expansion of the vasa vasorum 2,5, Vascular tree-in-bud in 
COVID-19, pulmonary-pleural anastomosis in PPFE lung biopsies and highly disordered vasculature in 
Osler-Weber-Rendu lungs.  
 
Whilst we have demonstrated that these vascular abnormalities can be identified and quantified by 
HiP-CT, we are seeking to train the machine learning algorithms to automate the segmentation of 
these vascular networks. This will enable larger scale automated analyses of vascular network 
changes and potential automated identification of specific shunting or patterns of injury.  
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Dissecting Pulmonary Gas Exchange and Hemodynamics with 129Xe MRI   
Bastiaan Driehuys  

bastiaan.driehuys@duke.edu 
Duke University Medical Center, Durham NC  

   
Unexplained dyspnea poses a significant problem for both patients and healthcare systems and frequently 
leads to invasive diagnostic procedures. For example, patients may undergo surgical lung biopsy to diag-
nose interstitial lung disease, cardiopulmonary exercise testing, or right heart catheterization to detect pul-
monary hypertension (PH). But addressing dyspnea may also be more readily achieved by exploiting the 
unique properties of hyperpolarized 129Xe MRI. The technology has a long-standing history for assessing 
pulmonary ventilation, for which FDA approval has recently been granted. However, a more comprehensive 
picture can be obtained by exploiting 129Xe solubility and chemical shift to image its uptake in the interstitial 
membrane tissues and its subsequent diffusive transfer into the pulmonary capillary red blood cells (RBCs). 
 
Imaging these three compartments now allows us to decompose 3-dimensionally each of their contributions 
to gas exchange – accessible alveolar volume, membrane conductance and capillary blood volume con-
ductance1. But beyond this, the RBC resonance, in particular, is even richer in information. The RBC signal 
exhibits cardiogenic amplitude oscillations that are diminished in pre-capillary PH and enhanced in post-
capillary PH2. Thus, the combination of 129Xe gas exchange MRI and 129Xe-RBC cardiogenic oscillations 
has the potential to both detect and monitor different forms of pulmonary hypertension and their response 
to therapy. While such RBC oscillations were initially possible to observe only as a global metrics, recent 
advances in keyhole reconstruction have made it possible to map them regionally3. This, in turn, could 
become valuable for evaluating chronic thromboembolic pulmonary hypertension (CTEPH), detecting pre-
capillary PH in patients with ILD, and detecting combined pre- and post-capillary PH (CPcPH). 
   
And finally, we are starting to appreciate the insights gained from the RBC chemical shift, which is uniquely 
sensitive to pulmonary capillary blood oxygenation4. We can now show that this shift is variably diminished 
across pulmonary diseases, and yet preserved in certain forms of pulmonary hypertension like CTEPH. 
Thus, the RBC shift may be an early indicator of delayed blood oxygenation in patients; it can also help us 
identify patients with pre-capillary PH. In light of this, efforts to regionally measure the RBC shift using 
chemical shift imaging (CSI) become even more important.5 In this talk, I will briefly review each of these 
interesting contrast mechanisms and outline steps needed to apply them to the study of dyspnea.   
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Combining HP 129Xe and UTE MRI with Proteomics to Phenotype Cystic Fibrosis Lung Disease 
Zackary I. Cleveland1, Abdullah S. Bdaiwi1, Emily Skala2, Matthew Siefert2, and Assem G. Ziady2 

1Center for Pulmonary Imaging Research, Division of Pulmonary Medicine and 2Division of Bone Marrow 
Transplantation, Cincinnati Children’s Hospital Medical Center, Cincinnati, OH 45229 

 

Introduction: Cystic fibrosis (CF) is a genetic disease that involves progressive lung function loss and struc-
tural remodelling that historically led to lung transplant or death in early adulthood. However, the life expec-
tancy in CF has increased substantially due to improved treatments. Following the introduction of highly ef-
fective modulator therapy (HEMT) (1), CF patients often present as spirometrically normal (e.g., forced expir-
atory volume in 1 second, FEV1>85%). Still, pathological changes occur, 
and it is increasingly difficult to detect these early changes many patients. 
In contrast, ultra-short echo-time (UTE) and hyperpolarized (HP) 129Xe 
MRI can detect pathology years before changes in FEV1 are observed. 
Additionally, proteomic biomarkers from high-precisions mass spec-
trometry can accurately forecast CF lung disease progression. While 
robust and easily disseminated, these proteomic biomarkers have only 
been validated in patients with established lung disease. Here we use 
HP 129Xe and UTE MRI to validate proteomic markers in early CF.  
Methods: HP 129Xe MRI, ventilation defect percentage (VPD) calcula-
tion, UTE MRI (2), Liquid Chromatography tandem Mass Spectrom-
etry (LC-MS/MS) and bioinformatics (3,4) were performed as previ-
ously described. 129Xe MRI (N=9) and UTE (N=8) were performed with 
same-day blood draws in CF patients with normal spirometry 
(FEV1>85%). For comparison with 129Xe, blood samples were grouped 
by functional impairment as no impairment (VPD<2, 2 male, 1 female), 
mild (5<VDP<15; 1 m, 2 f), and moderate (VDP>20, 2 m, 1 f). Bronchi-
ectasis was scored by a trained reader with a simplified system (5). 
Lungs were divided into 6 regions (5 lobes plus lingula), and lobes were 
scored on a 0-3 scale: (0=not present; 1=present in <1/3 lobe;  2=present 
in <2/3 lobe; and 3 = present in >2/3 lobe). Lobar scores were summed 
to yield whole-lung scores. Samples were grouped by whole-lung sever-
ity score as mild (scored3; 2 m, 2 f) or moderate (4dscored10; 2 m, 2 f). 
For UTE and VDP, group identities were blinded for non-biased proteomic analysis. 
Results and Discussion: Using pathway, network and process analyses, the three disease severity groups 
defined by 129Xe ventilation MRI (unimpaired, mild, and moderate) 
were successfully identified before the groups were unblinded. Prote-
omic analysis revealed differences in pro-inflammatory signaling, cy-
toskeletal rearrangement associated with remodeling, and cell adhe-
sion associated with inflammatory cell activation (Fig. 1). Similarly, the 
groups segregated by structural UTE (mild or moderate) were readily 
identified before unblinding. Proteomic analysis revealed changes in 
pathways associated with CF disease (e.g. ENAC regulation), inflam-
matory signaling, remodeling, and cell adhesion (Fig. 2). These 
blinded studies provide compelling evidence that serum proteomics 
can detect the early and mild structural and ventilation abnormalities 
identified by MRI in spirometrically normal individuals, arguing that to-
gether these technologies yield robust and complimentary information about 
early remodeling and lung function impairment in CF.  
Conclusions: LC-MS/MS combined with 129Xe and UTE MRI can detect func-
tional, structural and molecular abnormalities in spirometrically norm 
CF patients. While the MRI modalities are available only in a few spe-
cialized centers, blood samples can be collected anywhere and 
shipped. Thus, MRI-validated proteomic could provide a powerful 
means to quantify disease trajectories in CF. 

Fig. 1: 129Xe MRI vs proteomics.  Top) CF 
patients with FEV1>100% and no, mild, and 
moderate ventilation impairment via 129Xe 
MRI. Bottom) Proteomic differences in CF 
patient plasma. Cohort Comparisons are in-
dicted. Vertical red line: p=0.05 (log scale). 
 

Fig. 2: Structural UTE vs. proteomics.  Left) 
CF patients with mild (top) and moderate (bot-
tom) remodeling via UTE. Right) Proteomic dif-
ferences between patients with mild and mod-
erate remodeling.  Vertical red line: p=0.05. 
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Sensing the Heat with Spin Polarized 129Xe 
 

Rosa Tamara Branca 
 
Absolute temperature measurements in tissues deep inside the body are extremely hard to perform non-

invasively. Yet, for brown adipose tissue (BAT), a tissue specialized in heat production and capable of 

regulating energy expenditure, susceptibility to weight gain, and blood glucose, absolute temperature 

measurements would be extremely important to directly detect its thermogenic function. However, direct 

temperature measurements of BAT in humans are notoriously challenging. Optical techniques have a 

limited penetration depth and measurements of supraclavicular BAT temperature in humans during cold 

exposure have been confounded by vasoconstriction and subcutaneous fat thickness. Magnetic resonance 

(MR) thermometry techniques are commonly used for non-invasive tissue temperature measurements. 

The most widely used MR temperature probe is the water resonance frequency, which shifts linearly with 

temperature by -0.01ppm/°C.  However, in fatty tissues, these measurements are notoriously confounded 

by temperature-dependent magnetic susceptibility gradients, which degrade the accuracy of both relative 

and absolute temperature measurements. For these reasons, in fatty tissues, MR thermometry methods 

based on the temperature-induced changes in the longitudinal magnetization of water and lipid protons are 

generally preferred, but these methods generally require a pre-calibration of the temperature dependence 

in the tissue of interest.  

Here we report the first background-free detection of human brown adipose tissue and thermogenic 

activity by magnetic resonance with hyperpolarized xenon-129. We show that cold exposure in adult 

humans leads to a selective enhancement of the resonance frequency corresponding to xenon dissolved in 

the lipid compartment of brown fat. This selective enhancement enables background free detection of this 

tissue by MRI. We also show how the resonance frequency of xenon dissolved in lipids, along the 

temperature insensitive resonance frequency of nearby methylene protons, can be used for absolute 

temperature measurements. After calibration of this methodology in vitro in human adipose tissue 

samples and validation in vivo in rodents, this methodology is directly applied to measure human BAT 

temperature during cold exposure. Interestingly these measurements, performed in conjunction with 
18FDG-PET scans, reveal a thermogenically active BAT also in those healthy young subjects with a non-

glucose avid BAT.  

Finally, in an attempt to translate this methodology to ultralow field strengths, we show direct detection 

of polarization transfer from laser polarized xenon-129 spins to 1H by simultaneous xenon-129 and 1H 

NMR spectroscopy. 



How to Capture an Atom: Developing Molecular Sensors with Useful Xenon-binding Properties  
Zhuangyu Zhao,1 Nathan A. Rudman,1 and Ivan J. Dmochowski1 

1Univ. Pennsylvania, Department of Chemistry, 231 South 34th St., Philadelphia, PA 19104 USA 
 
With the recent FDA approval of Polarean’s Xenoview, there is growing interest in performing 
void space imaging as well as molecular imaging in humans and animal models using this 
technology. 129Xe is spin-1/2, and can be hyperpolarized to give a 104-105 signal 
enhancement over the room-temperature Boltzmann population of nuclear spins. Biology 
provides endogenous molecules, including lipid compartments and blood proteins, which bind 
xenon and provide specific Xe-129 nuclear magnetic resonance (NMR) chemical shifts. To 
visualize a much greater range of molecular targets, including disease biomarkers, there is 
the opportunity to deliver exogenous contrast agents that bind xenon with good affinity, label 
molecular targets of interest in vivo, and yield useful Xe-129 NMR signals. For the past two 
decades, our laboratory has developed water-soluble molecular capsules as xenon MR 
contrast agents, and explored their functionalization and biocompatibility. In 2020 we reported 
that very anionic tetrahedral capsules containing Co2+ at the vertices generate useful Xe-129 
NMR signals.1 Xenon diffuses through portals to access the capsule interior, and replacing 
paramagnetic Co2+ with smaller, diamagnetic Fe2+ cations tunes the Xe-129 NMR chemical 
shift, as well as portal size and Xe exchange rate.2 

Since 2016 our laboratory has expanded this search to include genetically encoded 
proteins, and has identified several monomeric proteins of bacterial origin that yield unique 
Xe-129 NMR chemical shifts, either alone in solution (i.e., Xe-beta-lactamase, see Figure 
below) or upon binding a small molecule analyte, e.g., maltose-binding protein (MBP) and 
ribose-binding protein (RBP). These proteins (but not most proteins we have investigated) 
give significant saturation contrast at 100 nM using the hyper-CEST NMR technique. In 
recent breakthroughs, we identified a mechanism for controlling xenon exchange rate in MBP 
by gating access to a buried ~2-nm channel: Maltose binding stabilizes a salt bridge at the 
mouth of the channel, which slows xenon exchange.3 Furthermore, we were able to modify 
the maltose binding site to introduce a zinc-binding motif and produce “turn on“ Xe-129 NMR 
signal in the presence of micromolar zinc. The site was specific for Zn2+ over other 
physiologic cations, based on the histidine ligands introduced. This highlights the opportunity 
for engineering proteins for sensing different metal ions and small molecules using hp Xe-129 
NMR. 
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Role of 129Xe MRI in Determining the Significance of Pulmonary Pathology in Challenging 

Cases (Examples of COPD, E-Cigarette, and Aging) 

Y. Michael Shim 

Years of international collaborations by multiple investigators have matured Hyperpolarized 

Xenon-129 MRI (HXeMRI) technology that has advantages over conventional methods.1  The strength 

of HXeMRI is its ability to determine regional ventilation and gas exchange perturbations in various lung 

pathologies.2-5 The continuum of these efforts has resulted in recent approval by the US FDA for the 

use of hyperpolarized Xenon-129 as oral inhalation contrast, and now the technology is posed to widely 

spread in clinical arenas. The primary goal of this talk is to discuss a synopsis of HXeMRI applications 

in three recent works by our group, which demonstrates the exciting future of HXeMRI technology to 

advance the field of pulmonary research. 

Effects of aging on pulmonary airflow physiology: Aging is a well-known predictor of the loss of 

lung function measured by spirometry, but spirometry as a global measure of lung function cannot 

resolve the detailed physiology of aging.6 HXeMR ventilation scans of subjects with normal spirometry 

reveal that the natural loss of spirometric lung function during aging is caused by airflow conduction in 

small airways. This aging process is different between non-smokers and smokers.  

Effects of vaping on pulmonary gas exchange physiology: Vaping is anticipated to cause 

significant respiratory pathology early on in healthy young adults, but conventional methods have not 

demonstrated these early changes.  HXeMRI dissolved phase scans reveal significant perturbations in 

the pulmonary interstitial tissue integrity and capillary blood flow in healthy young adults (younger than 

30) with normal pulmonary function tests and CT imaging.  

Previously underappreciated gas exchange pathology in Chronic Obstructive Pulmonary Disease 

(COPD): COPD is a syndrome in which airflow is irreversibly limited after noxious exposure or 

predisposed genetic risk.  The airway pathology in chronic bronchitis and alveolar epithelial pathology 

in emphysema have been highlighted as two unique phenotypes of COPD.  HXeMRI dissolved phase 

scans have revealed a third unique “vascular” phenotype in which capillary perfusion in the lung is 

significantly perturbed without emphysematous loss of alveolar epithelium. This study highlighted the 

previously underappreciated role of capillary vascular abnormalities in COPD patients.  

In conclusion, these studies reveal the exciting strength and potential of HXeMRI technology to 

advance the field of respiratory science. These advances are anticipated to bring a new understanding 

of complex respiratory physiology in normal and diseased states. 
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129Xe MRI Phenotypes of Post-HSCT Pulmonary Complications 

Laura L. Walkup, Ph.D. 

As the use of hematopoietic stem-cell transplantation (HSCT) as a therapy for malignant and non-
malignant conditions is expanding rapidly, so too is awareness that HSCT carries high risk of lung 
injury and pulmonary complications in as many as 50% of patients [1]. Clinical surveillance for 
late-onset (beyond day 100 post-HSCT) pulmonary complications relies upon pulmonary-function 
testing, specifically spirometry.  For instance, bronchiolitis obliterans syndrome (BOS), the clinical 
description of the gold-standard histopathological diagnosis of BO, is diagnosed and staged by 
the degree of progressive airflow obstruction on repeated spirometry.  However, spirometry is 
insensitive to early disease and difficult for young children.  Pediatric HSCT patients are at known 
elevated risk for lung injury yet are challenging to monitor for early disease—the best window-of-
opportunity for intervention to stabilize lung-function decline and improve outcomes. 

We have shown ventilation magnetic-resonance imaging with inhaled hyperpolarized xenon-129 
gas (Xe MRI) is feasible in young children, including those unable to perform spirometry, and is 
sensitive to subclinical, regional airflow obstruction in asymptomatic pediatric HSCT patients [2].  
Building on this work, we recently have implemented Xe gas-exchange MRI—a technique that 
leverages the solubility and chemical shift of Xe gas in the pulmonary tissues to simultaneously 
assess the ventilation, interstitial, and diffusion (i.e., red-blood cell, RBC, uptake) compartments 
of pulmonary gas exchange—to describe lung complications in children post-HSCT [3].  In this 
presentation, Xe gas-exchange MRI in the context of pediatric HSCT will be discussed, including 
preliminary results suggesting that in addition to ventilation deficits and airflow obstruction, Xe 
gas-exchange MRI shows diffusion abnormalities in this population and how Xe MRI may be used 
to identify obstructive versus interstitial phenotypes of post-HSCT lung injury [4].      
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Assessing Lung Structure via Hyperpolarized 129Xe MR Spectroscopy: Peeking 
into Peaks 

Kai Ruppert 

Hyperpolarized xenon-129 (HXe) MRI enables the characterization of regional lung structure and 

function by depicting ventilation patterns as well as the absorption of xenon gas by lung 

parenchyma and subsequent gas transport by the pulmonary circulation. Spectroscopy-based 

techniques, on the other hand, trade some or all of the spatial information provided by image 

encoding in exchange for more detailed signal frequency data and higher temporal resolution. As 

a result, spectroscopy offers additional lung function metrics inaccessible to imaging, or can serve 

as a guide for optimizing image acquisition parameters. To date, chemical shift saturation 

recovery (CSSR) spectroscopy has been shown to provide particularly valuable information about 

pathological changes in lung function as the apparent alveolar septal wall thickness increases 

with disease severity
1-3

. Nevertheless, existing spectroscopic techniques focus mostly on the 

peak areas of the two dominant dissolved-phase resonances in the lung that have been assigned 

to xenon bound to hemoglobin (203-230 ppm, depending on species and oxygenation level) and 

dissolved in lung tissue and blood plasma (~196 ppm). Here, we investigate variations in peak 

shape and frequency-dependent dynamics throughout the first tens of milliseconds of 

parenchymal gas exchange in order to draw additional conclusions about features of the 

underlying microscopic structures. 

It has been previously demonstrated that the linewidth of the dissolved-phase resonances is 

decreased in interstitial lung disease patients compared to that in healthy control subjects, 

presumably due to an increase in magnetic homogeneity secondary to alveolar wall thickening
4,5

. 

Our preliminary findings indicate that the correlation between T2* and septal wall thickness is 

general in nature, extends to other lung pathologies such as COPD, and appears to be strongest 

for xenon accumulation times in the lung parenchyma below 10 ms. In fact, in the most severely 

diseased patients, the peak widths at very short accumulation times can narrow to the extent that 

additional, secondary dissolved-phase resonances are revealed. What is more, an analysis of the 

frequency-dependent gas uptake rates shows that the associated structural compartments of 

these resonances fill considerably faster than those of the dominant primary resonances. 

Careful analysis of spectral peak shapes and dynamics obtained with HXe MR spectroscopy can 

provide additional information about the rapid gas-exchange processes between the alveolar 

volume and the parenchyma—information which might be more sensitive to pathological changes 

than the heavily temporally averaged signals employed for MR imaging. 
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Data Harmonization on Large Cohorts of Lung CT Scans 
 

Andrew F. Laine 
Columbia University 

 
 
 
 

 
 
Consistent imaging protocols will require normalization / harmonization of data sourced from multiple 
platforms, hospitals and vendors. AI has shown a remarkable ability to generalize and group / tease out 
patterns from high-dimensional data. Machine / deep learning algorithms should rely on mix-omics 
integration of imaging and physiological measures. There 
is an urgent need for new models of multi-modal transfer learning (e.g., understanding lung and heart 
functional interactions), and incremental learning as cohorts grow at an ever-faster face, combining data 
from states/countries. 
 
We are in the process of developing harmonization methods that are applied to COPD patient imaging 
data. This phenotyping could lead to a better retrospective understanding of COPD disease pathways and 
prepare for future management of pulmonary-derived chronic pathologies. In addition, there are 
significant new chronic pathologies expected in COVID survivors (cardiomyopathy, pulmonary 
aspergillosis, hemoglobin / iron deficiencies) in the longer term, which will be challenging to treat and / 
or recognize. The harmonized baseline data during acute phases of disease would help tremendously in 
our ability to understand the implications of these pathologies. 
 
The proposed harmonization platform would include normalization across vendors, sites, possible 
variations in protocols and patient size. We describe AI based harmonization methods to leverage a large 
number of baseline scans from existing and ongoing studies for density measures, texture and later airway 
topology. During this initial phase, the Columbia cohort would harmonize 2,500 subjects in total, sampling 
in proportion five distinct cohorts. In the long term we aspire to develop data sharing tools, with possible 
partnerships for long term / global infrastructure and computing, integrate expertise in multiple imaging 
modalities, lead an open AI approach to model, predict and understand stages of pulmonary disease 
including COPD. 

 



Image-based Multiscale Modeling of the Lung to Quantify Regional 
 Mechanical Stress In Vivo 

 
Reza Avaz 

 

There are several lung diseases that lead to diffuse inflammation, such as acute respiratory 

distress syndrome1. Diffuse inflammation leads to localized under-ventilation, which can lead to 

overdistension and, consequently, volutrauma of the surrounding healthy regions when the lungs 

are mechanically ventilated2. In addition to volutrauma, the lungs can also be damaged due to 

high settings of positive end-expiratory pressure during mechanical ventilation, which is termed 

barotrauma. Volutrauma and barotrauma conditions lead to damage in the alveolar septal walls 

through excessive changes in the homeostatic micromechanical environment, and the possibility 

of in-vivo estimation of wall stress and strain can significantly assist with diagnosis and treatment 

planning for these conditions. Although it is possible to quantify the strains in the alveolar septal 

walls through image registration processing dynamic imaging scans, including magnetic 

resonance imaging and dynamic computed tomography (CT), methods to quantify the level of 

stress experienced by the alveolar septal walls remain elusive. 

 

In this study, we introduce a method to estimate the stress in the alveolar septal walls through a 

combination of dynamic imaging, image registration, and in-silico modeling. Briefly, we use 

dynamic CT scans of a rat with 16 image stacks over the course of one respiratory cycle. We 

perform non-linear non-rigid image registration3 to obtain the displacement of each voxel. The in-

silico model uses animal-specific airway reconstruction and lung pressure-volume measurements 

to estimate pressure distribution within the airway tree down to the alveoli. Once integrated with 

displacement quantifications, the in-silico model estimates the wall mechanical properties and wall 

stress while accounting for pulmonary surfactant. Our initial analysis demonstrates a high 

contribution of surfactant in modulating wall stress and strain. The proposed platform can be 

streamlined and integrated with dynamic imaging to quantify the regional micromechanical status 

of the lung in real time for individualized diagnosis and treatment of lung injury patients4.  
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Dynamic Hyperpolarized 129Xe Imaging of Ventilation and Gas Exchange for 
Treatment Response Monitoring 

Hooman Hamedani 
While hyperpolarized 129Xe MR imaging during a breath-hold is capable of 
regionally investigating lung function in terms of ventilation and gas exchange, 
lung function itself relies on dynamic aspects of gas mixing and blood 
redistribution in a constantly moving organ. Ventilation in the lung, for example, is 
driven by the resolution of differential pressures and concentration gradients over 
multiple timescales, and its relationship to breathing rate, volume, inflation level, 
depth, gas concentration, and diffusion was the subject of decades of theoretical 
study. It is also known that not every region of a compromised lung reaches its 
maximum volume change at end-inhale or its minimum at end-exhale1. Further, 
since ventilation inhomogeneity occurs in regions where local gas filling time-
constants are comparable to or exceed inhalation time, artificially reducing 
breathing rate during a measurement via breath-hold fails to highlight regions 
that do not properly fill during normal breathing but do adequately fill during the 
measurement2–4. Similarly, pulmonary blood volume and flow are highly variable 
over both the breathing and cardiac cycles as capillaries and larger vessels 
distend, assist right heart activity and blunt pressure spikes that would otherwise 
be damaging. Both dynamical effects are critical to a healthy lung5–9, but are not 
accessible to single-breath imaging. Restricting lung function imaging to a 
specific, artificially-induced state therefore inevitably fails to capture features 
crucial to maintaining organism homeostasis, making it difficult to compare 
measurements between subjects if the exact same state is not achieved.  
Imaging respiratory dynamics without a breath-hold and during spontaneous 
breathing using a small dose of hyperpolarized gas ad libitum can therefore 
provide a better understanding of the pathophysiology of various lung diseases, 
as it can dynamically depict patients’ true physiological gas flow and uptake 
without changing their breathing pattern. Extending the time of imaging also 
allows the use of signal averaging to estimate regional ventilation, gas mixing 
efficiency, and gas exchange at a steady-state-like condition, showing overall 
lung function during a relatively long period (approximately five minutes) of 
subjects’ normal breathing. Identifying membrane-to-gas mixing efficiency in the 
acinar and its exchange with blood is central to understanding which aspects of a 
diseased lung are most tied to morbidity, as well as whether treatment can 
resolve those deficits. Diagnostic tests that aim to identify deficiencies linked to 
one or more of these processes are best approached by attempting to measure 
them, as quantitatively as possible, under physiologically relevant conditions. 
We, therefore, attempt to show that measuring these parameters of lung function 
simultaneously, dynamically, and regionally is crucial to understanding both the 
pathophysiology of different lung disorders and their responses to therapy. To 
emphasize the value of such local, multifaceted measurements, we highlight the 
outcomes of bronchoscopic lung volume reduction (LVR) procedure using 
endobronchial valves, an FDA-approved regional treatment for end-stage lung 
disease.   



Reference: 
 

1 Shao W, Patton TJ, Gerard SE, Pan Y, Reinhardt JM, Durumeric OC, et al. N-
Phase Local Expansion Ratio for Characterizing Out-of-Phase Lung 
Ventilation. IEEE Trans Med Imaging 2020;39:2025–34. 
https://doi.org/10.1109/TMI.2019.2963083. 

2 Kirby M, Svenningsen S, Kanhere N, Owrangi A, Wheatley A, Coxson HO, et 
al. Pulmonary ventilation visualized using hyperpolarized helium-3 and xenon-
129 magnetic resonance imaging: differences in COPD and relationship to 
emphysema. J Appl Physiol Bethesda Md 1985 2013;114:707–15. 
https://doi.org/10.1152/japplphysiol.01206.2012. 

3 Marshall H, Deppe MH, Parra-Robles J, Hillis S, Billings CG, Rajaram S, et al. 
Direct visualisation of collateral ventilation in COPD with hyperpolarised gas 
MRI. Thorax 2012;67:613–7. https://doi.org/10.1136/thoraxjnl-2011-200864. 

4 Hamedani H, Clapp JT, Kadlecek SJ, Emami K, Ishii M, Gefter WB, et al. 
Regional Fractional Ventilation by Using Multibreath Wash-in (3)He MR 
Imaging. Radiology 2016;279:917–24. 
https://doi.org/10.1148/radiol.2015150495. 

5 Rauwerda PE. Unequal ventilation of different parts of the lung and the 
determination of cardiac output. Thesis fully internal (DIV), Groningen: s.n.; 
1946; 1946. 

6 Bates JHT. Lung Mechanics: An Inverse Modeling Approach. Cambridge 
University Press; 2009. 

7 Crawford AB, Makowska M, Paiva M, Engel LA. Convection- and diffusion-
dependent ventilation maldistribution in normal subjects. J Appl Physiol 
Bethesda Md 1985 1985;59:838–46. 
https://doi.org/10.1152/jappl.1985.59.3.838. 

8 Ugander M, Jense E, Arheden H. Pulmonary intravascular blood volume 
changes through the cardiac cycle in healthy volunteers studied by 
cardiovascular magnetic resonance measurements of arterial and venous flow. 
J Cardiovasc Magn Reson Off J Soc Cardiovasc Magn Reson 2009;11:42. 
https://doi.org/10.1186/1532-429X-11-42. 

9 Brower R, Wise RA, Hassapoyannes C, Bromberger-Barnea B, Permutt S. 
Effect of lung inflation on lung blood volume and pulmonary venous flow. J 
Appl Physiol Bethesda Md 1985 1985;58:954–63. 
https://doi.org/10.1152/jappl.1985.58.3.954. 

 

 

 



Airway Aerodynamics: MRI Based Modeling and Validation  

Alister Bates PhD 
 
Respiratory disease can occur in either the lungs, or in the central airways that carry air to and 
from the lungs. In many subjects, respiratory symptoms are caused by disease in both the lungs 
and major airways, but it can be difficult to assess the contribution of each aspect to symptoms. 
For example, many neonatal subjects with bronchopulmonary dysplasia have comorbid 
tracheomalacia. Some treatments aimed treating a particular lung disease (e.g., aerosolized 
albuterol for small airway obstruction) may exacerbate central airway disease (e.g. softer 
trachealis and increased tracheomalacia), so it is vital to understand whether each individual 
patient’s symptoms are predominantly airway or lung related. 
 
Subject-specific computational fluid dynamics (CFD) of respiratory airflow can assess the 
contribution of major airway disease to respiratory symptoms through calculation of metrics 
like the regional resistive work of breathing throughout the large airways. To create subject-
specific airway models, high-resolution imaging is necessary to obtain anatomical boundary 
conditions. In diseases that involve airway motion, such as tracheomalacia and obstructive 
sleep apnea (OSA), cine imaging is required to capture the realistic changing position of the 
airway. Both computed tomography (CT) and magnetic resonance imaging (MRI) can be used to 
capture these boundary conditions depending on the required image resolution, field of view, 
cine time, and acceptability of patient exposure to ionizing radiation. 
 
CFD in airways has not been clinically adopted at present, despite the useful metrics it can 
calculate. In part, this is due to the lack of in vivo validation. To rectify this, we aimed to validate 
the velocity field of inhaled gas produced by MRI-based CFD simulations through comparison to 
a velocity field created by phase-contrast (PC) MRI of inhaled gas contrast agent hyperpolarized 
129Xe.  
 
Five pediatric patients with OSA underwent tidal-breathing proton MRI to create the boundary 
conditions for CFD simulations and also inhaled hyperpolarized 129Xe PC MRI for two respiratory 
cycles. Patients were sedated with dexmedetomidine to create sleep-like airway muscle tone. 
2D sagittal PC MRI data were acquired continuously during the two respiratory cycles, with 
acquisition parameters; spiral readout, in-plane spatial resolution: 2.5mm2, slice thickness: 10 
mm, velocity encoding: 200 cm/s, velocity encoding in either one (foot-head) or three spatial 
directions (right-left, anterior-posterior, foot-head); acquisition time for a single slice: ~0.5 or 1 
s, respectively. 
 
Comparing the velocity fields between CFD and PC-MRI revealed very similar airflow patterns. 
High-speed jets at the vocal folds and areas of subject-specific constriction occurred in the 
same places and to approximately the same magnitude in both CFD and PC-MRI, revealing that 
1H MRI-based CFD simulations can accurately calculate the velocity field of inhaled gases, 
including typical room air.  
 



AI-based Detection of COPD using CT Images 

Sandeep Bodduluri 

Chronic obstructive pulmonary disease (COPD) is the third leading cause of death in the world, 

affecting over 392 million individuals, and is associated with a substantial economic burden. 

However, a substantial proportion of adults with COPD remain undiagnosed. The current 

diagnosis of COPD is made using spirometry, based on the ratio of the forced expiratory volume 

in one second (FEV1) to the forced vital capacity (FVC). Although spirometry is safe and easy to 

perform, it is often underused in primary care settings due to poor access and lack of expertise in 

performing and interpreting spirometry. In this context, it is pertinent to note that approximately 

70 million chest computed tomography (CT) scans are acquired each year in the US. These scans 

present opportunities to detect COPD in previously undiagnosed individuals.  

The use of CT images to detect COPD is increasingly being studied utilizing rapid advances in 

image processing and deep learning algorithms. In this study, in a large multicohort of former and 

current smokers, we evaluated and compared the performance of traditional inspiratory CT-based 

radiomics (texture, shape, and density) features, CT density histogram as features, and 3D CT 

volumes towards the detection of COPD. The feature sets were trained and tested utilizing decision 

trees (for radiomics and histograms as input) and convolutional neural network architectures (for 

3D CT volumes as input). Feature importance details were provided separately for the best 

radiomics features and best density threshold (Hounsfield Unit) and the class activation maps for 

3D CNN architecture. We show that features from inspiratory CT alone can help accurately detect 

COPD across standard and low dose scans, and the traditional radiomics features can provide 

similar performance as deep learning models where pre-selection of either slices or regions of 

interest is required which may result in inefficiencies and hinder clinical translation. 



Fluorine-19 Magnetic Resonance Imaging of the Lungs using Octafluorocyclobutane 

Inert fluorinated gases are prominent novel inhalation agents for pulmonary functional 
magnetic resonance imaging (MRI)1. Numerous studies demonstrated feasibility of fluorine-
19 (19F) MRI of the lungs using perfluoropropane (PFP)2,3 and sulfur hexafluoride (SF6)4 for 
diagnostics and the study of various lung disorders. The short T1 relaxation times of fluorinated 
gases allow a high number of signal averages yielding sufficient lung image signal-to-noise 
ratio (SNR). Moreover, 19F has a high natural abundance (~100%), a large gyromagnetic ratio, 
and is absent naturally in the living organism. These advantages result in the maximization of 
the 19F MRI signal.  

Despite most of the research being performed using PFP and SF6, it is feasible to 
explore other inert fluorinated gases that can enhance the SNR level of 19F pulmonary MRI. In 
this study, we explored the performance of octafluorocyclobutane (OFCB) as an inhalation 
agent for 19F pulmonary MRI in healthy rats5. OFCB contains eight chemically equivalent 
fluorine atoms per molecule (which is a greater number of equivalent 19F atoms compared to 
other fluorinated gases), and has a longer spin-spin relaxation time. We have also compared 
OFCB to PFP in order to determine the feasibility of using OFCB as a fluorinated gas for 19F 
lung MRI by comparing its SNR to the SNR of PFP scans. 

In vivo T1 and T2
* relaxation times of OFCB-O2  mixture were measured to be equal to 

17.77±1.5 ms and 3.4 ± 0.4 ms respectively. The gradient echo (GRE) lung images acquired in 
axial orientation using 70o Ernst flip angle (FA) condition (TR = T1) and averaged over either 
11s (single breath-hold) or 185 s (continuous breathing) demonstrated the SNR of 9.72±2.1 
and 14.48±4.51 respectively. The same images acquired using PFP gas demonstrated smaller 
SNR of 9.72±2.0 for single breath-hold protocol and of 12.68±4.09 for continuous breathing. 
OFCB images acquired using continuous breathing protocol and full longitudinal 
magnetization recovery condition (FA = 90o, TR = 5T1) showed the SNR equal to 10.23±0.7, 
whereas PFP images acquired using the protocol demonstrated lower SNR of 8.81±0.46.  

OFCB significantly outperformed PFP in all three different imaging protocols (p < 
0.05). The observed normalized SNR (normalized for the number of signal averages) advantage 
of OFCB agreed well with theoretical predictions for single breath-hold protocol and for 
continuous breathing with 90o excitation FA. A slight deviation from theoretical values was 
observed for continuous breathing protocol with 70o Ernst angle. This was potentially caused 
by slight mismatch between the OFCB T1 in vivo and the TR value used during the scan. In 
addition, it could be explained by the absence of respiratory gating.  

Overall, OFCB substantially outperforms PFP and the image quality of OFCB scans was 
significantly higher. 
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Imaging Change in Ventilation Properties with 19F-MRI: Quantitative, Repeatable and Accessible 
Imaging of Lung Function 

 
Pete Thelwall    -    Centre for In Vivo Imaging, Newcastle University, UK 

 
Perfluoropropane (PFP) is an inert, inhalable gas that can be directly imaged by 19F-MRI at thermal 
polarisation (1-7), enabling quantitative measurement of pulmonary ventilation properties without 
the need for gas hyperpolarisation equipment and expertise and without recourse to ionising 
radiation. We have assessed reproducibility of 19F-MRI in healthy volunteers, performed studies to 
assess change in ventilation properties in patients with asthma and in patients with COPD on 
administration of a bronchodilator, and assessed impacts of chronic rejection on ventilation 
properties in lung transplant recipients.  
 
We have employed 3D 19F-MRI in healthy volunteers, patients with asthma, and in patients with COPD 
to visualise the distribution of inhaled PFP after three deep breaths of a gas mixture composed of 79% 
PFP and 21% oxygen gas. The proportion of the lung visible in these images was quantified and 
expressed as lung percentage ventilated volume (%VV). Change in patient %VV on administration of 
salbutamol was determined. In patients with COPD and in lung transplant recipients we have 
employed dynamic 19F-MRI over multiple respiratory cycles. As 19F-MRI of inhaled perfluoropropane 
does not employ hyperpolarisation, and so does not exhibit RF- and T1-mediated loss of polarisation, 
tracer gas wash-in and wash-out can be monitored over minute timescales. Voxelwise analysis of 
dynamic 19F-MRI data provided metrics of regional PFP wash-in and wash-out rate, providing a 
sensitive measure of regional ventilation properties with a broad dynamic range. 
 
Our studies have demonstrated the high reproducibility of 19F-MRI measurements of lung ventilation 
properties, with ability to characterise and quantify regional ventilation defects, with sensitivity to 
treatment response. PFP/oxygen gas mixture inhalation and the scan sessions were well tolerated by 
all participants. Lung %VV was 97.8 ± 1.4 for healthy volunteers, 87.2 ± 14.3 for patients with asthma, 
and 69.1 ± 16.6 for patients with COPD. A statistically significant increase in %VV was observed in 
patients with asthma. Positive correlations were observed between %VV and forced expiratory 
volume in 1 second (FEV1), and between %VV and forced vital capacity (FVC). Dynamic 19F-MRI data 
showed heterogeneous tracer wash-in and wash-out in patients with COPD and in lung transplant 
recipients with chronic tissue rejection. 
 
19F-MRI of inhaled PFP permits full-lung visualisation and quantitation of ventilation properties. Our 
studies demonstrate sensitivity to treatment response in patient cohorts. 19F-MRI has lower barriers 
to entry than hyperpolarised noble gas MRI, and has potential to scale to use in clinical practice as a 
cost-efficient and valuable tool to image lung ventilation. 
 
1) Halaweish AF et al. Chest. 2013;144:1300–1310. 2) Neal MA et al. Magn. Reson. Med. 2019;82:1301-1311. 3) Couch MI 
et al. J. Magn. Reson. Imaging. 2019;49(2):343-354. 4) Pippard BJ et al. Magn. Reson. Med. 2021;85:3343-3352. 5) Pippard 
BJ et al. European Respiratory Journal. 2019;54 (suppl 63) PA3160. 6) Goralski JL et al. JCI Insight. 2020 Jan 
30;5(2):e133400. 7) Gutberlet M et al. Radiology. 2018;286(3):1040-1051. 



Beyond FEV1: Dynamic Perfluorinated Gas MRI in Cystic Fibrosis 
Jennifer L. Goralski, MD 

 

The availability of highly effective CFTR modulators is revolutionizing the treatment of cystic fibrosis (CF) 
and drastically improving outcomes (1, 2).  With this improvement comes a heightened need for 
sensitive and specific outcome measures that can detect and longitudinally track pulmonary disease, 
particularly in mild or early CF lung disease(3). One method that holds potential is the development of 
fluorine-enhanced MRI (19F MRI) to characterize the regional kinetics of a tracer gas (perfluoropropane) 
wash-in and wash-out over serial breaths (4). When combined with ultrashort echo time (UTE) MRI, this 
approach provides unparalleled data on the structure and function of the lung. The recent approval of 
elexacaftor/tezacaftor/ivacaftor (E/T/I) for people with CF provided a unique opportunity to test the 
ability of 1H UTE and 19F MRI to spatially characterize changes in lung structure and ventilation kinetics, 
respectively, in response to this highly effective therapy. The study was designed to also assess the 
correlation between MRI-based descriptors of lung disease and established measures of lung function 
(FEV1 and LCI).  

Adult CF patients were recruited from a single center prior to starting treatment with E/T/I. The 
following studies were obtained before starting E/T/I, and after one month on treatment: spirometry, 
multiple breath nitrogen washout (MBW), 1H UTE MRI (structural images) and 19F MRI (ventilation 
images).  Changes between visits were calculated, as were correlations between FEV1, lung clearance 
index (LCI), MRI structural scores, and MRI-based ventilation descriptors.  

8 subjects had complete datasets for evaluation. Consistent with prior clinical trial data, FEV1 and LCI 
improved after 28 days of E/T/I use. 1H UTE MRI detected improvements in bronchiectasis/airway wall 
thickening score and mucus plugging score after 28 days of therapy. 19F MRI demonstrated 
improvements in fractional lung volume with slow gas washout time (FLV↑tau2) and ventilation defect 
percentage (VDP). Improvements in FLV↑tau2 and VDP correlated with improvement in FEV1 (r=0.81 
and 0.86, respectively, p<0.05).  

This observational study establishes the ability of 19F MRI and 1H UTE MRI to detect improvements in 
lung structure and function after E/T/I treatment. This study supports further development of 19F MRI 
and 1H UTE MRI as outcome measures for cystic fibrosis research and drug development. 
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Next-generation Gas Hyperpolarization and HP Imaging on Point-of-Care MRI 
Scanners 

Boyd Goodson, Ph.D., Southern Illinois University 

MRI provides exquisite high-resolution images of anatomical features and organ function, without 
the use of ionizing radiation. However, until now the available clinical modalities have generally 
relied on 1H spins from body water or fat—limiting the sources of contrast and corresponding 
applications. The recent FDA approval of hyperpolarized (HP) 129Xe for use in pulmonary imaging 
empowers doctors with an entirely new clinical pulmonary MRI contrast agent, and represents the 
first approved hyperpolarized agent of any kind. As the demand for HP 129Xe is likely to increase 
substantially, we will discuss the current status and recent advances of the third-generation 
clinical-scale XeUS 129Xe hyperpolarizer,1 including integrated in-situ NIR and NMR polarimetry 
that enables automated calibration and control of the device, and a pilot quality-assurance study.1 

Next, the increasingly stronger magnets used in most clinical scanners (∼1–7 T) are expensive, 
bulky, and immobile, and scans can be time-consuming and confining for many patients. Low-
field (LF) MRI has gained renewed interest because it can potentially obviate such limitations; 
however, detection sensitivity and contrast limitations present ongoing challenges. Thus, the 
sensitivity boost and novel contrast provided by HP agents can be highly synergistic with low-field 
MRI, particularly if the hyperpolarization technique is itself low-cost, rapid, and portable.  

Our collaboration is working to integrate multiple HP approaches (and prospective agents) with 
two different clinical low-field MRI platforms--a 0.35 T full-body scanner (Time Medical) and a 64 
mT portable "point-of-care" scanner (Hyperfine) cited at WSU and SIUC, respectively. The 0.35 
T system is the only commercial low-field clinical platform that is capable of both 1H and 129Xe 
MRI. With this system, we are currently working to integrate HP propane,2 SABRE-hyperpolarized 
agents (including demonstration of MRS of HP [1-13C]ketoisocaproate in a euthanized mouse3), 
and 129Xe gas with this platform. The point-of-care 64 mT 1H MRI scanner has already been 
demonstrated in clinical settings for bedside imaging, including of brain injury and cerebral 
hemorrhage (e.g. Ref. 4). Here we are investigating the potential for adapting this type of scanner 
for use with HP substances in biomedical studies—with an ultimate goal of demonstrating utility 
for pulmonary imaging. We have recently demonstrated imaging of HP pyrazine and nicotinamide 
(via SABRE), with small-volume imaging performed in a head-coil with a resolution of 1u1u3.5 
mm3 in <15 s.5 We are currently working to integrate this platform with imaging of HP propane 
gas, with imaging enabled by partial spin-lock-induced crossing (SLIC)-modified sequences.1 

Acknowledgements: NSF CHE-1905341, DOD CDMRP W81XWH-20-10578; COI Disclosure: 
BMG declares stake ownership in XeUS Technologies LTD.  
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Next-generation Enabling Hyperpolarized Clinical Technologies 

Ed Chekmenev, Ph.D., Wayne State University 

The vast majority of emerging hyperpolarized MRI contrast agents employ heteronuclei (e.g. 13C 
or 129Xe) for transient storage of hyperpolarization and detection due to much longer lifetimes of 
the HP state and the lack of background signal from protons of water and fat. However, clinical 
MRI scanners are often poorly suited for excitation and detection of heteronuclei as they typically 
lack the corresponding RF hardware and software. While multi-nuclear detection capability exists 
on clinical research MRI scanners, to date their number (<0.1%) is inconsequential for the 
purpose of achieving widespread implementation of HP MRI. 

Here, we will discuss our progress in developing four distinct approaches to enable detection of 
HP contrast media on clinical MRI scanners equipped with proton-only hardware and software. 
The first strategy employs proton-hyperpolarized propane gas1 produced using a handheld 
disposable hyperpolarizer. The short lifetime of the HP state of HP propane is mitigated by the 
production immediately before read-out on a clinical 3 T MRI scanner or through the use of long-
lived spin states in low magnetic fields: at 0.35 T and below. Our second approach employs 13C-
13C singlet states created in HP [1,2-13C2]pyruvate, which can be detected using proton-only 
excitation.2 This approach can be potentially extended to the detection of downstream 
metabolites, e.g. HP [1,2-13C2]lactate, paving the way to real-time metabolic imaging on a wide 
range of clinical MRI scanners. The third approach relies on the use of ultrafast electronics to 
“translate” excitation pulses at proton frequency to a given heteronuclear frequency. In this 
approach, a transmit-receive RF coil is required to transmit excitation pulses and detect the 
heteronuclear signal. The detected signal is then “translated” back to the proton frequency of the 
MRI scanner, and can be “fed” to the MRI scanner for image visualization or processed off-line. 
This approach becomes feasible as high-speed electronics is now a low-cost commodity enabling 
near-real time high-bandwidth data handling. Radiofrequency Amplification by Stimulated 
Emission of Radiation (RASER) is the fourth and most promising approach.4 RASER signals are 
emitted spontaneously by negatively hyperpolarized spins without external radio-frequency 
excitation pulses (and thus not requiring the RF excitation coil and the pulse-sequence-
synchronization) and without any background signal.3 The recently demonstrated feasibility of 
RASER MRI4 and 13C RASER,5 and the tracking of chemical transformation and chemical 
exchange, will be discussed. Together, these advances suggest the feasibility of 13C and 129Xe 
RASER imaging in vivo, as the only hardware requirement for RASER translation is the use of 
heteronuclear specialized (high Q) detection electronics. 
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Hyperpolarized 129Xe Multiple-Breath Washout MRI Shows Improved Ventilation and Reduced Ventilation Heterogeneity Up 
to 1 Year following Elexacaftor/Tezacaftor/Ivacaftor Treatment of Pediatric Cystic Fibrosis Lung Disease. Faiyza Alam1,2, 
Brandon Zanette2, Sharon Braganza2, Renee Jensen3, Marie-Pier Dumas3,4, Felix Ratjen2,3, Giles Santyr1,2. 1Department of Medical Biophysics, 
University of Toronto, Toronto, ON, Canada,2Translational Medicine Program, The Hospital for Sick Children, Toronto ON, Canada, 3Division of Respirology, The 
Hospital for Sick Children, Toronto, ON, Canada, 4Clinical Epidemiology & Health Care Research, University of Toronto, Toronto, ON, Canada. 

PURPOSE: To evaluate the effectiveness of elexacaftor/tezacaftor/iva-caftor (ETI) therapy, sensitive tools to detect changes in early cystic fibrosis 
(CF) lung disease are needed. The lung clearance index (LCI) measured by multiple-breath washout (MBW) has been shown to detect treatment effects 
in pediatric CF [1], but only produces whole-lung averages of ventilation which fail to localize regional lung function. By contrast, hyperpolarized 
129Xe MRI conducted in a MBW fashion (MBW Xe-MRI) yields maps of fractional ventilation (FV), regionally quantifying gas clearance/breath. The 
coefficient of variation (CoVFV) can be computed from FV maps to examine spatial ventilation inhomogeneity [2]. By considering both gas replacement 
and ventilation heterogeneity, MBW Xe-MRI potentially provides an alternate evaluation of therapy response to LCI. This work evaluates the capability 
of MBW Xe-MRI to monitor longitudinal changes in CF lung disease in pediatric subjects receiving ETI treatment. 

METHODS: 11 subjects (median [IQR] age 15.5 [14-17] years) completed visits at baseline and one month post-ETI. Of these 11, 6 subjects were 
also evaluated at 6 months post-treatment and 4 were evaluated at 1 year post-treatment. On each visit, the lung clearance index (LCI) was measured 
with an Exhalyzer®D MBW device (EcoMedics, Duernten, Switzerland; Spiroware 3.3.1) and MBW Xe-MRI was performed in accordance with 
Couch et al. [3], using a 129Xe dose of 10% TLC topped with N2 up to 1/6th TLC. CoVFV was determined by calculating the standard deviation over 
mean of FV using a 3x3 kernel across all voxels in the image. The Wilcoxon signed-rank test was used to identify significant changes between visits. 
Pearson’s correlation was used to compare relative changes in mean FV and CoVFV against relative changes in LCI.  

RESULTS: Xe-MRI (first breath), FV, and CoVFV maps for a representative 
subject are shown in Figure 1. Figure 2 shows changes from baseline to 1 month, 
6 months and 1 year post-treatment for both FV and CoVFV for all subjects. 
Median (IQR) FV was significantly (P=.04) higher at 1-month (0.42 [0.41 0.45]) 
compared to baseline (0.37 [0.33 0.42]) and this change persisted between 
baseline and 6 months (P=.03). Median [IQR] CoVFV was significantly (p=.002) 
lower at one-month (0.06 [0.05 0.07]) compared to baseline (0.10 [0.08 0.12]) 
and this change persisted between baseline and 6 months (P=.03). As well, 
relative changes in CoVFV between baseline and 1 month were found to 
significantly (P<.001) and highly (R=0.94) correlate with relative changes in 
LCI (Fig. 3), but FV did not. Relative differences in FV, CoVFV did not correlate 
with each other. FV, CoVFV were not significantly different from 1 to 6 months.  
 
DISCUSSION: This work demonstrates that MBW Xe-MRI can successfully 
detect longitudinal improvements in ventilation and ventilation heterogeneity in 
pediatric CF lung disease following ETI treatment. In most subjects, most of this 

improvement occurred immediately between baseline and 1-month and persisted up to 1 year. The plateau between 1 and 6 months may be indicative 
of the CF condition stabilizing, successfully delaying progression of disease. The correlation of relative differences in CoVFV to LCI is consistent with 
previous findings, where CoVFV correlated with LCI in healthy and stable CF cohorts (R=0.56, P<.001) [4]. This result suggests that these metrics 
reflect similar pathophysiological changes/improvements, i.e. in ventilation heterogeneity. Similarly, the ability of FV to significantly detect changes 
at 1 month that persist at 6 months despite its non-correlation to LCI suggests that FV is measuring a different aspect of treatment response compared 
to LCI and may be meaningful as a supplement for assessing CF lung disease progression. The lack of correlation between FV and CoVFV despite these 
metrics being derived from the same data is interesting. In some individuals, an increased CoVFV reflected a region of higher FV than the surrounding 
lung as opposed to lower. This may suggest a compensatory ventilation effect is present. Further investigation of FV skewness, spatial changes in 
FV/CoVFV maps, and improving the resolution of these washout experiments may shed light on the treatment effect of ETI in pediatric CF lung disease. 

CONCLUSION: Both FV and CoVFV detect improvements in ventilation and ventilation homogeneity at one month following ETI treatment, and this 
change remained consistent from baseline to 6 months. Relative changes in CoVFV correlated with relative changes in LCI. The ongoing study will 
help clarify the relationship between this novel measure and other imaging outcomes in capturing CF treatment response. 
Acknowledgements: Funding by Canadian Institute for Health Research (CIHR), Cystic Fibrosis Foundation (CFF). 
References: [1] Ratjen et al., Lancet Respir Med. (2017) Jul;5(7):557-567. [2] Horn et al., Proc Intl Soc Mag Reson Med. (2015) 23. [3] Couch et al., Magn Reson 
Med. (2020) 84:304–311. [4] Alam et al., ISMRM. (2022) [Abstract]. 

Figure 1: Representative subject (male, 18 yos) results from 
baseline, 1 month, 6 months and 1 year post-treatment with i) first 
breath signal intensity images, ii) FV maps, and iii) CoVFV maps. 
 
 
 
 

Figure 3: Correlation between relative differences 
in CoVFV., LCI between baseline, 1 month.  

Figure 2: Treatment response to ETI in pediatric CF lung disease captured by FV, CoVFV  and LCI at 
baseline, 1 month, 6 month, and 1 year timepoints. Subjects in all three plots have the same-coloured lines. 
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Regional alterations in air-trapping associated with the early progression of 
COPD 

Ryan Baron, Yi Xin, Hooman Hamedani, Mostafa Ismail, Faraz Amzajerdian, Stephen 
Kadlecek, Ian Duncan, Kai Ruppert, Rahim Rizi 

 
Introduction: In smokers, COPD progression is thought to begin with the narrowing of 
small airways resulting in expiratory air trapping, followed by emphysematous destruction 
of the alveoli1,2. To study the regional alterations in lung density associated with COPD 
development and progression, we studied CT-derived ΔEE/ΔEI in the COPDGene cohort.  
 
Methods: Subject data was obtained from the COPDGene Study: Phase-1 and Phase-2 
end-expiratory and end-inspiratory CT images randomly selected from 50 never-smokers 
(Healthy), 50 early-stage COPD GOLD 0-2 subjects (Early), and 50 late-stage COPD 
GOLD 3-4 subjects (Late). Paired EE/EI images from Phase-2 were co-registered to their 
respective Phase-1 baseline image; ΔEE and ΔEI were calculated by subtracting the 
registered follow-up EE/EI images from the baseline EE/EI image. The lung was then 
divided into anterior, middle, and posterior regions based on pixel density, with parametric 
maps generated for each. Average change and standard deviation of ΔEE and ΔEI were 
calculated for all regions. 
 
Results/Discussion: Figure 1A-C shows parametric maps from representative Early (A), 
Healthy (B), and Late (C) subjects. A qualitative comparison shows that Late and Healthy 
subjects experienced little change in ΔEE/ΔEI, as the voxel cluster is centered around the 
origin, while the Early subject experienced an overall loss of lung density at EE which was 
most pronounced in the posterior region. Bar graphs (Figures 1D&E) show that ΔEE 
decreased more significantly over the entire lung in the Early subjects (ΔEEmean=-46.2)  
compared to Healthy (ΔEEmean=-15.7) and Late (ΔEEmean=-6.24) (p<0.01), suggesting 
that the Early cohort developed more expiratory air trapping between Phase-1 and Phase-
2. Surprisingly, Late subjects experienced less change in ΔEE compared to Healthy 
subjects, although this difference was not significant. Regionally, expiratory air trapping 
in the Early cohort was significantly higher in the posterior lung (ΔEEmean=-63.4) than in 
either the anterior (ΔEEmean=-34.1)  or middle regions(ΔEEmean=-42.9)(p<0.01), 
indicating a potential gradient in its development in the gravitationally dependent 
(posterior) vs. non-dependent (anterior) lung regions when positioned supine. Similar 
alterations in lung density were not seen at ΔEI, and no significant differences were 
observed between regions or cohorts.  
 
Conclusion: ΔEE results suggest that Early COPD subjects experienced significantly 
greater tissue density loss associated with air trapping between study visits compared to 
Healthy or Late COPD subjects. Additionally, expiratory air trapping was significantly 
increased in the posterior, gravitationally dependent lung, suggesting a potential gradient 
in the development of altered lung mechanics associated with the early stages of COPD 
progression.  
 
1.McDonough,NEJM(2011) 
2.Bhatt,AJRCCM(2016)



 



 
Multiple-Breath Washout Ventilation Imaging Using Interleaved HP 129Xe and 1H 2D Spiral  
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Rationale: Hyperpolarized (HP) gas MRI is powerful method to assess lung function, with impaired ventilation typically 
defined via a defect (i.e., low signal) volume after a single inhalation. This binary quantification (ventilated or unventilated) 
obscures the dynamic nature of true physiology. To quantify ventilation dynamics, multiple-breath washout MRI with hy-
perpolarized (HP) gas (MBW) has been introduced [1,2] to measure fractional ventilation, 𝑟, (ratio of fresh gas entering a 
lung volume to end inspiratory volume) and has demonstrated sensitivity to impaired function in multiple diseases [2-5]. 
However, 129Xe signal acquired during MBW, is affected by B1-inhomgenites and spatially varying RF and T1 decay, which 
must be corrected to yield accurate measures of ventilation. Further, it requires 129Xe images with varying signal—and 
possible breath-to-breath variations in gas filling—to be coregistered, which could bias results. We propose a MBW 
method where images are corrected for B1-field inhomogeneities and RF and T1 signal decay, while facilitating image 
registration. The method employs rapid 2D spiral with interleaved 129Xe—1H—129Xe acquisitions in each breath. This 
method enabled robust anatomical registration and accurately maps the temporal and spatial heterogeneity of ventilation.  
 

 Methods:  Images were acquired from healthy subjects using breath-holds of 10s. Subject received 1-L dose of 129Xe 
polarized to ~25% (Polarean, Durham, NC) inhaled from functional residual capacity. HP129Xe images (~ 3.3s acquisition 
each) were separated by a 1H acquisition (3.3s). The participant exhaled, inhaled room air, held their breath, and this 
procedure was repeated over 5 washout breaths. To confirm far off-resonant RF during 1H imaging did not decay the 
129Xe signal, the sequence was examined by acquiring with and without 1H acquisition. Images were acquired using a 3T 
Philips Ingenia scanner [resolution=3.5×3.5 mm2, BW=285 Hz/pixel, TE/TR=1.6/8.9 ms, FOV=330x330 mm2, 10 slices, 
slice thickness=15 mm, readout=3.5 ms, FA(129Xe)=7.5°, FA(1H)=5°] and reconstructed in MATLAB. Flip-angle (𝛼) maps 
were extracted from Bloch Equation modeling and keyhole reconstruction [3]. T1 map was calculated by a two-point fit of 
the decay between 129Xe images. The first 129Xe image in each breath, 𝐼, was corrected by:  

𝐼𝐶𝑜𝑟𝑟𝑒𝑐𝑡𝑒𝑑 = 𝐼 × 1
𝛼

𝑁𝑠
𝑠𝑖𝑛(𝛼) 

 [
1−[𝑐𝑜𝑠(𝛼) 𝑒𝑥𝑝(−𝑇𝑅

𝑇1
)]

1−[𝑐𝑜𝑠(𝛼) 𝑒𝑥𝑝(−𝑇𝑅
𝑇1

)]𝑁𝑠
], where 𝑁𝑠 is the number of spiral trajectories per slice. Fractional ventilation 

was calculated by fitting 𝐼𝐶𝑜𝑟𝑟𝑒𝑐𝑡𝑒𝑑(𝑛) = 𝐼𝐶𝑜𝑟𝑟𝑒𝑐𝑡𝑒𝑑(0) (1 − 𝑟)𝑛−1 to the washout images, where 𝐼𝐶𝑜𝑟𝑟𝑒𝑐𝑡𝑒𝑑(0)  is the reference 
image (first breath) and 𝑛 is number of breaths  [4,5].   
 

 Results: Anatomical and ven-
tilation images were success-
fully obtained and quantifiable 
129Xe signal (SNR ≥5) was ob-
served out to 3 breaths. 129Xe 
images showed perfect spatial 
overlap with same-breath 1H 
images without registering im-
ages. Means of flip-angle and 
T1 maps extracted from 129Xe 
images acquired with and with-
out 1H imaging (same T1 de-
lay), were not statically differ-
ent (Figure B), indicating any 
far off-resonant RF-induced 
decay was negligible. For 
MBW imaging, the extracted 
FA (mean = 7.4±2.7) and T1 
(Mean = 17.4±6) maps yield 
expected values and were 
consistent across breath. The 
resulting Fractional ventilation 
map (mean = 0.37±0.08) was consisted with previous observations and physiology expectations.  
 

Conclusions: Improved 129Xe MBW imaging was obtained using 2D spiral with an interleaved 129Xe—1H—129Xe acquisi-
tion. Accurately mapping ventilation heterogeneity using 129Xe MRI will provide a useful tool to detect functional changes 
that result from pulmonary disease progression and treatment response. Reducing FA and in-plane resolution ensure ≥5 
images with acceptable SNR will be available for analysis, thus yielding more robust temporal dynamics. 
 

References: [1] Horn, F. C, et al. Journal of applied physiology 116.2 (2014): 129-139. [2] Hamedani, H., et al. Radiol-
ogy 279.3 (2016): 917. [3] Niedbalski, P. J, et al. MRM 82.1 (2019): 367-376. [4] Morgado, F, et al. MRM 80.6 (2018): 
2670-2680. [5] Couch, M. J, et al. MRM 84.1 (2020): 304-311.  
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Deep Learning-based Artifact Detection and Correction in Lung 4DCT 
Joshua Carrizales, Mattison Flakus, Dallin Fairbourn, Gary E. Christensen, John E. Bayouth, Joseph M. Reinhardt 

Purpose: Respiratory motion artifacts in four-dimensional computed tomography (4DCT) scans 
are often caused by inconsistent patient breathing patterns. Common artifacts include streaking, 
blurring, duplicated anatomy, missing anatomy, and incorrect reconstructions of patient 
anatomy1. Anatomical inaccuracies due to artifacts reduce the accuracy of metrics derived from 
4DCT scans including calculated radiation therapy dose distributions and local lung function 
measurements, such as the Jacobian determinant2. The purpose of this work was to develop 
deep learning models that can automatically detect and correct motion artifacts in 4DCT scans. 
Methods: We developed two separate convolutional neural networks (CNNs)3,4: one trained to 
detect3 artifacts and another trained to correct4 artifacts detected by the first network. The 
artifact detection dataset contained 26,710 2D coronal slices from 4DCTs of 28 lung cancer 
patients. Our dataset contained several types of artifacts manually segmented by an expert: 
duplication, incompletion, and interpolation. The detection model was developed using an 80/20 
train/validation split, a learning rate of 0.00003, a batch size of 32, and 100 epochs3. Our model 
was tested using 5-fold cross validation on a hold-out dataset of 22 3D volumes, and receiver 
operating characteristic (ROC) analysis was performed. For the correction model, we 
augmented artifact-free 4DCT data with simulated artifacts to create our dataset. We used 
50000 2D images for training and 900 2D images for validation. We tested the model on one 
hold-out image that contained a tumor and compared our model’s prediction to the ground truth 
using the structural similarity index measurement (SSIM). 
Results: Validation confirmed that the detection model performed at a high level with a mean 
true positive rate of 0.96 +/- 0.04 and a mean area under the curve (AUC) of 0.97+/- 0.03. The 
correction model obtained a SSIM of 0.89. 
Discussion: Current methods of artifact detection are only able to identify a couple artifact 
types: diaphragm duplication artifacts or interpolation artifacts. Although duplication artifacts are 
the most common type of artifact, current artifact detection relies solely on artificially generated 
data3,5 which makes their models biased. Our detection model was trained on manually 
segmented artifacts from 98 3D volumes and supplemented with artificially generated 
interpolation artifacts, making it more robust than current methods. Figure 1 shows the 
performance of the artifact correction network. We demonstrated how a simple CNN can 
synthesize structurally accurate images of the lung to repair detected artifacts. Although the 
prediction is convincing at a glance there is slight blurring that occurs in the predicted region. 
This is likely because of the perceptual loss function used during training.  
Conclusion: Respiratory motion 
artifact detection and correction 
provides higher-quality image data to 
physicians for improvements in lung 
cancer radiation treatment. Our work 
could be easily implemented in a 
clinical environment because of its 
resistance to variance, fast run time, 
and minimum memory requirements. 
Future work should focus on 
improving the quality of lung structure 
and further validating our correction 
network. 

Figure 1. Images showing the impact artifacts have on 4DCT 
scans. A) Original image of lungs. B) Artificially generated 
artifact. C) Model prediction of lungs. 
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Purpose: We investigated impact of air pollution exposure on regional airway and lung structure-function relationship in chronic obstructive 
pulmonary disease (COPD) patients and healthy adults, using quantitative computed tomography (QCT) and computational fluid dynamics 
(CFD) analysis. 
Methods: Inspiratory and expiratory CTs, direct and address-based air pollution measurements, and pulmonary function test (PFT) results 
were prospectively collected (under IRB approval and with subject consent, using a common dose-reduced QCT protocol) enrolled in 5 
institutions in South Korea [1,2], with healthy lungs (age=68±10, M:F=15:51) and COPD (age=69±7, M:F=66:10). We derived CT-based 185 
structural and functional features from VIDA Vision (Coralville, IA) and in-house software, of which 72 air flow features of tidal breathing were 
computed from in-house one-dimensional (1D) CFD simulations in the entire conducting airway model [2]. ANOVA, post-hoc tests, and 
Pearson’s correlation were used for analysis. 
Results: Directly measured PM2.5 exposure was highly correlated with CFD-derived airway resistance (R) of the whole lung (r=0.63, p<0.001) 
at the peak inspiratory flow rate (hereafter). Air pressure drop (ΔP) to the terminal bronchiole was also associated with PM2.5 (r=0.49, 
p<0.001), particularly in the right lower lobe (RLL, r=0.60, p<0.001).  

In the airways, normalized hydraulic diameter (Dh*) of the right middle and lower lobes segmental airways, normalized wall thickness 
(WT*) of the left lower lobe (LLL) and the right upper and middle lobes (RUL and RML), and luminal circularity (Cr) of the RUL were inversely 
associated with PM2.5 (r=-0.40, -0.35, -0.29, -0.50, -0.34, -0.63, p=0.004, 0.014, 0.038, <0.001, 0.016, <0.001, respectively). Among these, RUL 
segmental airway wall thinning (-WT*) was highly correlated with R and ΔP (r=0.72, 0.43, p<0.001, 0.003). Segmental airway narrowing (-Dh*) in 
the RML and RLL was correlated with ΔP (r=0.42, 0.47, p=0.003, 0.002).  

PM2.5 exposure was also associated with alteration of regional ventilation. With more PM2.5 exposure, relative regional air volume 
change (RRAVC) [3] is smaller in the left upper and lower lobes and the RML yet greater in the RUL and the RLL (r=-0.61, -0.61, 0.62, -0.60, 
0.61, p<0.001 for all).  

PM2.5 exposure was also inversely correlated with CFD-derived transpulmonary pressure (Ptp) (r=-0.49, p<0.001), which may be 
contributable to reduced deformation indicated by inverse correlation of PM2.5 with volume expansion ratio (Jacobian determinant, J), 
anisotropic deformation index (ADI) (r=-0.36, -0.33, p=0.009, 0.018, respectively). PM2.5 was also correlated with functional small airway 
disease percent (fSAD%) (r=0.33, p=0.016). 
Discussion: PM2.5 is associated with alteration of cross-correlated regional airway structure and lung function. Air pollution-induced thinning of 
airway wall may reduce circularity of airway lumen leading to decrease in minor diameter. Airway narrowing in the RLL may contributes to the 
greater pressure drop (r=-0.47 between Dh* at RLL and ΔP, p=0.002). There are other strong association of residential and work address-based 
gaseous air pollutants exposure with the above-described features, for example NO2 and CO exposure and RUL WT* has strong inverse 
correlation (r=-0.74, -0.71, p<0.001, 0.017). Impact of PM10 was less significant than PM2.5.   
Conclusion: QCT and CFD analysis associated air pollution exposure with increase in airway resistance along with regional alteration of airway 
structure and lung function features in COPD. QCT-CFD analysis may help unfold complicated functional mechanisms of air pollution impact in 
lung health and disease.  
Funding: This work was supported in part by Korea Environmental Industry & Technology Institute (KEITI) grant 2018001360001 funded by 
Ministry of Environment (MOE), Republic of Korea. 
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Figure. 1D CFD-derived pressure distribution through the entire conducting airway model from trachea to the terminal bronchioles in a 
representative COPD patient with high PM and CO exposure, correlated with greater ∆P in the right lower lobe (RLL) (see blue region).  
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Purpose 
Evaluate the feasibility of a sub 0.5 second scan time spiral magnetic resonance imaging (MRI) sequence for use in multiple wash-in/out 
ventilation time constant measurement in human lungs with fluorinated gas (19F). A previously validated [1] 3D Volumetric interpolated breath-
hold examination (VIBE) sequence is used as control. 

Methods 
8 participants with Cystic Fibrosis (CF) (ages 20-37 years, 6 female) and 5 healthy subjects (ages 22-27 years, 3 females) participated in this 
study. The study was approved by the local IRB, and informed consent was obtained from all participants prior to scans. Participants breathed 
in 10 wash-in breaths while scans were acquired every other breath at maximal inhalation breath-hold. Wash-out scans were repeated until no 
signal was visible. Corresponding VIBE (TE/TR, 1.61/13 ms; FA, 74°; resolution of 6.25 X 6.25 mm; slice thickness, 15 mm; number of slices, 18; 
acquisition matrix, 64 X 64; bandwidth, 130 Hz/pixel; averages, 2; partial Fourier, 6/8) and spiral (TE/TR, 0.48/11 ms; FA 74°; resolution of 6.25 X 
6.25 mm; slice thickness, 15 mm; number of slices, 18; acquisition matrix, 64 X 64; bandwidth, 130 Hz/pixel; partial Fourier, 6/8) scans were 
acquired during the same breath-hold. The scans were performed on a Siemens Prisma (Siemens Medical Systems, Erlangen, Germany) 3.0T 
multinuclear capable scanner. The spiral scans were acquired as raw data and denoised [2]. The acquired data was fitted to exponential curves 
and the wash-out time constant was calculated. The ventilated Fractional Lung Volume (FLV) was calculated as the portion of the in-lung voxels 
with washout time constants below 163 seconds.  

Results 

 
Figure 1. Whole lung signal average and error bars (± 1 standard deviation) for VIBE and Spiral 

 

 
Figure 2. Bland-Altman plot of VIBE FLV and Spiral FLV 

Discussion 
The FLV scores were highly correlated (r=0.95) but with a systemic shift on the FLV magnitudes. The spiral data was acquired after the VIBE and 
had a noticeable higher standard deviation which might partially account for the shift in FLV values. Other sources of difference might be due to 
different sensitivities from the two tested sequences and the denoising process. Future work will be carried to understand the sources of 
variation and test for disease sensitivity in free-breathing subjects. This study is limited by the number of participants and the lack of 
standardization of breath size.  

Conclusion 
The high correlation indicates the possibility of using sub-0.5 second scans for multiple breath wash-in/out 19F ventilation imaging at 3.0T, 
opening the doors for free breathing 3D volumetric MRI ventilation imaging. 
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Purpose: Hyperpolarized (HP) 129Xe gas exchange MR spectroscopy (MRS) measures functional biomarkers of disease 
severity in a diverse set of cardiopulmonary disorders, because in humans, dissolved 129Xe resonates at 198 ppm in the 
interstitial membrane and 217 ppm in red blood cells (RBCs). The RBC peak oscillates in magnitude, frequency, and phase 
during the cardiac cycle due to changes in pulmonary capillary blood volume, and may be impacted by capillary pressure, 
impedance, blood oxygenation, and vascular resistance. Oscillation amplitudes decrease relative to healthy subjects in 
chronic obstructive pulmonary disease, left heart failure, and pulmonary arterial hypertension, while increasing in idiopathic 
pulmonary fibrosis [1]. However, it has not been applied preclinically, because mice lack a unique RBC peak—instead 
displaying a combined membrane + RBC peak at ~198 ppm [2]. Here, 129Xe MRS was used to investigate cardiogenic 
oscillations in mice ventilated at standard pressure, high positive end-expiratory pressure (PEEP), and standard pressure 
under rocuronium bromide paralytic.  
Methods Animal handling: C57BL/6J mice were 
anesthetized with ketamine/xylazine/aceproma-
zine and ventilated at 100 bpm (70% 129Xe, 30% 
O2). The standard pressure group (n=3) was ven-
tilated at a peak inspiratory pressure of 
16±1cmH2O and the high pressure group (n=3) at 
20±2cmH2O and PEEP of 8±2cmH2O. 3 animals 
were administered rocuronium bromide and 
scanned at standard pressure. Heart rate (HR) 
was sampled at 1 Hz via EKG. MRS: was per-
formed with an NSPECT sequence on a 7T Bruker 
BioSpin (ParaVision 6.0.1). 129Xe was polarized to 
>30% (Model 9820, Polarean Plc).  Spectra were 
acquired over 83 breaths (50s scan) [1000 FIDs, 
512 points/FID, TR=50ms, dwell time= 25μs; RF: 
0.59ms 3-lobe sinc, α=90°; bandwidth=10.5kHz] 
at 198 ppm. Analysis:  Spectra were processed 
in MATLAB (Fig. 1A) and the amplitude of the dis-
solved peak (Fig.1B) was detrended by fitting to a 
double exponential and filtered (0.5 Hz high-pass; 
0.16 Hz band-pass window was applied to remove 
the respiratory frequency). After iFFT across the in-
direct dimension, the average change in peak am-
plitude and area were quantified relative to the max-
ima from the first pulse. 
Results: While the human membrane peak does 
not exhibit cardiogenic oscillations, the similar fre-
quency mouse dissolved peak oscillated due to the contribution from the RBCs. Distinct respiratory and HR peaks were 
identified (Fig. 1C), with the spectral HR agreed well with EKG. The magnitude of the amplitude oscillations was 11% for 
the standard pressure group, 12.5% for the standard pressure with paralytic group, and 15.1% for the high pressure group. 
The magnitude of area oscillations was 11.4% for the standard pressure group, 17.2% for the high pressure group, and 
10.6% for the standard pressure with paralytic group (Fig. 1D). 
Discussion: Cardiogenic oscillations have been observed from dissolved 129Xe spectra in mice. Oscillation magnitude 
closely aligns with those seen in humans (~10% in healthy adults) [3]. High PEEP compressed the capillaries and increased 
the pressure at systole, thereby causing a large drop in pressure between systole and diastole – generating increased 
oscillation amplitude. Rocuronium increases compliance with mechanical ventilation and did not appear to affect cardiogenic 
oscillations, but did increase HR variability.  
Conclusions: Dissolved 129Xe MRS can evaluate cardiogenic oscillations in mice, and these oscillations are sensitive to 
hemodynamic changes caused by PEEP. This technique can be extended to a diverse set of mouse models to better 
understand lung microvasculature pathophysiology and hemodynamics, providing new insight into human lung disease. 
References: [1] Wang, Z, et al., Eur Respir J 2019; 54: 1900831. [2] Freeman, MS, et al., MRM 2013, 70:1192–1199. [3] 
Bier, EA, et al., NMR Biomed. 2019 Jan;32(1):e4029. 
Acknowledgements: NHLBI R01HL143011.  

Fig. 1. Magnitude spectra (A) showing oscillations due to ventilation and pul-
satile capillary blood volume (B). Detrended, high-pass filtered, iFFT of (A) re-
flecting BR and HR (C). There was good agreement (within 1 bpm) between 
EKG and spectral HR, with most data falling within the 95% confidence interval. 
In one case, an erratic HR (range: 121–192 bpm), resulted in poor agreement 
(D). Oscillations in dissolved amplitude and area (E) increased in magnitude 
when PEEP was applied due to capillary compression. Paralytic rocuronium 
bromide did not noticeably change the oscillation magnitude. 
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Introduction/Aim: MRI ventilation defects in acute asthma are not homogeneous, but 
regionally heterogeneous. We assessed topographical ventilation differences following 
direct (methacholine) and indirect (mannitol) inhalational challenges in mild asthma, to 
improve understanding of their pathophysiology. 
Methods: Asthmatic subjects underwent spirometry and hyperpolarised helium MRI 
(He3MRI) ventilation scans pre and post inhalation of either methacholine or mannitol 
(at their known provocative concentration/dose) with repeat scans using alternate 
challenge test on a separate day. He3MRI ventilation was quantified using previously 
established k-means segmentation. 
Results: 8 subjects were studied. Mean age was 35.9±9.8 years and 75% were 
females. Baseline FEV1 was 95.3±12.8% and fell by 24±7% post methacholine 
challenge. Post mannitol challenge, FEV1 fell by 18±11% from a baseline of 
94.0±12.4%. For all patients, ventilation abnormalities seen at baseline were worse 
post-challenge. New areas of ventilation defects were also observed with  
regions of poor ventilation increasing from 10.3% to 17.8% with methacholine and from 
11.9% to 15.1% with mannitol. Considerable overlap between regions affected by 
either challenge test was also noted.   
 

 
He3MRI scan from a representative subject. A: Baseline. B: Post-methacholine (FEV1 
reduced by 33%) C: Post-mannitol (FEV1 reduced by 33%) 
 
Conclusion: Direct and indirect airway challenges have different topographical 
distributions in ventilation defects despite a similar fall in FEV1. Certain airways also 
appear to be more susceptible to bronchial provocation regardless of the challenge 
method. This reinforces the notion that asthma is a heterogeneous disease.   
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Lung Lobar Sliding Reduces Parenchymal Distortion During Breathing 
Adam Galloy, Joseph Reinhardt, Suresh M. L. Raghavan 

 
Introduction 
Understanding the mechanics of breathing can lead to better diagnosis and treatment of lung 
diseases. One source of complexity in lung mechanics comes from sliding between the lung lobes 
along the lobar fissures during breathing [1]. However, some subjects having missing or 
incomplete lobar fissures [2] which can limit or prevent lobar sliding. Little is known about the 
role lobar sliding (or the lack thereof) plays in lung mechanics. Rodarte et al. postulated that 
lobar sliding can help the lungs reduce parenchymal distortion and stress concentrations by 
giving the lung tissue additional degrees of freedom to adapt to changes in thoracic cavity shape 
throughout the breathing cycle [3]. The objective of this study was to test the hypothesis that 
lobar sliding helps reduce distortion in the lung parenchyma during breathing. We used finite 
element (FE) models of left lungs from eight human subjects to perform a paired comparison of 
the amount of distortion present in simulations that allowed and disallowed sliding. 
 
Methods 
We acquired 4DCT scans of eight subjects with lung cancer during tidal breathing following a 
procedure approved by our institutional review board [4]. The two left lung lobes (upper and 
lower) and thoracic cavity were segmented from the images. From the segmentations at end 
inhale, solid FE meshes representing the lung lobes were generated along with a surface FE 
mesh of the thoracic cavity. Exhalation was simulated by prescribing displacements to the 
thoracic cavity surface to drive deformation of the lobar tissue with contact constraints. Subject 
specific thoracic cavity displacements were derived by registering the thoracic cavity mask at 
end exhale to the mask at end inhale. We assumed that contact between the lobes and thoracic 
cavity allowed for frictionless sliding. For each subject two simulations were performed: one 
where frictionless sliding was allowed between lobes and one where a large friction coefficient 
prevented sliding between lobes. This contact mechanics model of lobar sliding has been 
described in detail in Galloy et al. [5].  
 
Results and Discussion 
Distortion was quantified for each simulation using the mean anisotropic deformation index 
(ADI) [6] for the left lung as whole, the lower lobe, and the upper lobe. Consistent with the 
hypothesis, we found a significant median decrease in distortion (mean ADI) between sliding 
and non-sliding simulations of 5.3% for the whole left lung (p = 0.008) and 8.0% for the lower 
lobe (p = 0.008). On the other hand, for the upper lobe we found an insignificant median 
decrease in distortion between simulations of 1.8% (p = 0.078). This suggests subjects with 
incomplete or missing lobar fissures may experience more parenchymal distortion during 
breathing than subjects with complete lobar fissures. The lower lobe may stand to benefit more 
from lobar sliding than the upper lobe because of its proximity to the diaphragm and heart 
cavity where the most drastic shape changes occur in the thoracic cavity. 
 
In addition to paired intra-subject comparisons, we looked at inter-subject trends by quantifying 
the amount of lobar sliding that occurred in each sliding simulation using the max shear metric 
developed by Amelon et al. [1]. We found that the reduction in whole lung distortion for a 
subject between the sliding and non-sliding simulations was positively correlated with the 
amount of lobar sliding that occurred during the sliding simulation (Pearson’s correlation 
coefficient of 0.95). This trend is consistent with the hypothesis and reinforces the previous 
findings. It also suggests that in addition to the presence of lobar sliding the amount of lobar 
sliding in a subject can have an impact on their lung mechanics. 
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Purpose/Introduction		
Pulmonary	 embolism	(PE)	 is	 a	 serious	 pathophysiological	 event	 that	
affects	millions	of	people	every	year	(1).	Hyperpolarized	(HP)	129Xe	gas	
MR	has	been	proposed	as	a	useful	tool	in	characteristics	of	the	pulmonary	
physiology	in	PE	(2).	The	aim	of	our	study	is	to	investigate	the	use	of	HP	
129Xe	MRI	 in	a	 large	animal	model	(porcine)	of	PE	reassembling	human	
physiology.	There	is	a	growing	interest	in	imaging	of PE,	where	this	is	first	
of	its	kind	with	xenon	in	a	porcine	model	(3,	4,	5).		

Methods		
MRI	was	performed	on	60	kg	pigs	(n=4)	on	a	3T	MRI	scanner	(MR750,	GE	
Healthcare,	Waukesha,	WI,	USA)	with	a	 129Xe	 transmit-receive	vest	 coil	
(Clinical	MR	Solutions,	Brookfield,	WI,	USA).	For	all	experiments	129Xe	gas	
was	 polarised	 using	 SEOP	 with	 a	 custom-built	 polariser	 (POLARIS,	
University	of	Sheffield)	(6)	and	cryogenically	separated	and	collected	in	
its	frozen	state	over	a	time	of	9min	(xenon	~	800mL).	
The	 PE	were	 introduced	 though	 a	 jugular	 catheter	 on	 an	 on-site	well-
established	 model	 of	 acute	 pulmonary	 embolism	 (7),	 inducing	
haemodynamic	 response	 corresponding	 to	 patients	with	 intermediate-
high	risk	PE.		Mean	time	to	xenon	imaging	was	4	hours.	
A	3D	coronal	steady-state	free	precession	(SSFP)	sequence	was	used	for	
ventilation	imaging	(8);	voxel	size	of	5x5x10mm,	matrix	size	of	80x80x30,	
repetition	 time	 (TR)	 =	 3.2ms,	 echo	 time	 (TE)	 =	minimum	 (~1ms),	 flip	
angle	(FA)	=	10O,	bandwidth	=	31.25kHz,	total	acquisition	time	of	6sec.	
A	3D	Cartesian	MRSI	trajectory	with	a	resolution	of	1x1x2cm3,	28x28x6	
matrix	size	and	FOV	=	28x28x12cm	requiring	a	total	of	2416	excitations	
was	applied	to	acquire	dissolved	phase	images.	Dissolved	phases	and	gas	
phase	FA	where	10O	and	0.1O,	respectively.	In	the	spectral	dimension,	88	
sampling	points	were	acquired	with	a	bandwidth	of	20kHz.	TR	was	set	to	
7.4ms	resulting	in	a	total	acquisition	time	of	18s.	Gas,	tissue,	and	blood	
phases	and	their	chemical	shifts	were	determined	with	Advanced	Method	
for	Accurate,	Robust,	and	Efficient	Spectral	(AMARES)	fitting	using	OXSA	
(9).			
Blood	flow	was	evaluated	by	dynamic	contrast	enhanced	(DCE)	MRI	with	
i.v.	 gadolinium,	 0.2	 ml/kg,	 using	 a	 standard	 TRICKS	 sequence	 (10).	
Embolized	 (PE)	 and	 non-embolized	 (No	 PE)	 areas	 of	 the	 lung	 were	
identified	in	the	DCE.	Regions	of	interests	(ROIs)	were	co-registered	to	the	
HP	129Xe	ventilation	and	dissolved	phase	images.	Representative	examples	
are	shown	in	fig.	1.	Image	analysis	included	mean	values	from	embolized	
areas	 and	 non-embolized	 areas	 in	DCE	 and	 normalized	 ventilation	 and	
dissolved	 phase	 images.	 Statistical	 analysis	 for	 significant	 mean	
differences	were	performed	using	Students	paired	t-test.	

Results		
By	visual	inspection	3-4	embolized	areas	were	clearly	depicted	in	each	of	
the	pigs	(Fig	1).	The	differences	in	blood	flow	between	embolized	and	non-
embolized	 are	 significant	 (8.0	 ml/100ml/s	 ±	 0.19,	 p=0.003).	 HP	 129Xe	
show	changes	in	ventilation	(1.5	±	+0.1,	p=0.04),	dissolved	phase	barrier	
signal	 (1.2	 ±	 0.1,	 p=0.04)	 and	 dissolved	 phase	 gas	 signal	 (1.3	 ±	 0.1,	
p=0.02),	the	red	blood	cell	signal	(RBC)	was	decreased	in	2	out	of	the	4	
pigs.	

Discussion	
Applying	HP	129Xe	MRI	on	PE	shows	a	decrease	 in	ventilation	and	dissolved	phase	barrier	(membrane)	and	gas	signals.	The	decrease	 in	ventilation	and	
dissolved	gas	is	unexpected	as	guidelines	for	diagnosing	acute	PE	expect	preserved	ventilation (11).	It	could	be	explained	by	the	mechanism	of	hypocapnic	
bronchoconstriction,	which	increases	regional	airway	resistance	particularly	at	the	lower	volumes	of	vital	capacity (12).	This	effect	has	been	shown	to	be	
significant	in	the	pig	(13),	but	will	require	further	investigations.	The	difference	in	dissolved	phase	barrier	signal	disappears	when	normalizing	to	gas	signal.	
This	 could	 be	 another	 indicator	 of	 insufficient	 ventilation	 as	 the	 primary	 cause.	We	 also	 theorize	 that	 the	 hypoperfused	 areas	 could	 be	 accumulating	
infiltration	as	the	pig	is	mechanically	ventilated	for	6-8	hours	before	HP	129Xe	MR	investigations.	

	
Conclusion	

Figure	1	–	Top	row:	Dynamic	contrast	enhanced	(DCE)	MRI	of	pulmonary	
blood	flow,	note	embolised	area	bottom	right	in	the	lungs	(white	circle)	and	
normally	perfused	area	(rounded	square);	Top	right:	Ventilation	
distribution	of	129Xe.	Bottom	row,	dissolved	phases	from	left	to	right:	gas, 
barrier,	and	red	blood	cell.			
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Figure	2	-	Mean	difference	plots	of	HP	129Xe	parameters.	Abbreviations:	
RBC	Red	Blood	Cell;	PE	Pulmonary	emboli.	*	Denotes	significance	p<0.05	



Hyperpolarized	129Xe	MR	is	a	unique	method	for	determination	of	physiological	lung	properties.	The	technique	could	assist	in	understanding	ventilation	and	
perfusion	mismatch	caused	by	acute	pulmonary	emboli.	In	our	large	animal	model,	we	find	decrease	in	ventilation	as	well	as	perfusion	in	areas	with	embolies.		
Results	which	could	benefit	future	understanding	and	treatments	for	acute	and	chronic	pulmonary	embolism.  
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Fractional Ventilation Mapping of the Rat Lung using Multiple Breath Washout Hyperpolarized 129Xe and 
Perfluoropropane MRI. Shaelyn Horvath1,2, Brandon Zanette2, Daniel Li2, Faiyza Alam1,2, Stephen Kadlecek3 and 
Giles Santyr1,2. 1Department of Medical Biophysics, University of Toronto, Toronto, ON, Canada,2Translational 
Medicine Program, The Hospital for Sick Children, Toronto ON, Canada, 3Department of Radiology, University of 
Pennsylvania, Philadelphia, PA, USA. 
Purpose: Cystic fibrosis (CF) is an incurable systemic disease in which declines in lung function are the primary 
cause of mortality. To improve quality and length of life for these patients, thorough treatment and monitoring is vital. 
Multiple breath washout (MBW) hyperpolarized 129Xe MRI (HP Xe-MRI) acquires images as a function of gas 
washout breath allowing mapping of regional ventilation by extracting fractional ventilation (FV), a unitless parameter 
reflecting gas replacement per breath. It is a promising method for monitoring treatment of pediatric CF1,3, however, 
HP gas is not widely available and requires an anoxic breath-hold, limiting clinical accessability2. Fluorinated gases 
such as perfluoropropane (PFP) are thermally polarized with recoverable signal allowing for normoxic breath-holds 
(79% PFP, 21% O2), making this technique more accessible to children. In addition, it allows for a potential capability 
to probe long-term gas replacement and gas trapping in the lungs, not possible with Xe-MRI due to irrecoverable 
signal decay3. MBW PFP-MRI has been previously studied in adults to distinguish health from CF4, however, 
comparison of PFP to HP 129Xe for FV mapping has yet to be shown. We hypothesize that PFP will yield FV maps 
that are similar to those produced with HP 129Xe under the same ventilation and similar washout conditions. In this 
work, FV maps derived from MBW Xe-MRI and MBW PFP-MRI in mechanically ventilated healthy rats using similar 
washout paradigms are compared. 
Methods: All methods followed animal use protocols approved by The Hospital for Sick Children’s Laboratory 
Animal Services. Healthy Sprague-Dawley rats (mean mass 350g) were prepared as previously described5. Each rat 
was intubated and connected to a custom MR-compatible mechanical ventilator (Spinhance, Philadelphia PA) using 
a ventilatory rate of 50 breaths per minute and a tidal volume of 8 mL/kg. MBW Xe-MRI was conducted using 6 pre-
breaths of HP 129Xe (Polarean Inc., Durham, NC) to introduce the gas to the lungs, followed by an 8s breath-hold 
during which calibration images were acquired2,3. The ventilator then delivered a washout breath of room air, followed 
by a 2s breath-hold at peak inspiration during which image acquisition was preformed using a 2D GRE sequence and 
repeated for a total of 6 washout breaths/images. A similar procedure was performed with PFP (79% PFP, 21% O2; 
Airgas, Radnor, PA), except using a 10s breath-hold for imaging. Additionally, due to the short T2

* of PFP, 10 averages 
were acquired for each washout image. This process was repeated 20 times for each rat for further signal averaging. 
Data analysis was performed using MATLAB to perform signal averaging (for PFP-MRI), correct for flip angle and 
T1 induced signal losses (for Xe-MRI), and calculate FV maps as previously reported2,3. FV maps calculated from 
PFP-MRI and Xe-MRI were then compared based on image-wide mean ± standard deviation of FV values. 

Results: Ventilation and imaging procedures were 
well-tolerated by the rats, including the switching of 
gases. Figure 1A shows an FV map from a 
representative rat using MBW Xe-MRI (mean FV of 
0.22±0.03). Figure 1B shows an FV map from the 
same rat using MBW PFP-MRI (mean FV of 
0.24±0.07). 
Discussion: Mean FV measured with MBW MRI in 
mechanically ventilated rats are comparable between 
PFP and HP 129Xe. The absolute mean FV values 
found in this study are lower than expected for a 
healthy rat under the same washout paradigm, 
imaging, and analysis (0.3-0.4)2. This may be 

explained as an effect of the mechanical ventilator (e.g., variations in timing and/or dead-space contributions), or by 
the occurrence of obscured complex gas dynamics. Nevertheless, the effects caused by these limitations would be 
consistent for both gases. Therefore, the relative agreement confirms that PFP yields similar FV maps to HP 129Xe in 
ventilated rats. Future work will investigate 3D UTE MRI sequences to increase SNR and reduce image acquisition 
time as well as study the ability of PFP to probe longer-term gas replacement compared to HP 129Xe.  
Conclusion: This study demonstrates the feasibility of MBW PFP-MRI in rats, providing FV maps comparable to 
those produced with MBW Xe-MRI. This should help pave the way for clinical translation of MBW PFP-MRI in 
pediatric CF, as well as other lung diseases. 
References: [1] Alam et al. ISMRM. 2022; Abstract #1177. [2] Morgado et al. MRM. 2018;80(6) [3] Couch et al. 
MRM. 2012; 68(5). [4] Goralski et al. JCI Insight. 2020; 5(2). [5] Santyr et al. MRM. 2008;59(6):1304–1310. 
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Figure 1. A: FV map extracted from MBW Xe-MRI. Mean 
FV=0.22±0.03. B: FV map extracted from MBW PFP-MRI. Mean 
FV=0.24±0.07. 

 



Assessment of Thoracic Insufficiency Syndrome Using Dynamic Hyperpolarized 
129Xe MRI 
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INTRODUCTION: Restrictive and obstructive lung diseases are characterized by abnormal air flow into and out of the lungs, 
increasing the difficulty of respiration due to abnormal airway resistance, lung and chest wall compliance, and ventilation rate. 
In some diseases like thoracic insufficiency syndrome (TIS), treatment effectiveness can only be evaluated through pulmonary 
function tests which are difficult to acquire pre-intervention and only provide global measures of lung function. Lung transplant 
provides a final therapeutic option for end-stage disease, but post-transplant mortality rates remain high due to graft failure, 
which is still poorly understood. Non-invasive measurements of compromised pulmonary air flow might enable the early 
detection and assessment of obstructive and restrictive disease states. Here, we developed a dynamic hyperpolarized 129Xe 
MR imaging technique to measure regional ventilation changes in the lungs, using it to produce dynamic ventilation maps in a 
preclinical model of thoracic insufficiency syndrome (TIS) as well as three lung transplant (LTX) recipients. 

METHODS: Two healthy subjects, one right-lung unilateral, and two bilateral lung transplant recipients were imaged; in another 
set of experiments, two Yucatan miniature pigs: one healthy and one underwent rib tethering on the right side (T3-9) at 6 weeks-
old (TIS model) were imaged at 5 months-old). All images were acquired on 1.5T Siemens scanner using an 8-channel 129Xe-
coil during free breathing. A pneumotach flow sensor and 129Xe injection (about 2.5L) were timed synchronously with 
inhalation. 3D-spiral interleaves were acquired continuously over four minutes of imaging with TR/TE = 7.63/0.62 ms, flip angle 
of 4 ̊, and reconstructed onto 80×80x80 grids with FOV of 150 mm isotropic for pigs and 350 mm for humans. The diaphragm 
position over time was used to retrospectively bin each image into 16 phases of a representative breathing cycle. Symmetric 
image normalization (Syn) with cross-correlation metric in the ANTs toolbox was used to co-register all frames to the end-inhale 
frame to allow voxel-wise analysis. Registered voxel regions, nominally corresponding to the same tissue volume at each bin 
time tn, were then characterized by signal intensities Sn. A model was then fit to Sn to derive the local volumes Vn, subject to 
the constraints that: 1) local volume increases during inhalation result in the addition of gas with a fixed HP magnetization (S0), 
2) new gas mixes with residual gas, 3) volume decrease during exhalation results in signal loss proportional to the fractional 
reduction in local gas volume, and 4) gas is continuously relaxed at rate G due to the combined effects of RF excitation, collisions 
with O2 molecules and uptake, and this rate is approximately constant during the breathing cycle. We then solve for the set of 

local Vn and FRC consistent with differential equations describing this model: 
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expansion, while tI and tE correspond to the times of peak flow into and out of the local region, respectively. Moreover, the first 
derivative of the volume flow over time gives the gas flow rate, allowing us to calculate the maximum flow rate 
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Results/Discussion: Figure 1 shows separate sigmoid fits for exhalation/inhalation. Three parameters were obtained for each 
breathing phase: maximum flow rate, time of maximum flow rate relative to the trachea, and the local rate of volumetric 
expansion, s. The color scale for the dynamic maps is not fixed since all these parameters depend on subjects’ different breathing 
patterns, but still shows local changes within subjects. While not observed in the healthy pig, Figure2 shows a contrast between 
the right, tethered lung and the left lung in the TIS pig, where lower inhale s indicates less efficient gas replacement in the right 
lung, perhaps due to restriction associated with tethering. Interestingly, similar effects are seen in the ADC maps (white arrows), 
indicating that regions with high s might also have high diffusion, due to reduced microstructure size in the restricted lung 
and/or compensatory expansion in the contralateral lung. Figure 3 shows these maps for the human dataset, in which a superior-
to-inferior gradient is noticeable for the flow rate parameters for all subjects except for the native left fibrotic lung of the 
unilateral LTX patient, analogous to the loss of ventilation gradients in severe emphysema. There was also a noticeable 
posterior-to-anterior gradient in the arrival/departure time in one of the bilateral LTX subjects (red arrows) consistent with 
expectations based on previous measurements of gravity-dependent sequential filling and emptying. This gradient was not seen 
in the other LTX subject. More work is required to understand these gradients and the correlation of s with ADC for the lung 
parenchyma. 

Conclusion: Dynamic HXe MR images can be analyzed to yield information about altered ventilation dynamics resulting from 
TIS and LTx, suggesting that these ventilation maps obtained during free breathing can assess the abnormal air flow and 
potentially allow for an improved assessment of altered lung dynamics associated with TIS and LTX. 

 



 
Figure 1: Average gas flow in the lung for the 16 phases representing the breathing curve. A sigmoid fit is applied separately for the 
exhalation and inhalation parts, with average r-squared values of 1. 
 

 
Figure 2: Ventilation maps and ADC for the healthy pig and the right-side rib-tethered pig showing contrast between the left and 
right lungs in the s parameter in the TIS pig not seen in the healthy pig as well as a correlation between the inhale s map and the 
ADC map in the lung parenchyma of the TIS pig. This indicates that regions with s, which means high change of Xenon per unit 
volume, or normalized maximum flow rate, might also have high diffusion. More work is required to evaluate this correlation  
 

 
Figure 3: Ventilation maps for the human subjects showing a vertical gradient in the maximum flow rates and s parameters for all 
the subjects except for the left fibrotic lung of the unilateral lung transplant patient (white arrows). Red arrows show a gradient 
from anterior to posterior part of the lung in the time shift in the bilateral LTX indicating that air enters and exists the posterior part 
earlier than the anterior part of the lung. Moreover, we speculate that regions in one lobe might have same s, which is governed by 
the airway’s resistance leading to that lobe and is different between lobes??? More work is needed to understand the clinical 
significance of these findings.   
 



Using chest CT with spirometry to distinguish pulmonary hypertension phenotypes in patients with connective tissue disease-related ILD 
Sarah L. Khan, MD, Kevin J. Psoter, PhD, MPA, Cheng Ting Lin, MD, Sonye K. Danoff, MD, PhD, Stephen C. Mathai, MD, MHS 

Purpose 
Pulmonary hypertension (PH) associated with connective tissue disease-related interstitial lung disease (CTD-ILD) may arise from fibrosis-induced ablation 
of pulmonary blood vessels as seen in WHO Group 3 PH or from endovascular dysfunction caused by the chronic inflammation of CTD as seen in Group 
1 PH1,2. Determining the cause of PH is crucial for disease management3. However, there are no guidelines for making this distinction in CTD-ILD patients, 
so it is left to clinician discretion4,5. Previously, a validated severity-staging system based on chest imaging (computed tomography [CT]) and spirometry 
was developed to differentiate ILD phenotypes in patients with systemic sclerosis6. We conducted a feasibility study to examine the agreement of this 
phenotyping system with clinician discretion, the standard approach for phenotyping PH associated with CTD-ILD (CTD-ILD-PH), and spirometry.  

Methods 
We randomly selected 50 patients with CTD-ILD and PH in the Johns Hopkins PH, Myositis, and ILD registries and used chest CTs and spirometry to 
systematically classify them as having either a parenchymal or vascular phenotype (Figure 1). We also used spirometry to group patients based on their 
degree of forced vital capacity (FVC) limitation with one group having a FVC greater than or equal to 70% and the other, less than 70%. For comparison, 
the parenchymal phenotype correlated with Group 3 PH and FVC < 70% while the vascular phenotype correlated with Group 1 PH and FVC ≥ 70%. Overall 
and positive percent agreement of the CT- and spirometry-guided classification was compared to clinically-assigned and FVC-determined groups. 
Phenotype-concordant PH therapy receipt was assessed based on systematic phenotyping. 

Results 
Among 50 patients with CTD-ILD-PH, 30 had clinically-assigned Group 3 PH and 20 had Group 1 PH. After systematically-classifying patients’ phenotypes, 
there were 29 patients with the parenchymal phenotype and 21 with the vascular phenotype. Overall, 17 patients were reclassified to the opposite 
phenotype (34.0%, 95% CI: 21.2, 48.8%). Nine of the patients with Group 3 PH were reclassified to the vascular phenotype (30.0%; 95% CI: 14.7, 49.4%) 
while eight of the patients with Group 1 PH were reclassified to the parenchymal phenotype (40.0%; 95% CI: 19.1, 63.9%). There was 86% (95% CI: 73.3, 
94.2%) overall agreement between FVC groups and clinically-assigned WHO Groups, but only 52.0% (95% CI: 37.4, 66.3%) agreement between the FVC 
groups and the systematically-assigned phenotypes. With regard to PH therapies, 32 patients received medications discordant with their phenotype 
(64.0%, 95% CI: 49.2, 77.1%). None of the patients with a parenchymal phenotype received medications concordant with their phenotype (0.0%; 95% CI: 
0.0, 11.9%) while 18 of the patients with a vascular phenotype received concordant therapy (85.7%; 95% CI: 63.7, 97.0%).  

Discussion 
In this study, we found that it is feasible to use chest CTs and spirometry to systematically classify CTD-ILD-PH patients as having a parenchymal or 
vascular phenotype. Our preliminary findings suggest that classification of PH phenotypes in this population differs significantly between a formalized CT-
and PFT-driven approach and clinical discretion. The high level of agreement between spirometry and clinically-assigned WHO Groups suggests that 
clinicians rely heavily on the degree of FVC limitation to make these decisions. The reclassification of PH phenotypes had a significant impact on the 
appropriateness of clinical management strategies employed as 64% of patients did not receive phenotype concordant therapy. Future studies will assess 
the prognostic utility and impact on clinical management of this standardized approach to PH phenotyping in patients with CTD-ILD-PH.  

Conclusion 
Chest imaging and spirometry can be used to systematically classify CTD-ILD-PH patients as having either a parenchymal or vascular phenotype which 
may have prognostic and therapeutic utility. 

 

  

Figure 1. Chest CTs and spirometry have been used to stage the severity of ILD in scleroderma6. We adapted this system to distinguish vascular and 
parenchymal phenotypes of CTD-ILD-PH. The percent of lung involved based on chest CTs was visually assessed at five levels (1) origin of the great 
vessels, 2) main carina, 3), pulmonary venous confluence, 4) halfway between points 3 and 5, and 5) top of the right hemidiaphragm) and averaged. FVC 
was assessed based on the percent predicted. 
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Purpose: Oxygen-enhanced MRI (OE-MRI) can provide information on regional lung function [1]. Despite technical challenges 
of OE-MRI in the lung at higher magnetic field, we have recently shown its feasibility at 3 T and signal enhancement behaviour 
in the lung using a dual echo RF-spoiled gradient echo acquisition [2]. This method enables measurement of dynamic OE signal 
change with either T1-weighting or T2*-weighting, and for monitoring of dynamic ∆R2* [2,3]. The purpose of this work was to 
evaluate repeatability and reproducibility of the proposed method across two sites, vendors and time points.     
Methods: Following research ethics approval and written informed consent, we recruited 16 healthy volunteers with no previous 
record of lung diseases. Of these, 8 travelling subjects (3 males, age range = 26-54 years, median = 39.5) underwent lung MRI 
on a 3 T whole-body scanner from two vendors in different cities (Philips Ingenia in London, UK and Siemens MAGNETOM Vida 
in Manchester, UK) at a 4 week interval. Eight separate subjects (4 males, age range = 23-51 years, median = 27) were scanned 
twice for a scan-rescan test at a 4-6 week interval using the Philips scanner. Parameters for the RF-spoiled dual gradient echo 
acquisition for Philips 3 T and simulation are listed in [2] (TR = 16 ms). Where possible, protocols for the two different scanner 
manufacturers utilized similar acquisition parameters, though some options required manufacturer-specific parameters. Site-
dependent parameters included: full echo, bandwidth 4488 Hz/Px for Philips (L) vs. half echo, bandwidth 2000 Hz/Px for Siemens 
(M). The shortest TE available for the chosen acquisition were selected for each scanner: TE1L = 0.71 ms, TE2L = 1.2 ms for 
Philips; TE1M = 0.81 ms, TE2M = 1.51 ms for Siemens. Selection of flip angle (FA) was optimized through simulation of expected 
signal change over a range of TE [2,4]. Subjects breathed medical air (21% O2) and 100% O2 via non-rebreathing face mask 

(Intersurgical Ltd., Wokingham, UK) at a flow rate of 15 Lmin-1. Images were acquired during 
free breathing. Data analysis was performed in MATLAB R2022b (MathWorks, Natick, MA). 
After non-linear image registration using ANTs [5,6], the lung parenchyma, excluding central 
major vasculature, was manually segmented from registered images and a voxel-wise tissue 
density correction was applied. Subsequently, the dynamic data points in the masked lung were 
fitted using exponential functions for the O2 wash-in and wash-out for each voxel. Percent signal 
enhancement (PSE) maps were produced by the subtraction of the fitted baseline normoxia 
intensity from the fitted hyperoxia intensity, normalized to the fitted normoxia intensity. Mean and 
standard deviation (std) were calculated for PSE values at each TE over the 2 most posterior 
slices for TE1L, TE1M, TE2L and TE2M due to poor signal to noise ratio (SNR) in the anterior slices 
at TE2M. Mean ∆R2* maps were calculated by the subtraction of averaged normoxia R2* maps 
(30th to 60th time series acquisitions) from averaged hyperoxia R2* maps (120th to 180th). Intra-
class correlation coefficient (ICC) was calculated using SPSS v28.0 (SPSS Inc, Chicago, IL). 
Results: Simulations show that T2*-induced negative 
enhancement (∆S) is maximum at 3q < FA < 5q over the TE range 
evaluated (Fig. 1) and negative PSE increases with lower FA and 
longer TE (Fig. 2). Table 1 shows excellent intra-scanner, intra-
subject repeatability for PSE and ∆R2*, and good inter-scanner 
reproducibility for ∆R2*, confirmed by Bland-Altman (BA) analysis 
and ICC. Plots of the combined PSE values at four separate TEs 
from two MRI systems display TE dependence of the signal (Fig. 
3) similar to simulated results (Fig. 2).  
Discussion: Our results show that the proposed protocol with 
the dual echo spoiled gradient echo acquisition at 3 T yields 
excellent PSE and △R2* intra-scanner repeatability. They also 
demonstrate that comparable OE-MRI protocols of the lung can be implemented at 3 T across 

different sites and scanners with excellent repeatability and good reproducibility for △R2*. Although matching TE between 
scanners is challenging, the expected trend of PSE with TE is observed between sites. 
Conclusions: We have evaluated repeatability and reproducibility of OE-MRI of the lung at 3 T across two sites, vendors and 
time points using the dual echo RF-spoiled gradient echo acquisition. Our results demonstrate good repeatability for the 
quantitative and semi-quantitative indices across time points, consistent signal behaviour and repeatable ∆R2* across two sites 
and vendors, suggesting potential utility in multi-centre clinical studies. However, substantial impact of TE should be considered 
when interpretating PSE. 
References: 1. Edelman RR et al., Nat Med. 1996; 2: 1236–1239; 2. Kim M et al., Proc Intl Soc Magn Reson Med. 2022; 1481; 
3. Needleman SH et al., Proc Intl Soc Magn Reson Med. 2022; 658; 4. Kruger SJ et al., NMR Biomed. 2014; Dec;27(12):1535-
41; 5. Avants BB et al., Med Image Anal. 2008;12(1):26-41; 6. Avants BB et al., NeuroImage. 2011;54(3):2033-2044. 
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Table 1 Mean (%) 
± std (%) 

Coefficient 
of variation 

Mean difference BA bias (bias r 95% LOA) ICCinter ICCintra 

Inter-scanner Intra-scanner Inter-scanner Intra-scanner 

TE1L PSE 7.59 ± 1.60 21.06  -0.51  (-2.36, 1.33)  0.77 

TE2L PSE 13.98 ± 2.66 19.04  -0.57  (-2.99, 1.84)  0.92 

△R2* 0.14 ± 0.03 24.63 0.00 0.00 (-0.06, 0.06) (-0.05, 0.04)   0.70 0.94 
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PURPOSE: 
Viral SARS-CoV-2, which causes COVID-19, has been implicated in multiple cardiopulmonary diseases [1-6]. Much remains to be learned regarding the long-
term sequelae in patients who recover incompletely from COVID-19, termed long-COVID. Magnetic resonance imaging (MRI) studies have proven useful in the 
evaluation of patients with several cardiopulmonary diseases [7-14] including COVID-19. Methods for assessing lung perfusion via MRI may aid in phenotyping 
patients with advanced disease [15-21]. In a similar effort to that by Hueper et al. [22], we sought to derive a robust methodology for assessing quantitative 
pulmonary perfusion parameters from dynamic contrast-enhanced (DCE) MRI and to use this methodology to characterize sequelae of COVID-19 among patients 
who receive similar care related to disease severity and duration in a single health care system. A history of pulmonary diseases affecting lung perfusion, such as 
COPD [23], has been reported as a risk factor for hospitalization and poor prognosis/outcomes in COVID-19. Therefore, we sought to investigate the associations 
between pulmonary perfusion parameters, clinical data, and cardiac functional data in an effort to better phenotype the long-COVID phenomenon. 
 
METHODS: 
In a single-center analysis, patients who were diagnosed with COVID-19 after March 2020, who were 3-6 months post-discharge for confirmed COVID-19 illness 
at a Johns Hopkins institution, and who were 18 years of age or older were screened. Included patients underwent comprehensive cardiopulmonary imaging 
evaluation and phenotyping, including a cardiac MR imaging study (Canon Galan 3T scanner) with 4D lung perfusion images obtained after 0.04 mmol/kg 
Dotarem contrast at 5 mL/sec was administered. Using QMass 8.1 (Medis Medical Imaging Systems, Leiden, Netherlands), pulmonary perfusion was assessed. A 
representative coronal image of the lungs within the anterior 1/3 of the chest was selected, such that the pulmonary artery trunk proximal to its bifurcation and the 
trachea could be visualized. Using QMass 8.1’s Time Signal Intensity analysis, the arterial input function (AIF) was assessed by creating a circular region of 
interest (ROI) around the middle of the pulmonary artery trunk blood pool, sparing adjacent areas of the vessel wall such that measurements would be robust 
against motion during the cardiac cycle and to avoid bias from the turbulence of blood flow. Pulmonary parenchymal ROIs were drawn on the lung peripheries to 
ensure they excluded the larger pulmonary arterial vasculature and allowed for positioning throughout the image acquisition phases. Right lung was consistently 
labeled as ROI1 and left lung as ROI2. ROIs were propagated to each phase in image acquisition. Perfusion data was automatically collected, and the time-signal 
intensity (SI) curves of each ROI were investigated. The initial timing of the SI upslope was set as T0 and the timing of the end of the first-pass was set as TEnd. 
For each of the three ROIs, amplitude (au), max upslope (au/s), time max upslope (s), mean intensity (au), time 50% max (s), T0 intensity (au), baseline intensity 
(au), and relative upslope (%) were collected, where “au” stands for arbitrary unit. 
 
Additionally, cardiac functional analysis was performed on the MRI studies and data for the following variables were recorded: myocardial native T1 (ms), 
myocardial ECV (%), myocardial T2 (ms), late-gadolinium enhancement (LGE) presence/absence, LGE scar quantification (%), left ventricle (LV) mass index 
(LVMI, g/m2), LV end-diastolic volume index (LVEDVI, ml/m2), LV end-systolic volume index (LVESVI, ml/m2), LV ejection fraction (LVEF, %), LV 
longitudinal strain by biplane assessment (%), right ventricle (RV) mass index (RVMI, g/m2), RV end-diastolic volume index (RVEDVI, ml/m2), RV end-systolic 
volume index (RVESVI, ml/m2), RV ejection fraction (RVEF, %), RV free wall longitudinal strain (%), left atrium (LA) maximum volume index by biplane 
assessment (ml/m2), LA minimum volume index by biplane assessment (ml/m2), LA total ejection fraction (%), LA ejection fraction of booster pump function 
(LAEF Booster) (%), and LA biplane reservoir strain (%). Statistical regression analysis was performed to assess relationships between perfusion parameters 
(particularly time to max upslope [s], time to 50% max intensity [s], and relative upslope [%]); clinical characteristics (age, sex, BMI, whether hospitalized for 
COVID, whether reported any post-COVID symptoms, whether had a history of pulmonary disease prior to COVID diagnosis, and whether was a past smoker), 
and cardiac functional parameters. T-tests were performed between the right and left lung perfusion parameters to assess for consistency in measurement.  
 
RESULTS: 
54 patients met inclusion criteria. Average age was 55.2 ± 12.4 years. Average BMI was 29.5 ± 6.0 kg/m2. 8 patients (15%) had a history of pulmonary disease, 
including COPD, asthma, or obstructive sleep apnea. There were no statistically significant differences between the lungs in terms of perfusion parameters: Right 
relative upslope vs left relative upslope (t-test, p = 0.80); right time 50% max vs left time 50% max (t-test, p = 0.92); right time max upslope vs left time max 
upslope (t-test, p = 0.34).  
 
Regression analysis was performed between perfusion parameters and clinical characteristics. Analysis revealed direct correlation between time to 50% max and 
hospitalization (blood pool time 50% max and hospitalization, p=0.027; right lung time 50% max and hospitalization, p=0.003); a direct correlation between time 
to max upslope of the right lung and age (p=0.012); an inverse correlation between blood pool relative upslope and hypertension (p=0.05); a direct correlation 
between right lung time to 50% max and rheumatoid arthritis (p=0.046); and inverse correlations between perfusion and the presence of long-COVID symptoms 
(left lung relative upslope vs. dyspnea on exertion/exercise intolerance, p=0.011; left lung relative upslope vs. brain fog, p=0.036; right lung relative upslope vs. 
dyspnea on exertion/exercise intolerance, p=0.03; right lung relative upslope vs. headache, p=0.049). 
 
Regression analysis was also performed between perfusion parameters and cardiac functional parameters. Analysis revealed an inverse correlation between blood 
pool relative upslope and LVEDVI (p=0.037) and direct correlations between blood pool relative upslope vs. LVESVI (p=0.015) and LVEF (p=0.023); an inverse 
correlation between left lung relative upslope and LAEF Booster (p=0.047) and between right lung relative upslope and LAEF Booster (p=0.026); an inverse 
correlation between blood pool time max upslope and LA biplane reservoir strain (p=0.05); a direct correlation between left lung time max upslope and LGE scar 
quantification (p=0.024); direct correlations between right lung time max upslope vs. RVESVI (p=0.009) and RVEF (p=0.010); a direct correlation between blood 
pool time 50% max vs. myocardial native T1 (p=0.048) and LA biplane reservoir strain (p=0.019); and a direct correlation between right lung time 50% max and 
RVEF (p=0.045). 
 
DISCUSSION: 
This study of pulmonary perfusion in post-COVID patients and its association with demographic variables, clinical characteristics, and functional cardiac 
measurements revealed important insights. Older patients and those who required hospitalization for COVID-19 illness may have worse pulmonary perfusion 
following their illness. Patients with comorbidities at the time of COVID diagnosis, particularly hypertension and rheumatoid arthritis, and those who experience 
certain post-COVID symptoms, such as dyspnea, exercise intolerance, and brain fog may have associated lung perfusion abnormalities post-COVID. Additionally, 
there are several cardiac functional parameters that correlate with lung perfusion. A limitation of our study is that we cannot definitively conclude whether the 
worse pulmonary perfusion is a consequence of COVID-19 or the reason for severe COVID-19 and/or hospitalization. 
 
CONCLUSION: 
Pulmonary perfusion analysis of cardiopulmonary magnetic resonance imaging in patients with previous COVID-19 may help phenotype advanced disease. 
Preliminary analysis revealed important associations between demographics, clinical characteristics, and cardiac functional parameters with pulmonary perfusion. 
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Introduction  
Detection of pulmonary hypertension (PH) in subjects with COPD is often challenging. Quantitative CT (qCT) methods for 
segmenting the intraparenchymal pulmonary vasculature can distinguish PH from non-PH cohorts by analyzing its volume 
distribution across vessels of various size ranges, with PH subjects having less pulmonary vascular volume contained in smaller 
vessels than non-PH subjects.1 Previous methodology did not include analysis of large proximal pulmonary arteries. Dilation of 
central, proximal vessels has prognostic significance in patients with COPD.2 We sought to develop a method for segmenting 
hilar vessel structures and to examine their diagnostic implications for PH in a cohort of COPD subjects with and without known 
PH. 
Methods  
We previously described a retrospective cohort of subjects with COPD with or without known PH collected from 3 centers.1 PH 
subjects had RHC-confirmed PH within 30 days of the CT. Scans were processed with Functional Respiratory Imaging, a qCT 
platform (FLUIDDA, Kotnich, BE). First, a deep learning-based algorithm identified a lung region of interest which excluded the 
hilum. Next, manual post-processing was performed to identify the hilar vessels lateral from the azygos arch in the right lung 
and distal to the line drawn tangent to the lateral most excursion of the heart and perpendicular to the centerline of the left PA 
in the left lung. Finally, an automated algorithm identified all vessel-like structures in the scans with and without inclusion of 
the hilum to measure the volume and volume fraction of segmented pulmonary vasculature contained in structures smaller 
than 5 mm2 (BV5 and BV5Pr, respectively) and in structures larger than 10mm2 (BV10 and BV10Pr, respectively). We then 
compared the volume of hilar tissue segmented between PH and non-PH groups, as well as the magnitude of difference in 
BV5Pr and BV10Pr between PH and non-PH groups with and without the hilum using two-sample t-tests. 
Results  
A total of 87 subjects were included (45 without PH, 42 with PH). Inclusion of the hilum resulted in substantial increases in 
BV10and small increases in the volume (BV5). The increases in total vascular volume, BV5, and BV10 were significantly larger 
for the PH group than the non-PH group, reflecting the impact of dilated proximal vessels. The volume fraction contained in BV5 
decreased for all subjects with the inclusion of the hilum, and the volume fraction contained in BV10 increased for all subjects, 
as expected. The magnitude of this change was larger in the PH group than the non-PH group, although the difference was 
statistically significant only for BV10 
 

 PH (mean ± SD) No PH (mean ± SD) P value 
Total volume hilar vessels 85.31 ± 26.05 70.61 ± 22.97 0.006 
Volume hilar BV5 2.95 ± 1.62 2.28 ± 1.09 0.024 
Volume hilar BV10 79.54 ± 23.75 66.08 ± 21.50 0.007 
BV5Pr without hilum 40.89 ± 9.29 46.66 ± 8.39 0.003 
BV5Pr with hilum 31.55 ± 8.51 37.94 ± 7.17 <0.001 
BV10Pr without hilum 37.02 ± 9.38 30.45 ± 8.43 0.0009 
BV10Pr with hilum 51.14 ± 9.52 43.10 ± 7.68 <0.0001 
Change in BV5Pr with hilum -9.33 ± 2.69 -8.71 ± 2.17 0.237 
Change in BV10Pr with hilum 14.13 ± 3.44 12.65 ± 2.59 0.012 

Conclusion 
Inclusion of the hilum increases the statistical power of qCT measures of pulmonary vascular volume distribution as a diagnostic 
tool for detection of PH in patients with COPD. Additional research will examine the impact of these updated measurements on 
survival and other clinical outcomes in this cohort, and additional validation will be needed to establish their use as clinical 
decision-making tools in practice. 
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Introduction 
 
Hyperpolarized 129Xe (HXe) magnetic resonance imaging (MRI) of pulmonary ventilation and gas 
exchange offers useful assessments of functional impairment, disease progression, and 
treatment response, and its application in preclinical lung disease models can help improve our 
understanding of the mechanisms driving disease onset and progression. Yet traditional HXe MR 
imaging is typically performed during end-inspiration (EI) breath holds, thus failing to capture 
pulmonary ventilation and gas exchange under true physiological conditions. Here, we 
demonstrate the feasibility of dynamically acquiring high-resolution 3D gas- (GP) and dissolved-
phase (DP) images under mechanical ventilation in a healthy rat.  
 
Methods 
 
One male Sprague Dawley rat (340g) was anesthetized, intubated, and ventilated with air, 
switching to a HXe gas mixture (21% O2, 79% N2/xenon) during imaging in a 3T horizontal-bore 
MRI system (1L enriched HXe per imaging session). 3D images were acquired continuously during 
normal breathing over the course of 400–500 breaths using a customized spiral-like k-space 
trajectory, reconstructed offline, averaged and placed into 10 bins to produce distinct image sets 
at different points in the breathing cycle. Imaging parameters were as follows: MS = 64×64, FOV 
= 50mm × 50mm, FA = 3°, TR = 10ms, BW = 200kHz. 
 
Results 
 
Figure 1 shows coronal GP (top) and DP (bottom) EI images from anterior-to-posterior in a 
healthy rat. For each successive GP slice, the splitting of the airway tree is visible, from the 
trachea to the secondary and tertiary bronchi. Signal is primarily observed in the lung 
parenchyma in DP images, with signal voids within the parenchyma corresponding to the major 
airways. 
 
Discussion and Conclusions 
 
This study is the first to acquire high-resolution isotropic 3D GP images in a healthy rat lung (in-
plane resolution = 0.5208mm, slice thickness = 0.5208mm). While DP images were acquired in 
the same manner, their resolution is inherently lower due to the short T2* at 3T (~ 1ms), so they 
are not isotropic. Nevertheless, the ability to dynamically acquire high-resolution HXe images 
significantly improves upon traditional breath-hold imaging techniques, allowing us to capture 



the full extent of ventilation and gas exchange heterogeneity occurring over the breathing cycle. 
Analyzing changes in GP and DP signal dynamics over the breathing cycle enables a qualitative 
assessment of gas distribution and exchange, respectively. In future, mathematical models can 
be constructed to yield quantitative measures of ventilation and perfusion, enabling a more 
direct assessment of disease-related functional changes in the lung.   
 

 
Figure 1: GP (top) and DP (bottom) EI coronal images in a healthy rat, normalized to their 
respective maximum signal intensity to enable relative comparison between the two image sets. 
As expected, there is a drastic difference in image SNR between GP and DP images.  
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PURPOSE: In patients with asthma, lung findings include airway wall thickening, and smooth muscle dysfunction. Other abnormalities 
have been observed, including collagen deposits in alveolar walls in uncontrolled asthma1 and pulmonary vascular pruning.2 129Xe MRS 
can probe the alveolar-capillary interface where these abnormalities may be occurring. The temporal variability of the RBC and alveolar 
membrane 129Xe MRS signal, referred to as cardiogenic oscillations, are thought to be driven by blood pulsation.3 Research in patients 
with COPD have uncovered RBC:membrane differences and oscillation amplitude differences compared to healthy participants4 but 
such investigations have not been undertaken in asthma. Clinical measures of gas exchange are affected by age, sex, height, and 
hemoglobin5, 6 and but contributions to 129Xe spectral measurements are still under investigation. Therefore, we examined both static 
and dynamic spectroscopy measurements in people with asthma and healthy volunteers and to compare them with clinical measurements. 

METHODS: Participants with severe asthma were recruited from a quaternary care Asthma clinic and provided written informed 
consent to an approved protocol (NCT02351141 or NCT 03733535) to undertake pulmonary function tests, blood tests, 129Xe MRI, and 
static and dynamic MRS. Healthy volunteers were recruited from the local general population and performed static and dynamic MRS 
and fingertip hemoglobin measurements. 129Xe MRS peaks were fit to a three-component Lorentzian model in Matlab (2021a, 
Mathworks) to determine component magnitude, phase, and frequency. Each peak was then fit to sinusoids to measure cardiogenic 
oscillations in peak magnitude, phase and frequency. Oscillations were normalized to initial peak height. RBC:membrane ratio was 
calculated as the ratio of areas-under-the-curve.  

RESULTS: 22 participants with asthma (age=60±15, 18/22 female) and 16 healthy volunteers (age=37±17 years, 5/16 female) were 
enrolled. RBC:membrane and RBC:Gas measurements were significantly lesser in participants with asthma (0.29±0.08) compared to 
healthy volunteers (0.44±0.09, p<.001), however there was no significant difference in membrane:gas (healthy=0.93±0.26, 
asthma=0.94±0.18, p=.93). Figure 1 shows age and sex effects on RBC:membrane. Multivariate models were constructed for both 
groups: sex, age and hemoglobin were common sources of variance and weight contributed to healthy participants. Height and BMI 
were not significant contributors to either model. In addition to RBC oscillations, we observed oscillations in the membrane and gas 
signals in both healthy volunteers and participants with asthma. There were no significant differences between oscillation amplitudes in 
healthy participants (12±5%) and participants with asthma (15±12%, p=.33).  

 
Figure 1 Multivariable models of RBC:membrane in healthy participants and participants with asthma. RBC:membrane neared significant correlation 
with age in both groups for women (healthy: r=72, p=.07 asthma: r=.56, p=.01) and healthy men (r=.60, p=.05). Age, sex, and hemoglobin levels were 
significant contributors to multivariable models of RBC:membrane. 

DISCUSSION: The RBC:membrane ratio was diminished in participants with asthma and appeared to be driven by RBC, as there was 
no difference in membrane:gas observed. We uncovered a correlation between RBC:membrane and age in both groups, however this 
was not enough to explain differences between them. Multivariable models indicated that a combination of age, sex and hemoglobin 
measurements contributed to RBC:membrane measurements. The presence of both sex and hemoglobin in models was surprising, as it 
may suggest physiological sex differences beyond hemoglobin can affect RBC:membrane. Whether demographic differences are 
sufficient to explain gas exchange measurements in people with asthma is still unclear. In addition to RBC oscillations, we observed 
membrane oscillations and novel gas oscillations, however these were not different between cohorts. 

CONCLUSIONS: Participants with severe asthma exhibited significantly lower RBC:membrane ratios compared to healthy volunteers. 
Differences in group demographics may contribute, as multivariable models in both healthy participants and participants with asthma 
showed age, sex and hemoglobin contributing to measurements. Cardiogenic oscillations were observed in all spectral peaks in both 
healthy participants and participants with asthma. 
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Purpose. 129Xe gas exchange MRI can be used to estimate values of diffusing capacity of the lung for carbon 
monoxide (DLCO) and the carbon monoxide transfer coefficient (KCO) using the equations of Roughton and Forster.1,2 
Specifically, a patient’s relative 129Xe membrane uptake and RBC transfer are multiplied by model coefficients to 
estimate KCO. 129Xe ventilation imaging is then used to estimate accessible alveolar volume and thereby generate 
DLCO (Figure, A). Previously, these model coefficients were estimated by Wang et al. using empirical statistical 
fitting.2 However, these model-fit coefficients do not provide physiologically valid values for the volume-independent 
specific conductance coefficients of the membrane and RBC compartments. Here, we replace the curve-fit 
coefficients with a priori physiological estimates of volume-independent specific conductance calculated from the 
recently published reference equations of Munkholm et al. and compare the resulting DLCO estimates to those of the 
Wang model.3  
  
Methods. Healthy subjects (N=33, 12F/21M, age 41.7±16.7yrs) with no history of pulmonary disease, less than 5 
pack-years smoking history, and no smoking history within the last 5 years underwent hyperpolarized 129Xe MRI. 
Measures of 129Xe signal from the membrane and RBC compartments were hemoglobin-corrected using the method 
proposed by Bechtel et al.4 Values of DLCO estimated using volume-independent specific conductance coefficients 
from Munkholm et al. were compared with analogous results obtained using the Wang method.1–3 Finally, the 
Munkholm-based DLCO estimates were compared with DLCO values obtained clinically. 
 
Results. The coefficients derived from Munkholm et al. for the membrane and RBC compartments were 22.3 and 8.0 
mL/min/mmHg/L, respectively. This is compared with 11.2 and 14.6 mL/min/mmHg/L in the model of Wang et al. 
DLCO estimates from both models were tightly correlated (p < 0.001, r = 0.97), with the DLCO values estimated using 
the Munkholm coefficients showing a modest downward bias of 2 mL/min/mmHg (Figure, B). DLCO estimates using 
the Munkholm coefficients were strongly correlated with clinical DLCO (Figure, C; p < 0.001, r = 0.58).   

 

 
Figure. A: Outline of process for generating KCO and DLCO estimates. B: Bland-Altman plot comparing DLCO estimates based on the 
Munkholm and Wang coefficients. Our DLCO estimates have a negative bias of approximately 2 ml/min/mmHg compared to the Wang model 
but are well correlated (p < 0.001, r = 0.97). C. Image-based estimates of DLCO vs. clinical DLCO are well correlated (r =0.58, p < 0.001). 
The 45 degree line indicates perfect agreement. 

 
Discussion. 129Xe-based DLCO predictions using physiological parameters were relatively consistent with estimates 
generated using the Wang model curve-fits, despite the disparity between the two sets of coefficients used in the 
models. Estimates of DLCO using this method were well correlated with clinical DLCO. Importantly, the use of 
physiology-based estimates rather than curve fits resulted in individual estimates of membrane and RBC volume-
independent specific conductance coefficients that are consistent with published reference equations for healthy 
subjects. 
 
Conclusion. 129Xe gas exchange MRI may enable physiologically meaningful quantitative assessment of the 
independent contributions of the membrane and RBC compartments to DLCO and KCO abnormalities observed 
clinically.  
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Purpose: Cystic Fibrosis (CF), caused by mutations in the CF transmembrane conductance regulator (CFTR) gene family is characterized by an aberrant build-up of 
sticky mucus within the lungs that leads to airway plugging, damage and inflammation [1]. Hyperpolarized (HP) 129-Xenon MRI (Xe-MRI), which involves inhaling a 
gas and holding one's breath, has been found to be sensitive to early CF lung disease as compared to traditional lung function measures, such as forced expiratory volume 
in one second (FEV1) [2]. But Xe-MRI is not widely available and involves a lengthy breath-hold which can be challenging to perform in very sick or young children. 
Alternatively, free-breathing lung MRI does not require special equipment (i.e. polarizer or contrast agents) or a breath-hold and uses 1H signal variations associated with 
the cardiorespiratory motion to derive ventilation and perfusion weighted maps. Phase-resolved functional lung (PREFUL) MRI is a specific free-breathing MRI technique 
that sorts images acquired during natural breathing into complete respiratory and cardiac cycles in the time domain, enabling the evaluation of both static and dynamic 
ventilation and perfusion parameters, respectively [3]. PREFUL MRI has been used to assess ventilation/perfusion abnormalities in adults with CF, chronic obstructive 
pulmonary disease (COPD), and chronic thromboembolic hypertension (CTEPH) [3]. Additionally, PREFUL MRI derived ventilation distributions have been shown to 
be responsive to the treatment of pulmonary exacerbations in pediatric CF [4] and has shown good repeatability [5]. However, PREFUL MRI has not been used to monitor 
changes in ventilation and perfusion following CFTR-modulator treatment, specifically the combination of elexacaftor/tezacaftor/ivacaftor (ETI). As part of an ongoing, 
multi-site study (HyPOINT), we assessed the responsiveness of free-breathing MRI derived ventilation and perfusion parameters to ETI treatment compared to Xe-MRI 
and pulmonary function tests in children with CF. 
 
Methods: 13 CF subjects (6 females & 7 males) aged 16±2 years were recruited in accordance with ethics approval at The Hospital for Sick Children. Participants 
performed spirometry and N2 multiple breath-washout (FEV1 and lung clearance index, respectively) as well as Xe-MRI and free-breathing MRI at 3T as previously 
described [5], prior to and following ETI treatment. The follow-up visits occurred 1-month (n=13), 6-months (n=8), 1-year (n=5) after the initiation of ETI treatment. 
Regional ventilation (RV) and normalized perfusion (Q) maps were calculated from the free-breathing images using the PREFUL method [3]. Ventilation Defect 
Percentage was calculated for each subject from the RV maps using k-means clustering (VDPRV) and perfusion defect percentage was calculated using a threshold 2% of 
the normalized perfusion signal (QDP) [6]. Ventilation-perfusion matching (VQM) distributions were determined by combining VDP and QDP maps within the thoracic 
cavity where regions containing both or neither ventilation or perfusion defects represented VQM [6]. VDP derived from Xe-MRI ventilation distributions (VDPXe) were 
calculated based on a threshold of 60% of the mean xenon ventilation signal [5]. Treatment effects observed by VDPRV, QDP, VQM, VDPXe and FEV1 were determined 
using a Wilcoxon’s ranked sign test and absolute/percent changes of each were correlated using a Spearman ranked correlation test. 
 
Results: Figure 1a shows VDPRV and QDP maps for a representative CF patient at baseline and three timepoints post-treatment. Figure 1b shows the individual absolute 
changes in VDPXe, VDPRV, QDP, VQM, and FEV1 for all CF patients. All parameters significantly decreased between the baseline and 1-month follow-up (all p<0.01) as 
well as between the baseline and 6-months follow-up (all p<0.05). Across all time-points and parameters, only the absolute changes in the baseline vs. 1-month VDPXe 
and VDPRV were significantly correlated (ρ=0.62, p= 0.02), while percentage change in VDPXe and VDPRV did not significantly correlate (p>0.05). Whereas, of all 
timepoints and parameters, the percentage changes in the baseline vs. 1-month VDPRV and QDP (ρ=0.74, p= 0.003) and VQM and FEV1 (ρ=0.74, p= 0.003) significantly 
correlated.  

 
Figure 1. (a) PREFUL MRI derived (top) regional ventilation (RV) ventilation defect percentage (VDPRV) and (bottom) perfusion defect percentage (QDP) maps for a 
representative pediatric CF patient at baseline, 1-month, 6-months, and 1-year following initiation of ETI treatment. Blue and red areas indicate regions of ventilation and 
perfusion defects, respectively, and the green regions indicate healthy ventilation/perfusion. (b) Individual percent changes in VDPXe, VDPRV, QDP, VQM, and FEV1 for 
all CF patients at four time-points. A statistically significant change of p<0.05 is denoted by a single asterisk, and p<0.01 is denoted by two asterisks. 
 
Discussion: Free-breathing MRI with PREFUL was able to detect a significant improvement in ventilation, perfusion, and ventilation/perfusion matching following 
elexacaftor/tezacaftor/ivacaftor treatment, similarly to Xe-MRI. The ventilatory change with intervention is consistent with previous work showing that PREFUL and Xe-
MRI significantly decreased in pediatric CF children undergoing intravenous antibiotic treatment for a pulmonary exacerbation [7]. Whereas ventilation defects 
determined by both PREFUL MRI, and Xe-MRI appeared to plateau following the 1-month visit, perfusion defects found in several CF patients showed notable increases 
at 6-months an/or 1-year post-treatment. In a similar study of CF patients treated with ETI, lung MRI morphological scores showed significant improvement at 8-16 week 
follow-ups, whereas PREFUL MRI perfusion scores did not significantly change [8]. Thus, the change in PREFUL MRI derived perfusion defects may be less sensitive 
to early ETI treatment relative to the ventilatory changes. Although, acquisition of additional 6-month/1-year datapoints will be necessary to support this finding. In future 
work, perfusion-weighted PREFUL MRI could be compared to traditional perfusion MRI techniques such as gadolinium-enhanced dynamic contrast enhanced MRI as 
described in previous work [3]. Additionally, multi-slice PREFUL MRI acquisitions would improve assessment of ventilation and perfusion across the entire lung.  
 
Conclusion: Free-breathing MRI provides a responsive pulmonary ventilation and perfusion measure for following CFTR-modulator treatment in CF lung disease. 
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Purpose: Hyperpolarized 129Xe MRI is a powerful imaging modality often used to assess pulmonary gas-uptake. Scans are typically performed within a 
≤16-second breath-hold1, limiting the attainable SNR, resolution, and dynamic information. Non-Cartesian sequences, including 2D-spiral and 3D-
FLORET, have improved 129Xe MRI sampling efficiency2; but are yet to be combined with compressed sense (CS) reconstruction methods3. Here, we 
demonstrate CS reconstructions in a range of non-Cartesian 129Xe MRI sequences, and show that SNR, image quality, and imaging speed are improved. 

Methods: In this work, two reconstruction approaches are compared: i) gridded reconstruction (𝐴 ) and ii) CS with wavelet and total-variation 
regularization. Gridded reconstruction is akin to solving the forward model MRI problem: 𝐴𝑥 = 𝑏 + 𝜀, by matrix inversion, where 𝐴 is the measurement 
matrix (𝐴 = 𝐷𝐹), composed of linear operators for density composition, 𝐷, and non-uniform fast Fourier transform4, 𝐹; 𝑥 is the reconstructed image; 𝑏 is 
the k-space data; and 𝜀 is the additive noise. The CS approach recasts the forward model as a regularized least squares problem, and solves:  

𝑥⋆ = min ‖𝐴𝑥 − 𝑏‖ + 𝜆 ‖𝑊(𝑥)‖ + 𝜆 ‖𝐺(𝑥)‖ , 

for the reconstructed image, 𝑥⋆, by regularizing (𝜆 ) for both wavelet-transform energy (𝑊(𝑥); efficient for preserving edges and low contrast information) 
and total variation (𝐺(𝑥); efficient at suppressing noise/streaking). CS images were reconstructed using the alternating direction method of multipliers 
algorithm5 in SigPy6. 𝜆  and 𝜆  ranged from 1x10-5 to 1x10-3.  

Human participants (healthy) were imaged per a protocol approved by our local Institutional Review Board (2014-5279 with FDA IND-123,577). 
Hyperpolarized 129Xe images were collected on a Philips 3T-Ingenia scanner with a single channel custom chest coil. Simulated point-spread functions 
(PSF) and ventilation imaging sequences included: (A) 2D-radial (projections=246, TR/TE=4.25/0.85ms; flip angle=2⁰); (B) 2D-spiral (variable-density, 
interleaves=24, TR/TE=10.1/1.53ms; flip angle=20⁰); (C) 3D-radial (projections=3670, TR/TE=4.00/0.04ms; flip angle=1⁰); and (D) 3D-FLORET 
(interleaves=1134, TR/TE=13.13/0.08ms; flip angle=1.5⁰) sequences. Matrix size=100; resolution=3x3x15 mm3 (2D) and 3x3x3 mm3 (3D); FOV=3003 mm3. 
SNR and structural similarity index (SSIM; between fully-sampled 𝐴  and CS reconstructions).  

Results: Figure 1 examines noise incoherence in acquisitions with 100% (acceleration factor, R=1) and 50% (R=2) sampling of the Nyquist limit. PSFs 
for radial sequences exhibited largely incoherent noise with 2-fold under-sampling (Figure 1A,C). Spiral under-sampling produced similar patterns, with 
coherent noise at the edges of the FOV (Figure 1B,D). The same settings were demonstrated in ventilation imaging for 𝐴  and CS reconstructions. In all 
cases, CS increased SNR (up to 3-fold), even with 2-fold acceleration, while preserving high SSIM against the fully-sampled 𝐴  reconstruction (>0.98).  

Discussion: CS enhances reconstructed image quality of non-
Cartesian 129Xe acquisitions, as demonstrated in 2D/3D-radial and 3D-
FLORET sequences. The high number of excitations and small flip 
angles lead to poor SNR; however, this is largely improved with CS.  

CS most benefits under-sampled acquisitions that exhibit incoherent 
noise, as is the case for the 2-fold under-sampled acquisitions 
presented here. All cases exhibit an incoherent noise structure, which 
CS suppresses, delivering an SNR on par with fully-sampled 
acquisitions while maintaining high SSIM.  

Such 2-fold accelerations also permit larger flip angles due to fewer 
required RF-excitations, thus boosting attainable SNR. Of clinical 
importance, it halves the required breath-hold duration, making 129Xe 
MRI more feasible for children and advanced lung disease patients. 
Many 129Xe applications that utilize 3D-radial/FLORET7 sampling may 
benefit from CS reconstructions, particularly diffusion-weighted8 and 
gas-exchange MRI9 that suffer from low SNR and long breath-holds.  

Conclusion: This work demonstrates that CS reconstruction improves 
SNR and image quality while reducing the scan duration of commonly 
used non-Cartesian 129Xe MRI sequences. This work extends into 
many 129Xe applications, and can be improved further following 
implementation of CS methods such as locally low-rank or deep-
learning supervised regularization. 
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Figure 1: Sequence (A: 2D-radial, B: 2D-spiral, C: 3D-radial, D: 3D-FLORET), 
point-spread functions (PSF) and ventilation images reconstructed using density 
compensated gridded reconstruction (𝐴 ) and compressed sense (CS) for R=1 
(100%-sampled) and R=2 (50%-sampled) acceleration factors. SNR = signal-
noise ratio (mean value located at bottom of panels); SSIM = structural similarity
index; duration = total scan duration (seconds) for 3003 mm3 FOV. 



Automated Strategies to Derive Regional Perfusion Defects from Dynamic Contrast Enhanced Pulmonary MRI in patients with COVID-19 
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Purpose: Quantitative perfusion, as assessed by dynamic contrast enhanced (DCE) MRI and pharmacokinetic modelling, is used routinely in 
several organs, including the brain and heart (1-2), and has been used for research applications in the lung (3). Automated identification of 
regional lung perfusion defects could be valuable to characterize various pulmonary pathologies. Analogously, a variety of methods have been 
validated to characterize ventilation defects in hyperpolarized gas MRI, including thresholding and k-means clustering (4-5). In this study we 
sought to develop a method to automatically detect regional perfusion defects using DCE MRI, and apply our method in both patients with 
COVID and healthy volunteers. 
Methods: This study was approved by the local Institutional Review Board and all study participants provided written informed consent for 
research MRI. We performed 153 lung DCE exams in patients with a history of COVID-19 infection, with 116 exams in patients with mild 
infections and 38 exams in patients with moderate or severe infections (hospitalized). We also performed lung DCE exams on 7 healthy 
volunteers. Imaging was performed on a 0.55 T MRI system via dynamic 3D Cartesian gradient echo acquisition with a frame rate of 1.5s/volume 
(breath held, resolution = 3.75x3.75x20mm3, TE/TR = 0.76/2.5ms, FA = 31°). Gadolinium contrast was injected (2ml at 4ml/s) to image the first 
pass of contrast through the pulmonary tissue. Perfusion modelling was performed using the open-source ROCKETSHIP software package (6) 
with the two-compartment exchange model and the main-pulmonary artery used for the arterial input function.  
Regional perfusion defect analysis was compared between two methods: thresholding and k-means clustering. For both, perfusion values were 
clipped ± 1 standard deviation from the mean. Thresholding was applied by dividing pixel-wise lung perfusion into 10 equal histogram bins, and 
the lowest bin was selected as the regional perfusion defects. For k-means clustering, 10 clusters were used with the lowest-value cluster being 
defined as the regional perfusion defect map.  We compared the following measurements: the two methods to detect percent perfusion defect, 
global perfusion between patients and healthy volunteers, global perfusion between mild vs. moderate/severe infections, and percent defect 
between mild and moderate infection patients (using thresholding). Statistical testing was conducted using R software (version 4.2.1). 
Results: Figure 1 shows a quantitative perfusion map in a patient with perfusion defects and the results of the thresholding and k-means methods 
for automated detection of perfusion defects. We found no statistically significant difference between thresholding (mean ± standard deviation = 
15.6 ± 7.4 %) and k-means (16.2 ± 6.2 %) in our patient group, t(152) = 1.25 p = 0.21. There was no significant difference in mean global 
perfusion between patients (4.8 ±2.6 ml/g/min) and healthy volunteers (5.1 ±1.8 ml/g/min), t(158) = 0.48, p = 0.64, but there was a significant 
difference in mean global perfusion between patients with mild infection (5.1 ±2.7 ml/g/min) and patients with moderate infection (3.7 ±1.9 
ml/g/min), t(151) = 3.74, p < 0.001,  d = 0.59. There was no significant difference in percent defect (thresholding method) between patients with 
mild infection (15.5 ±7.1 %) and patients with moderate infection (15.7 ±8.4 %), t(151) = 0.10,  p = 0.92. However, we observed 17 exams in 
patients with significant perfusion defects (>25%), and three examples are provided in Figure 2.  
Discussion and Conclusion: Quantitative pulmonary perfusion measured by MRI may be a useful metric to study patients with COVID-19 
infection. We demonstrated two methods to automatically detect perfusion defects and observed significant perfusion defects in a subset of 
patients. Future studies could test an adaptive k-means method to further refine the detection of perfusion defects based on classification of 
disease severity, and test clinical correlates to better understand the clinical presentation in patients with observed percent defects.  
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Figure. 1: Example of Perfusion map, lung segmentation (red) and perfusion defect (red). Figure. 2: Subjects with >25% perfusion defect (red). 
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PURPOSE 
Ventilation measurements using 
signal differences between 
expiratory and inspiratory 
respiration states gained 
popularity as a biomarker for 
ventilation abnormalities. One 
method, which incorpartes such 
measurements is Phase-
resolved functional lung imaging 
(PREFUL)1. A further 
classification of abnormalities 
such as emphysema and air-
trapping beyond the current gas-
exchange measurement is 
desirable. Considering that for 
CT, a threshold based method, 
parametric response mapping 
(PRM), is successfully used to 
distinguish between different 
lung ventilation abnormalities2, 
the aim of this study was to 
establish an analogous MRI 
method and compare to CTPRM.  
 
METHODS  
A retrospective analysis3 of 34 subjects (20 female, median age 63 (42-76), GOLD status I (9), II (9), III (12), IV (4)) from the COSYCONET study was performed. 
PRMPREFUL was calculated for four coronal slices acquired with a spoiled gradient echo sequence during free breathing: Field-of-view 500x500 mm2, matrix 128x96, 
slice thickness 15 mm, echo time/repetition time 0.82 ms/3 ms, flip angle 5°, bandwidth 1500 Hz/px, imaging-time/slice ∼1 minute and a temporal resolution of 288 
ms. Post-processing was as follows: 
 

1. PREFUL provided one respiration cycle, which includes registered averaged images during expiration and inspiration1.  
2. The N4ITK algorithm was used to correct for field inhomogeneities4. 
3. A region of interest (ROI) was automatically constructed in the liver using a lung boundary ROI, which was derived with a convolutional neuronal 

network5. 
4. The images were normalized to have the same mean signal in the liver for all four slice positions and for both respiration states. 
5. Average T2* values from literature were used to correct for signal decay inside the lung6. 
6. Known Hounsfield Units (HU) in the liver (58 HU)7 and in the air (-1024 background) were used to scale MR-signals to pseudo HU.  
7. Analogous to CT, values above -856 HU in inspiration and below -950 HU in expiration were defined as regions of airtrapping due to functional small 

airways disease (fSAD) and values below -856 HU in inspiration and below -950 HU in expiration were defined as emphysema. Otherwise lung voxel 
were considered normal. 
 

For PRMCT, images in full in- and expiration acquired on a 64-slice scanner were downsampled (factor 2) and registered to expiration. CT slices were matched and 
averaged to MRI and used for PRM2. Finally, PREFUL lung volumes were registered to CT. 
For regional comparison, the overlap coefficient regarding normal, fSAD, and emphysema (three classes) was calculated. The total lung percentages of the different 
classes were assessed with a paired Wilcoxon signed rank test, Pearson correlation and Bland-Altmann plots.  
 
RESULTS  
The visual agreement (Figure 1) of exemplary maps was confirmed by good regional correspondence (overlap 
normal: 91(83 - 99)%; fSAD 47(29 - 58)%; emphysema 17(3 - 29)%). Both PRM methods provided correlated total 
percentages (r>=0.86) in a similar range, but with significantly different (P<0.001) median values (Figure 2) with a 
mean bias: CT/PREFUL Normal: 73.50%/80.77%, bias -7.58; fSAD: 24.11%/18.31%, bias 6.39; Emphysema: 
1.74%/0.23%, bias 1.19.  
 
DISCUSSION 
Detection of fSAD and emphysema similar to CT using PREFUL MRI is presented. For total-lung-values high 
correlations were found for all three classes. The regional comparison revealed lower consensus. The low overlap 
for emphysema can be explained by low amount of such regions. Furthermore, differences between MRI and CT 
can be caused by different respiration maneuvers (free-breathing vs. breath-hold). 
Unlike RVent, which is a pure functional gas exchange measurement, PRMPREFUL considers also the functional 
parenchyma tissue density changes. Since gas exchange and lung tissue changes are probably highly correlated, 
ventilation defects are similar for both methods (not shown here). Nevertheless PRMPREFUL may provide additional 
information by emphysema classification.  
Improvements can be achieved in regard to acquisition (ultra-short TE), bias field correction and HU mapping, 
which can e.g. be replaced by deep-learning8.  
 
CONCLUSION 
A novel processing pipeline can classify three ventilation states (normal, fSAD, emphysema) with a high agreement to CT and may provide added value to functional 
lung MRI. 
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Figure 1: Examplary results for two cases (A, female 70, Gold IV; B, female 42, Gold III) showing the Parametric Response 
Mapping (PRM)  based on CT (1st row) and proton MRI PREFUL (2nd row). Please note the regional correspondence of 
functional small airways disease (fSAD) and Emphysema classification. 

Figure 2: Boxplot for number of voxels of the 
normal, fSAD and emphysema class in 
relation to total lung voxels as obtained with 
PRM based on CT and PREFUL. 
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Purpose: Inert fluorinated (19F) gas MRI is an emergent technology with potential to be a lower cost, reduced infrastructure alternative to 
hyperpolarized (HP) gas MRI for functional lung imaging1, providing similar and/or complementary information2,3. Fluorinated gases, such as 
perfluoropropane (PFP; C3F8), are biologically inert and, most importantly, do not require hyperpolarization. Instead, these gases rely on a relatively 
high number of 19F nuclei per molecule as well as signal averaging, permitting imaging at thermal equilibrium1. Additionally, fluorinated gases may 
be freely mixed with oxygen, unlike HP gases where non-equilibrium magnetization is significantly reduced by relaxation due to paramagnetic O2, 
typically necessitating anoxic administrations. Normoxic mixtures of fluorinated gases that are not reliant on hyperpolarized magnetization enable 
extended, multi-breath experiments that permit more comprehensive investigation of gas washin and washout kinetics in the lungs4–6, while improving 
the overall tolerability of imaging experiments, especially in challenging populations such as children.  
 Decreasing the scan time associated with 19F acquisitions is of great importance for shortening necessary breath-hold durations and/or 
enabling increased signal averaging per unit time. Increasing the number of achievable signal averages per unit time is expected to improve image 
quality of either static breath-hold or multi-breath 19F MRI. Spiral non-Cartesian imaging trajectories sample k-space more efficiently than Cartesian 
sequences, reducing overall scan durations7. Furthermore, so-called ‘spiral-out’ trajectories sample the centre of k-space immediately before sampling 
higher spatial frequencies. Thus, these sequences are well-suited for ultra-short echo time (UTE) acquisitions, which will assist in mitigating the short 
T2* of fluorinated gases.  

The purpose of this preliminary work was to explore the feasibility of a 3D stack-of-spirals (3D-SoS) sequence for ventilation imaging using 
19F MRI in-vivo and assess image quality and SNR compared to a conventional 3D gradient recalled echo (3D-GRE) sequence.    
Methods: One participant (female, age=48 years) with no history of lung disease was recruited and imaged in accordance with institutional ethics and 
Health Canada approval. Imaging was performed on a clinical 3T system (Siemens Prismafit, Erlangen, Germany) with a 19F rigid elliptical birdcage 
transmitter and 8-channel receive array (Rapid Biomedical, Rimpar, Germany). The participant was instructed to take 5 breaths from a 5 L reservoir of 
gas (21% O2/79% PFP) (AirGas, Radnor, PA) to saturate the lungs with the gas mixture, then inhale to total lung capacity and hold their breath for the 
duration of the imaging sequence. A 3D-GRE acquisition guided by previous literature was implemented8,9 with the following imaging parameters: 
FOV=360×480×260 mm2, acquisition matrix=36×48×26, TE=1.67 ms, TR=8.7 ms, BW=24 kHz, Navg=3, and scan duration=17 sec. A second 
administration of gas was performed and the participant was imaged with a custom 3D-SoS sequence adapted for 19F imaging7,10. The imaging 
parameters were: FOV=480×480×260 mm2, Cartesian equivalent matrix=48×48×26, Nspiral=10, Readout time= 1.86 ms, BW=100 kHz, Navg=8, scan 
duration=18 sec. Both sequences used an 800 μs hard pulse and flip angle=45⁰ for excitation. All images were reconstructed to an isotropic resolution 
of 5×5×5 mm3. A 40×40 mm2 ROI was used to measure mean signal in a central slice of each dataset, with an identically sized ROI used to measure 
background noise. SNR was calculated as mean signal divided by standard deviation of background noise. 
Results: Figure 1 shows images acquired with both the 3D-GRE and 3D-SoS sequences. Qualitative improvements to SNR and overall image quality 
were observed in the 3D-SoS images compared to the 3D-GRE images. The SNR for the 3D-GRE and 3D-SoS image datasets were 19.4 and 27.8, 
respectively. The SNR improvement associated with spiral imaging was ~44% for this participant. 
Discussion: In this preliminary work, the feasibility of rapid spiral imaging k-space acquisition is demonstrated for improvement of 19F MRI image 
quality of the human lung in a breath-hold. The scan time reduction afforded by the efficient coverage of k-space allowed for increased signal averaging 
with a breath-hold duration that was nearly equivalent to the 3D-GRE acquisition. Alternatively, the efficiency of this acquisition may be used to reduce 
necessary breath-hold durations or improve achievable spatial resolution per unit time, but these require further exploration in-vivo.  
 This 3D-SoS sequence may also yield additional benefits to image quality in future. Spiral-out trajectories are readily amenable to shortened 
or ultra-short echo times. Reducing the 3D-SoS TE from that performed in this work should be reasonably achievable, helping to mitigate signal losses 
associated with the short T2* of PFP (~2 ms at 3T)1,11.  Furthermore, non-Cartesian acquisitions lend themselves well to incoherent undersampling and 
reconstruction with compressed sensing8 and parallel imaging12 techniques to further accelerate imaging. This will be especially important for pediatric 
subjects who may be unable to tolerate lengthy breath-holds, or in dynamic multi-breath or extended free-breathing experiments to probe the kinetics 
of gas washin and washout. 
Conclusion: 3D-SoS imaging of inert fluorinated gases is feasible in-vivo, enabling increased signal averaging in the same scan duration, thereby 
improving image quality and SNR. 
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 Figure 1: Images acquired in the coronal plane at 10 mm intervals for the 3D-GRE and 3D-SoS sequences. 
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Workshop Evaluation Form 
 

*Please fill out the following survey and return it to the front desk. Thank you! 
 

On a scale of 1 to 5 (1 being the worst and 5 being the best) how would you rate the following? 
 
 
Organization of the conference:  
 
1   2   3   4   5  Comments: 
 
Organization and usefulness of the program book: 
 
1   2   3   4   5  Comments: 
 
Did you find the speakers well prepared and engaging? 
  
1   2   3   4   5  Comments: 
 
Did you find the topics covered by the talks to be relevant and interesting? 
 
1   2   3   4   5  Comments: 
 
Were there any speakers/topics that were not featured but that you wish had been included? If yes, please 
list. 
 
Yes No  Comments: 
 
Did you feel that speakers were allotted an appropriate amount of time for their presentations?  
 
Yes No  Comments: 
 
Did you feel that there were enough opportunities for discussion sessions? 
 
Yes No  Comments: 
 
What did you find to be the most beneficial aspect of the conference? 
 
Comments: 
 
What did you find to be the least beneficial aspect of the conference, and how do you think this aspect could 
be improved? 
 
Comments:  
 
Do you have any overall comments, feedback, or suggestions? 
 
Comments: 
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