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Abstract

Chronic obstructive pulmonary disease (COPD) is a leading cause of morbidity and
mortality affecting at least 600 million people worldwide. The most widely used clinical
measurements of lung function such as spirometry and plethysmography are generally
accepted for diagnosis and monitoring of the disease. However, these tests provide only
global measures of lung function and they are insensitive to early disease changes.
Imaging tools that are currently available have the potential to provide regional
information about lung structure and function but at present are mainly used for
qualitative assessment of disease and disease progression. In this thesis, we focused on
the application of quantitative measurements of lung structure derived from *H magnetic
resonance imaging (MRI) and high resolution computed tomography (CT) in subjects
diagnosed with COPD by a physician. Our results showed that significant and
moderately strong relationship exists between *H signal intensity (SI) and *He apparent
diffusion coefficient (ADC), as well as between 'H SI and CT measurements of
emphysema. This suggests that these imaging methods may be quantifying the same
tissue changes in COPD, and that pulmonary *H SI may be used effectively to monitor
emphysema as a complement to CT and noble gas MRI. Additionally, our results showed
that objective multi-threshold analysis of CT images for emphysema scoring that takes
into account the frequency distribution of each Hounsfield unit (HU) threshold was
effective in correctly classifying the patient into COPD and healthy subgroups. Finally,
we found a significant correlation between whole lung average subjective and objective
emphysema scores with high inter-observer agreement. It is concluded that *H MRI and
high resolution CT can be used to quantitatively evaluate lung tissue alterations in COPD
subjects.

Keywords:
'H Magnetic Resonance Imaging, Computed Tomography, Chronic Obstructive
Pulmonary Disease, Pulmonary Emphysema, Hyperpolarized *He, Apparent Diffusion

Coefficient, Principal Component Analysis



Co-Authorship

The following thesis contains three manuscripts. One manuscript was published as a
peer-reviewed manuscript in a scientific journal and two manuscripts were submitted for
publication. Chapter 2 is an original manuscript entitled “Quantitative H and
Hyperpolarized *He Magnetic Resonance Imaging: Comparison in Chronic Obstructive
Pulmonary Disease and Healthy Never-Smokers”, and was published in the European
Journal of Radiology in May 2012. The manuscript was coauthored by Amir Owrangi,
Jian Wang, Andrew Wheatley, David G. McCormack and Grace Parraga. Amir Owrangi
designed and conducted the experiments, analyzed the data, and wrote the manuscript.
Dr. Jian Wang and Dr. David G. McCormack, provided technical and clinical expertise
and aided in interpretation of the results. Hyperpolarization of *He was performed by
Andrew Wheatley. He also provided assistance with software design and writing. Dr.
Grace Parraga, as the principal author’s supervisor helped lead the study design, helped
to determine the project objectives, provided mentorship, consulted on interpretation of
the results, provided editorial assistance and overall guidance.

Chapter 3 is an original manuscript co-authored by Amir Owrangi, Lauren Villemaire,
Andrew Wheatley, Roya Etemad-Rezai, lan Cunningham, David G. McCormack and
Grace Parraga. This manuscript, entitled “Quantification of Emphysema using x-ray
Computed Tomography Histogram Analysis” is in preparation for submission to the
journal of Investigative Radiology. Amir Owrangi contributed to study design, study
subject visits, performed data analysis and statistical analysis, led interpretation of the
results and wrote the manuscript. Lauren Villemaire provided assistance with data and
statistical analyses. Dr. lan Cunningham, Dr. David G. McCormack, Dr. Roya Etemad-

Rezai provided technical and clinical expertise and aided in interpretation of the results.

iv



Hyperpolarization of *He was performed by Andrew Wheatley. He also provided
assistance with software design and writing. Dr. Grace Parraga, as the principal author’s
supervisor helped lead the study design, helped to determine the project objectives,
provided mentorship, consulted on interpretation of the results, provided editorial
assistance and overall guidance.

Chapter 4 is an original manuscript entitled “Subjective Evaluation of Emphysema:
Reproducibility and Comparison with Objective Quantification” and is in preparation for
submission to the journal of Academic Radiology. The manuscript was co-authored by
Amir Owrangi, Lauren Villemaire, Brandon Entwistle, Andrew Lu, Jack Chiu, Nabil
Hussain, Roya Etemad-Rezai, David G. McCormack and Grace Parraga. Amir Owrangi
contributed to study design, study subject visits, subjective scoring of emphysema,
performed data analysis and statistical analysis, led interpretation of the results and wrote
the manuscript. Lauren Villemaire provided assistance with subjective scoring of
emphysema, data and statistical analyses. Dr. David G. McCormack, Dr. Roya Etemad-
Rezai provided technical and clinical expertise and aided in interpretation of the results.
Dr. Roya Etemad-Rezai, Dr. Brandon Entwistle, Dr. Andrew Lu, Dr. Jack Chiu and Dr.
Nabil Hussain provide assistance in subjective scoring of emphysema. Hyperpolarization
of *He was performed by Andrew Wheatley. He also provided assistance with software
design and writing. Dr. Grace Parraga, as the principal author’s supervisor helped led the
study design, helped to determine the project objectives, provided mentorship, consulted
on interpretation of the results, provided editorial assistance and overall guidance.
Appendix A is an original manuscript entitled “Pulmonary Tumour Measurements from

X-Ray Computed Tomography in One- Two- and Three-dimensions” and was published



in Academic Radiology in November 2011. The manuscript was co-authored by Lauren
Villemaire, Amir Owrangi, Laura Wilson, Elaine O’Riordan, Roya Etemad-Rezai, Harry
Keller, Brandon Driscoll, Glen Bauman, Aaron Fenster and Grace Parraga. Amir
Owrangi and Lauren Villemaire contributed equally to study design, tumour
measurement, performed data analysis and statistical analysis, led interpretation of the
results and wrote the manuscript. Laura Wilson provided assistance with measurement of
tumours, data and statistical analyses. Dr. Glen Bauman, Dr. Elaine O’Riordan, Dr. Roya
Etemad-Rezai, Dr. Aaron Fenster and Dr. Harald Keller provided technical and clinical
expertise and aided in interpretation of the results. Brandon Driscoll performed the
phantom tumour measurements and provided assistance with phantom scanning. Dr.
Grace Parraga, as the principal author’s supervisor helped led the study design, helped to
determine the project objectives, provided mentorship, consulted on interpretation of the
results, provided editorial assistance and overall guidance.

Appendix B is an original manuscript entitled “Three-dimensional lung tumor
segmentation from x-ray computed tomography using sparse field active models” and
was published in Medical Physics in February 2012. The manuscript was co-authored
by, Joseph Awad, Amir Owrangi, Lauren Villemaire, Elaine O’Riordan, Grace Parraga
and Aaron Fenster. Joseph Awad contributed to study design, performed data analysis
and statistical analysis, led interpretation of the results and wrote the manuscript. Amir
Owrangi and Lauren Villemaire provided assistance with measurement of tumours,
performed data analysis and statistical analysis. Dr. Grace Parraga provided technical
and clinical expertise and aided in interpretation of the results. Dr. Aaron Fenster, as the

principal author’s supervisor helped led the study design, helped to determine the project

Vi



objectives, provided mentorship, consulted on interpretation of the results, provided
editorial assistance and overall guidance.

Appendix C is an editorial entitled “Chest MRI in children: why bother?” and was
published in Respirology in January 2012. The manuscript was co-authored Amir
Owrangi and Grace Parraga. Amir Owrangi wrote the manuscript. Dr. Grace Parraga, as
the principal author’s supervisor helped led the helped to determine the manuscript
objectives, provided mentorship, provided editorial assistance and overall guidance.
Pulmonary function tests were performed by Sandra Halko and Shayna McKay and MRI

data acquisition was performed by Trevor Szekeres.

vii



To my family

viii



Acknowledgements

First, I would like to take a moment and thank my supervisor, Dr. Grace Parraga for
giving me the opportunity to be part of her research group, for her guidance, enthusiasm,
and everlasting support. She was not only a great supervisor to me, but also a good
mentor who inspires and challenges me, and shares her research insight and passion
throughout this research project. | owe her many thanks for her constructive criticism

during my time in her lab.

I would also like to thank the members of my advisory committee: Dr. Aaron Fenster, Dr.
lan Cunningham and Dr. David McCormack for their invaluable guidance and support.
Their insightful suggestions and advice provided me with new thoughts and directions for

my project.

I would also like to thank the staff of the Parraga lab: Andrew Wheatley, Trevor
Szekeres, Shayna McKay and Sandra Halko. To Andrew Wheatley, who is always
helping me with computer related issues and software installation. | really enjoyed sitting
near you during my thesis writing period. To Sandra Halko, who answers many of my
questions about pulmonary function tests and helps in collecting such a wonderful data
set. To Shayna McKay, who collects all the clinical information of all subjects in one
Access datasheet. Whenever | asked you a question your thoughtful answers were always
helpful. Many thanks to Trevor Szekeres, for performing fast and efficient MRI scans.

You’ve been very helpful in answering all of my questions.

To my lab-mates, for your friendship and support. I am very thankful for the friendships

that | have made with all of you and | hope we can keep in touch in the future. 1 would



like to thank Miranda for helping me with my stats questions and spending time to
discuss the physiological aspects of my project. To Lindsay, for being a good friend and
shedding some light into some aspects of my project. To Steve for a lot of physics and
imaging related discussions that we had. Dan, we had lots of stat related discussion which
helped me a lot through the statistical analysis of my projects. Lauren, we started working
together during you undergrad fourth year project and | always enjoyed working with
you. | wish our collaboration can continue for future projects. Sarah, you have been a
great teammate both in the lab and in the soccer field. Nikhil, you have been a good
friend to me and | always enjoyed chatting with you. Many thanks to Laura Wilson and

Hassan Ahmed for many memorable times that we had together.

A very special thank to my wife, Samaneh, for your true love, patience and support. |

would also thank my family for all of their support and encouragement through my PhD.

Finally, I am thankful for the financial support I received during my graduate studies,
particularly the Queen Elizabeth 1l Graduate Scholarship in Science and Technology and

the Schulich Graduate Scholarship.



Table of contents

Certificate Of EXaMINGION ......cc.oiviiiiiiiiii e I
ADSTFACT ... e ii
(@0 N 110 0] 6] 0T o TP RRP PP iv
ACKNOWIEAGEMENTS ...ttt sb e re e nee e IX
TabIE OF CONTENTS ... Xi
LISt OF APPENAICES ...ttt bttt sbe e snee e Xiv
LISt OF TADIES ... bbb XV
LISE OF FIQUIES ..ttt sttt ettt et r e bt nne et XVi
List OF ADDIEVIALIONS ......c.oiiiiiiiici s Xviii
CHAPTER 1: INtrOAUCTION ......coiiiiciiiee et 1
1.1 Overview and MOTIVALION ..........ccoiiiiiiiiii e 1
1.2 Lung Structure and FUNCLION .........c.ooviiiiiiiiiiesere et 2
I R O o [1Tox (] T [0 L= TSRS 3
1.2.2 RESPITALONY ZONE ..ottt b bbbttt n e 4

1.3 Chronic Obstructive Pulmonary DiSease (COPD)........cccciveieieeiieie s s sre e 5
1.3.1 SMall ATTWAYS DISBASE .....c.veveeenreiieiieiieieste sttt 7
1.3.2 Parenchymal DeStIUCTION .........cveiiiicic ettt ra e nre s 8

1.4 Evaluation of COPD in CHNICal PraCtiCe............cccurieiriiiiiiiiiisieisreiseeseesesie s 10
1.4.1 PUIMONAry FUNCHION TESES .....oviieieiiiiiitisie sttt 10
1.4.2 Measurements Of DYSPNEA.......cc.civcviiiiieieiteee e ste et s re e sre e ere e 13
1.4.4 Fractional exhaled nitric 0Xide (FENO).........cccoiiiiiiiiiiiiie e 15
1.4.5 Bronchial alveolar 1avage (BAL) .......cccoovoiiiicc e 15

1.5 1MAGING the LUNG ....eiieiiiiieiiiiete ettt bbb 16
TN O 1T B - TSRO 16
1.5.2 X-ray Computed TOMOGIrapNY ......cccoveiiiiiriiiierieiieeeiee st 18
1.5.3 Nuclear Medicing MEthOUS. .........c.ooiiiiriiiieice e 21
1.5.4 Magnetic ReSoNance IMaging.......cccceiiiiieiiiecie e se e sre et re e 25

1.6 Imaging of Pulmonary EMpPRYSEMA...........ccouiiiiiiiiiieiese e 31
LU0 XTAY CT ettt b bt b e b et R n e b e b e nr e re e nar e naneenns 31

Xi



1.6.2 'H and Hyperpolarized He MR .........c.cc.oviveeireireeeseeeessssesses s, 33
1.7 Thesis Hypothesis and ODJECLIVES .........c.cvviieiiiicce e e 36
RS J ] =] (= 0ot 38

CHAPTER 2: Quantitative *H and Hyperpolarized *He Magnetic Resonance
Imaging: Comparison in Chronic Obstructive Pulmonary Disease and Healthy

NEVEE-SIMOKETS ...ttt bbbt bbb 53
2.1 INEFOAUCTION ...ttt ettt 53
2.2 Materials and IMELNOGS. .........ccveviieieii e 55

2.2.1 SEUAY SUDJECES.....eiiveeiie ittt ettt e te s te e e ste e s e besraesaesteanaenre s 55
2.2.2 Spirometry and PlethySmographny ..........cccccoioeieiiiiie s 56
2.2.3 IMAQgE ACUISTTION .. ..uviiiiiieiie ittt re st ste e e be s ba e sresteeneesre s 57
2.2.4 IMAGE ANAIYSIS. .. .eiviciieiie ettt st ettt st e e nte e be e nr e e naenre s 60
2.2.5 STatiStiCAl ANAIYSIS.......cciiiieeiie s 62
2.3 RESUITS ... 63
2.4 DISCUSSION ...tttk b bt h bbbt bbbt e e e e bt bt e bbb ner e ene s 65
2.5 RETEIBICES. ...ttt 72

CHAPTER 3: Computed Tomography Density Histogram Analysis to Evaluate

Pulmonary Emphysema in EX-SMOKEIS.........c.ccooiiiiiiiiiie s 77
3.1 INTRODUGCTION .ttt bbbttt et e b e b e e sae e sane e e 77
3.2 MATERIALS AND METHODS.......ooi ittt s 80

3.2.1 STUAY SUDJECES. ...ttt e 80
3.2.2 Spirometry and PlethySmOgraphy .........c.coeieiioieiiee s 80
3.2.3 IMAQgE ACGUISTTION ..ottt 82
3.2.4 Density Histogram Principal Component Analysis Score (DyPcS).....coovvvvvvviicicnnnnne 83
3.2.5 CT Density Histogram Thresh-hold Measurements ...........cccocvvvvevevvevevesiese e 85
3.2.6 Expert Observer Emphysema QuantifiCation.............ccocooerereriiniininseseseeeeeee 85
3.2.7 StatiStICAl ANAIYSIS......ecieiiiiieciece ettt re et et re e nae s 86
LB RESULTS .ttt bbbt e bt e b e e b bt e it e et e e be e ebe e sbe e sne e nne e 87
B4 DISCUSSION ..ottt 90
3.5 RETEIEINCES. ...t bbbttt 96

CHAPTER 4: Semi-automated Scoring of Pulmonary Emphysema from x-ray CT:

Trainee Reproducibility and ACCUFACY.........cccciveieeiieiieie e sie et 101
4.1 INTRODUCTION ...ttt bbbt bbb bbb be e 101
4.2 METHODS ...ttt b sb e e he e st e e bt be e sbeenbeesbeesenas 105



£.2.1 SHUAY SUDJECES........eeeeveeceeeeeeeeeeeeeeeeeseeeeeeseeeeeeeseeeeseeeeeeeeeeseeseeseee e sseeees 105

4.2.2 Spirometry and PlethySmOgraphy ........ccccceiiiiiiiiiece e 105
4.2.3 IMAge ACUISTEION ......eviiiiiieiiiisie et 105
4.2.4 Emphysema QUantifiCation..........c.cccoviiiiiii i 107
4.2.5 Semi-automated EMPRYSemMa SCOMNG ........coveiiiriiiiiieeeeecee e 109
4.2.6 SEAtISICA] ANAIYSIS. ... e 110

A3 RESULTS L.ttt bbbttt b e et b e bt e bbbt sbesbe b e 111
4.3.1 SUbjeCct DEMOGIAPNICS ......cveiiiiiiiiiiesi et 111
4.3.2 TTAINEE ACCUIACY ..evveveeteetecteeitesteattestesteestestease e besseessesteaseesbesseestesteassestesseeseesraeseesrens 111
4.3.3 Trainee ReproduCibility ........ccccoviiiiiiiiice e 113

4.4 DISCUSSION ..ottt sttt bbbt bt et b e b e sbe et e e st sbeene e b e 114
4.5 RETEIBICES. ...ttt b bbbt b bbbt e 120
CHAPTER 5: CONCLUSIONS AND FUTURE DIRECTIONS.........ccccoeiiiiennen. 124
5.1 OVEIVIEW and SUMIMAIY ......ccviiieiieitiiteeie e see e se e ste e ste e aestestaesaesteesaesresneestesneeneeseas 124
5.2 SUMMArY OF CONCIUSIONS ......c.viiiiiiiie et 129
5.2 Limitation of Current Tools and SOIULIONS ...........ccoeiiiiiiiiiiice e 130
5.3 FULUIE DIFBCLIONS ...ttt bbb 134
5.4 CONCIUSTON ...ttt b e 136
5.5 RETEIBINCES. ...t 137

F N o] 0 1=] o o [ Tod =L PSPPSR 142

Xiii



List of Appendices

Appendix — A: Pulmonary Tumour Measurements from X-Ray Computed Tomography
in One- TWo- and Three-diMeNSIONS .........ccoiiiiirieie e 143

Appendix — B: Three-dimensional lung tumor segmentation from x-ray computed

tomography using sparse field active Models..........cccocvveiiiii e 144
Appendix — C: Chest MRI in Children: Why Bother?...........ccoovviveveiienicce e 145
Appendix — D: Permissions for Reproduction of Scientific Articles............ccccccvvvennne. 146
Appendix — E: Health Science Research Ethics Board Approval Notices ..................... 149
AppendixX — F: CUITICUIUM VITAE ......oiviiieiiesee e 151

Xiv



List of Tables

Chapter 1

Table 1.1 COPD classification based 0N SPIFOMELrY .........cccovieieiieiiniesie e 7
Chapter 2

Table 2.1 Subject DeMOQGIaPNICS ......cviiiiiiiieeie ettt sae e 56
Table 2.2 MRI and CT MEASUIEMENES ........ccueveeriieieiiesieeie ettt see e 66
Chapter 3

Table 3.1: Subject Demographics and Emphysema measurements............cocceveverveneennnnn. 83
Table 3.2: Pearson correlation COffiCIENtS..........ccoiiiiiiiiiie e, 87
Table 3.3: Significant differences between Pearson correlation (PC) coefficients for
DHPCS and other emphysema mMeasUreMENTS.........cccueiiiirieriereere e 93
Chapter 4

Table 4.1. Subject DemMOGraphiCs ........cccviiieiieeieese e 110
Table 4.2. Trainee-Expert Observer COMPAriSONS ........cccceiverereereeriesieseesieseeseeseennes 112
Table 4.3. Inter- and Intra-observer Reproducibility for Trainees.........cccccceevvvvvvernenne 115
Table 4.4. Trainee Rank for Accuracy and PreCiSion ..........ccocvveeveevesiieseene e 116

XV



List of Figures

Chapter 1

Figure 1.1: Human airway tree by generation ............coccoveeeneeniniinseenesiee e 4
Figure 1.2: LUNQ FUNCHION ...o.viiieieiee e e 5
Figure 1.3: Healthy and emphysematous alveoli............ccooeiiiiniiiii e 9
Figure 1.4: Pulmonary fuNCtion tESTING ........cooveieiieiiiie e 12
Figure 1.5: Chest x-ray of healthy volunteer and COPD Subject ...........cccccevvniniininnnn, 17
Figure 1.6: X-ray CT of healthy and emphysematous 1ungs ............ccccovoeviniennniininnnnns 20
Figure 1.7: PET/CT image of healthy volunteer and subject with lung cancer ................ 24
Figure 1.8: Conventional *H MRI of healthy and emphysematous Iungs......................... 27
Figure 1.9: Hyperpolarized *He MRI of a healthy volunteer and subjects with different
TUNQ QISBASES ...ttt ettt b ettt s e b e bt e st e et e nbeenbesbeebeeneenreas 29
Figure 1.10: Pulmonary hyperpolarized *He ADC of a healthy volunteer and a subject
WITH COPD . ...ttt ettt st et b et e st e se b et et eneere s enearens 35
Chapter 2

Figure 2.1: *H and *He MR for a healthy never-smoker and GOLD stage Il and 111
COPD . .ttt bbbt R bt ettt neabe e neans 58
Figure 2.2: Mean *H Sl anatomical differences in the anterior-to-posterior (AP) ROL.... 60
Figure 2.3: Mean ‘H Sl anatomical differences in the apex-to-base (AB) ROL. ............. 61
Figure 2.4: Relationship between *H Sl, *He ADC and pulmonary function
IMASUIEIMIEINTS. ... teteeeete ettt ettt et h e e e bt e e e kb e e e bbb e e bb e e e bn e e e be e e e nneeeanns 65
Figure 2.5: Relationship between *H Sl and *He ADC. .......ovovveveeeeeeeeeeeeeeeeeeeeeeeeeene. 67
Figure 2.6: Relationship between *H SI and *He ADC with CT tissue attenuation
IMASUIEIMIEINTS. ...ttt ettt et e hb e e b e e bbb e e bb e e e bb e e e bn e e e bn e e anneeeanes 69
Chapter 3

Figure 3.1: Schematic Representation of Method...........cccoocviieiieiicic s 80
Figure 3.2: Coronal center slice *He ADC maps, CT images and Relative area (RA)
Masks FOr HU threShOIdS. .........ccooiiiiiiiiiiiee e 81
Figure 3.3: Whole lung and regional DyPcS for AE and COPD subjects.........ccccccevnee. 89

XVi



Figure 3.4: Significant Correlations for whole lung DyPcS and emphysema

IMASUIEIMIEINTS ...ttt ettt ettt et h e e e bt e ekt e e e bb e e e bb e e e bn e e e br e e annneeanes 92
Chapter 4

Figure 4.1. CT emphysema scoring Graphic User Interface. .........cccooovvviniinieiennnnnn, 102
Figure 4.2. Axial center slice CT images for Representative AE and GOLD stage Il and
IV COPD SUBJECLS. ...ttt ettt 104
Figure 4.3. Mean emphysema scores and Bland-Altman analysis for all observers. .... 107

Figure 4.4. Relationship between Emphysema scores of Trainees with Expert, CT
denSItOMELIY ANU DLCO. .ovveiiieiii it re e e saeeanee s 108

Figure 4.5. Relationship of Emphysema Score and Intra- and Inter-observer Coefficients
OF Variation (COV) ..ottt bbbttt st nbe e nreas 118

XVii



List of Abbreviations

2D

3D

*He
99m-|—C
129Xe
ADC
ANOVA
ATS
AUC
BAL
BMI
BW
COPD
CT
cov
DyPcS
DLco
DWI
ERV
FDG
FEV.
FENO
FGRE
FOV
FRC
FvC
GEHC
GOLD
GUI
HIPAA
HRCT
HU

IC

ICC
LAC
MANOVA
MLD
mMRC
MRI
PCA
PET
PFT
PIPEDA
RA

Two-dimensional

Three-dimensional

Helium-3

Technetium-99m

Xenon-129

Apparent diffusion coefficient
Analysis of variance

American thoracic society

Area under the curve

Bronchoalveolar lavage

Body mass index

Bandwidth

Chronic obstructive lung disease
Computed tomography

Coefficient of variation

Density histogram principal component score (DHPCS)
Diffusing capacity of carbon monoxide
Diffusion-weighted imaging
Expiratory reserve volume
Fluorodeoxyglucose

Forced expiratory volume in one second
Fractional exhaled nitric oxide

Fast gradient recalled echo

Field of view

Functional residual capacity

Forced vital capacity

General electric health care

Global initiative for chronic obstructive lung disease
Graphical user interface

Health insurance portability and accountability act
High resolution computed tomography
Hounsfield units

Inspiratory capacity

Intraclass correlation coefficient

Low attenuation cluster analysis
Multivariate analysis of variance

Mean lung dose

Modified medical research council
Magnetic resonance imaging

Principal component analysis

Positron emission tomography
Pulmonary function test

Personal information protection and electronic documents act

Relative area

XVilii



RF
RV
SGRQ
SNR
SPECT
SpO;
TCV
TE
TLC
TR
TV
VC
WHO
%pred

Radiofrequency

Residual volume

St. George’s respiratory questionnaire
Signal-to-noise ratio

Single photon emission computed tomography
Oxygen saturation on pulse oximetry
Thoracic cavity volume

Echo time

Total lung capacity

Repetition time

Tidal volume

Vital capacity

World health organization

Percent of predicted value

XiX



CHAPTER 1: Introduction

1.1 Overview and Motivation

Chronic Obstructive Pulmonary Disease (COPD) is currently the fourth leading cause of
death worldwide." Its prevalence and mortality rates continue to rise and COPD projected
is to be the third leading cause of death by 2020.2 In Canada, this disease affects at least
one million people® and is directly responsible for over 10,000 deaths and 100,000
hospitalizations annually, costing over $5 billion per year in estimated direct and indirect
costs.** The worldwide Burden of Obstructive Lung Disease (BOLD) study recently
reported that 10% of the world’s adults 40 years and older have clinically relevant
COPD.>® COPD is characterized by persistent airflow limitation in which small airways
disease and parenchymal destruction, or emphysema, are the most important underlying
mechanisms.” The future morbidity and mortality of COPD patients can be reduced by
early detection of the disease and the rate of its progression can be decelerated through

smoking cessation.®®

Pulmonary function tests (PFT) widely used in respiratory clinics, such as spirometry,
provide established measurements of lung function that are widely accepted for the

diagnosis and monitoring of COPD;'**

however, these tests are insensitive to early
disease changes, progression of the disease and response to treatments.***? Moreover,
these tests provide only global measures of lung function and no regional information
about the anatomical structure of the lung can be acquired. Imaging tools that are
currently available have the potential to provide regional information about lung structure

and function and can be utilized as a sensitive tool for detecting and monitoring small

structural changes in the lung. High-resolution x-ray computer tomography (CT)



provides regional anatomical information and can be used to evaluate COPD

13-15 16,17

abnormalities in the airways, regional evaluation of gas trapping and

18-24

quantification of lung tissue structure alterations. Conventional proton magnetic

resonance imaging (*H MRI) is also readily available in most clinical care centers and

25,26 27-29

can be used for qualitative” and quantitative evaluations of lung structure.

This thesis focuses on the application of quantitative measurements of lung structure
derived from *H MRI and high resolution CT in subjects with a smoking history of at
least 10 pack-years to differentiate between normal lung and emphysematous lung. In
order to test the capability of differentiating between emphysematous and healthy lungs,
'H MRI were acquired using the short echo time (TE) pulse sequence and novel objective
and subjective quantification tools and techniques were developed to evaluate lung CT
images. Chapter 1 provides a foundation for understanding the lung structure and
function in healthy and COPD subjects. This chapter addresses the literature related to
the basics of COPD physiology, diagnosis and treatment options as well as reviewing the
subjective and objective methods for quantification of pulmonary emphysema. Finally,
an overview of the hypothesis and objective of this thesis related to quantification of

pulmonary emphysema using *H MRI and CT is described.

1.2 Lung Structure and Function

The respiratory system is responsible for gas exchange and its main task is to allow
oxygen to move from air into the blood and allow carbon dioxide to move out from blood
into the air. Failure of the respiratory system can cause rapid cell death due to oxygen
starvation.*® The respiratory system is separated into two main divisions: the conducting

zone and respiratory zone.



1.2.1 Conducting zone

Airways in the conducting zone start from the trachea and continue down to terminal
bronchioles, which are the smallest airways without alveoli (Figure 1.1). The trachea
divides into a pair of primary bronchi where each left and right bronchus supplies air to
each lung. Within the lung and up to the 11™ generation, each bronchus repeatedly
divides into smaller bronchi.®* The smallest bronchi divide into the first bronchioles in
the 12" generation and, while they continue to branch, their diameters continue to
decrease.®* Conducting bronchioles start from the 12" generation and continue to the 16"
generation.®? Distal to the 16™ generation, conducting bronchioles turn into respiratory

bronchioles where alveoli start to appear in the walls of the airways.*

The main responsibility of the conducting airways is to carry air to and from the
respiratory zones. Since there are no alveoli in the conducting zone, no gas exchange
occurs in this region and, therefore, this is called the anatomical dead space. However,
anatomical dead space takes up only 150 ml (3% of human lung volume) and the
respiratory zone takes up the rest of the lung volume, maximizing the gas exchange area

in the lung.®
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Figure 1.1: Human airway tree by generation

Image adapted from West JB, Respiratory Physiology Eighth Edition**. Conducting zone starts
from trachea (generation zero) and continue down to terminal bronchioles (16™ generation).
Respiratory zone starts from respiratory bronchioles (17" generation) and continue down to
alveolar sacs (23" generation).

1.2.2 Respiratory zone

The respiratory zone is the region of the lung where gas exchange takes place. This Zone
starts at the respiratory bronchioles (17" generation) and continues down to the alveolar
sacs (23“’ generation). As shown in Figure 1.2, alveoli are the sites for gas exchange in
the lung and they start to appear in the respiratory bronchioles wall. Their numbers
continue to increase as we move toward to the higher generation airways. On average,

the diameter of each alveolus is about 0.2mm, with an average volume of 4.2 x 10° pm?®.



It has been shown that there are about 170 alveoli per mm?® and an average human lung

contains 240 — 790 million alveoli.®*

Proper gas exchange is essential and needs to be performed continuously. Therefore, the
blood-gas interface plays an important role in this task. Gas-exchange between lung and
blood is carried out by transmembrane diffusion of oxygen and carbon dioxide. Fick’s
law of diffusion states that the amount of diffusion is proportional to the surface area of
the membrane and inversely proportional to the thickness of the surface.®®* The gas
exchange surface in the human lung is very thin and an average person has a total surface

area of 70 square meters,® which makes the lung an ideal place for gas exchange.
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Figure 1.2: Lung function

Air comes from nasal cavity and ultimately goes into alveoli. Alveoli are sites of O, and CO,
exchange with the blood. Diagram of alveoli adapted from an online source®®. Image of the gas
exchange across capillary and alveolus wall adapted from®’.

1.3 Chronic Obstructive Pulmonary Disease (COPD)
Chronic obstructive pulmonary disease (COPD) is characterized as a progressive airflow
limitation and is associated with the inflammatory process of the respiratory system

related to the introduction of noxious particles and gases.’®*® COPD is the world’s fourth
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leading cause of death and mortality and morbidity continue to increase.***° In Canada,
1.5 million people have been diagnosed with COPD,** which leads to thousands of
hospitalizations with a total cost of $1.5 billion a year.”” However, another 1.6 million

Canadians report having symptoms but have not been diagnosed with COPD.*

Introduction of noxious gases into the respiratory system can lead to a chain of reactions
that ultimately may result in the development of COPD. Noxious gas, in particular,
tobacco smoke, is responsible for chronic inflammatory response in the airways and lung
tissue, which leads to airflow limitation.*®*® Chronic inflammation is the main reason for
development of COPD that encompasses some pathological changes in different areas of
the respiratory system, including central airways, small airways, lung tissue and
pulmonary vasculature.®® However, small airway disease and lung tissue destruction are
the two main underlying mechanisms of airflow limitation” and will be discussed in more
detail in the next two sections. Inflammation in the central airways results in chronic
bronchitis, which is accompanied by excessive mucous production.®® Central airways
refer to cartilaginous airways with an internal diameter greater than 2 mm.*® Small
airway obstruction is the consequence of inflammation in noncartilaginous airways with
an internal diameter of less than 2 mm.*® Inflammation in lung parenchyma can result in
pulmonary emphysema, which is defined as an abnormal enlargement of the airspaces
distal to the terminal bronchioles.** Development of COPD, even in the early stages, can
lead to some changes in pulmonary vasculature, including vessel wall thickening and

endothelial dysfunction.®*

Chronic cough, shortness of breath and sputum production are the common symptoms of

COPD:;*® however, the diagnosis can be confirmed by measuring the airflow using



spirometry.*” Forced expiratory volume in one second (FEV:) and forced vital capacity
(FVC) are two main measurements that can be performed using spirometry. To confirm
the presence of COPD, the post-bronchodilator FEV1/FVC < 70% needs to be achieved.®
COPD can also be classified into four groups: mild, moderate, severe and very severe

(Table 1).

Table 1.1 COPD classification based on spirometry

COPD severity Post-bronchodilator FEV,/FVC FEV1% predicted

Mild <70% > 80%
Moderate <70% 50% - 80%
Severe <70% 30% - 50%
Very severe <70% < 30%

Table adapted from ATS/ERS Standards for the diagnosis and managements of patients
with COPD.*

1.3.1 Small Airways Disease

Smoking and inhalation of noxious particles and gases leads to the inflammatory process
in the lung,* which results in obstruction of small peripheral airways.***° Airways
smaller than 2 mm in diameter are the major site of airway obstruction in COPD.*>
Moreover, small peripheral airways including bronchioles, lack cartilage® and their

3852 Destruction of

structure is supported by lung parenchyma and alveolar structure.
alveolar walls that support small airway structures>® and contribute to elastic recoil of
lung parenchyma™ along with airway narrowing,> contribute to an increase in resistance

of small airways.



Direct evaluation of the inflammatory changes of the airways using biopsy and indirect
evaluation using bronchoalveolar lavage (BAL) have confirmed the inflammatory
response of the airways to noxious particles and gases especially cigarette smoke, even in

subjects with normal lung function.**>®

1.3.2 Parenchymal Destruction

Parenchymal destruction, or emphysema, has been defined as “abnormal permanent
enlargement of airspaces distal to terminal bronchioles, accompanied by destruction of
their walls without obvious fibrosis.”** As shown in Figure 1.3, enlargement of the
airspaces is mainly due to alveolar wall destruction and ultimately results in the reduction
of the gas exchange area in the lung. This will reduce the amount of gas that can diffuse
from alveoli to the blood stream and vice versa. Moreover, the chronic inflammation of
lung parenchyma can lead to destruction of the attachments between the respiratory
bronchioles and the surrounding tissue.”® Since bronchioles do not have cartilage in their
wall and the attachment between their wall and surrounding tissue helps keep them open,
any rupture or breakage in the alveolar wall or between these attachments can lead to

closure of the airways and can cause air trapping.”®



Figure 1.3: Healthy and emphysematous alveoli

Schematic of normal and emphysematous alveoli are shown in A and B. (A): Normal alveoli
with healthy walls, (B): Airway with thickened wall and emphysematous alveoli with destructed
walls and less gas tissue interface. Histological slice of a (C) healthy lung tissue and (D)
emphysematous lung tissue were adapted from Woods et al.”’ Magn Reson Med. 2006;
56(6):1293-300.

Pulmonary emphysema can be classified into two main types: panacinar emphysema and
centrilobular emphysema. Panacinar emphysema uniformly affects the entire respiratory
acinus and results from as-antitrypsin deficiency® and it predominantly affects the lower
lung regions.® On the other hand, centrilobular emphysema refers to airspace wall

destruction in the center of the lobul,**®° which is primarily associated with smoking®*



and occurs more frequently in the upper lung region when it is in its mild stage®.
Noxious particles and gases contribute to the inflammatory process in the lung that was
mediated by immunological cells such as alveolar macrophages, T lymphocytes and
neutrophils.* 3% Proteolytic enzymes that have been released by these immune cells

result in destruction of the alveolar walls and enlargement of the airspaces.®?

1.4 Evaluation of COPD in Clinical Practice

1.4.1 Pulmonary Function Tests

Pulmonary function tests allow us to measure the static and dynamic lung volumes as
well as the lung’s capacity for transmembrane gas diffusion. Plethysmography can
measure and record the static lung volumes at predetermined points during the respiratory
maneuver (Figure 1.4). Total lung capacity (TLC) is defined as the volume of gas in the
lungs at full inflation and the amount of gas that remains in the lungs after full expiration
is called residual volume (RV).** Functional residual capacity (FRC) is the gas volume
remaining after a normal expiration of the lung. This is a volume where there is a
balance between the chest wall and lung elastic recoil.** Body plethysmographs measure
the FRC by applying Boyle’s Law while the subject is in a large airtight box. A shutter
present in a mouth piece can measure the pressure of the lung while the subject tries to
inhale at the end of a normal expiration. Boyle’s Law states that, at a constant
temperature, the product of volume and pressure is constant, and since the lung tries to
expand while the shutter is closed, by measuring the lung pressure at the shutter we can
calculate the lung volume at the end of normal expiration.** Tidal volume (V+) is also
defined as the volume of the gas that goes in and out of the lung while the subject

breathes normally and no extra effort is applied during the respiratory phases. The total
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amount of gas that can be inhaled after a normal expiration is called inspiratory capacity
(I1C) and the total amount of gas that someone can exhale after a full inspiration is called

vital capacity (VC).

Dynamic lung volumes can be assessed by measuring the amount of gas that someone
can forcefully exhale using spirometry (Figure 1.4). The breathing maneuver for
spirometry starts from inhalation of air up to TLC followed by forceful exhalation to RV.
The volume of gas that is exhaled in the first second of exhalation is called forced
expiratory volume in one second (FEV1) and the total volume of gas that is exhaled from
the lung is called forced vital capacity (FVC). The ratio of FEV; over FVC is accepted as
a criterion for diagnosis of COPD.®**" In a healthy individual, this ratio is above 70% but
in obstructive diseases, such as COPD, air trapping and increased residual volume and
severe airflow obstruction cause reduction in FEV; and FVC. However, FEV; reduction
is greater than the decrease in FVC, which results in lower FEV1/FVC. Reductions in the
elastic recoil of the lung, along with increase in the airway resistance, are the main causes

of FEV; reduction in obstructive lung diseases.*®

11



Figure 1.4: Pulmonary function testing

(A) A whole body plethysmograph. Lung volumes shown in (B) were measured using
plethysmography. (C) A hand held spirometer. A sample airflow curve measured by spirometry is
shown in (D).

Measurements of diffusion capacity of the lung for carbon monoxide (DLco) enable the
evaluation of the lung’s capacity for transferring CO from airspaces into the pulmonary

capillaries. Many factors can influence the diffusion capacity of CO, including blood

volume, surface area of the gas exchange and hemoglobin concentration.®® In this test,
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subjects inhale a mixture of gases, including CO, a tracer gas, and a mixture of O, and N,
and hold their breath for about 10 seconds before exhaling into the mouth piece. The
concentration of CO is then measured from the exhaled gas after the volume of the gas in
the dead space has been discarded.®® The tracer gas, which is included in the gas mixture,
cannot be absorbed by blood and should be chemically and biologically inert.®® The
initial concentration of CO in the alveoli will not be the same as its concentration in the
mouth piece during the inhalation. This is because of its dilution with the remaining
gases in the alveoli. Since the tracer gas cannot be absorbed by blood, the concentration
of CO in the alveoli can be measured by calculating the difference between the

concentration of inhaled and exhaled tracer gas.®

1.4.2 Measurements of Dyspnea

Dyspnea, or breathlessness, is a subjective experience for individuals who complain of
uncomfortable breathing.””  Different questionnaires have been developed for
quantification of dyspnea, and a few of them will be discussed in the next paragraph. The
results of these questionnaires depend on how subjects can describe their feelings while
performing daily tasks. Another way of assessing dyspnea is through exercise tests
where subjects are asked to perform an exercise in a controlled fashion. These tests are
accompanied by a scaled questionnaire, such as BORG scale, for rating the dyspnea.®®
The Borg scale is a table with numerical values for evaluation of dyspnea that starts from

zero for no dyspnea or shortness of breath to 10 for maximum dyspnea.®

The modified medical research council (MMRC) dyspnea scale was designed for
evaluating the level of dyspnea or shortness of breath. In this questionnaire that includes
five levels of breathlessness, subjects are supposed to choose a section that best describes
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their shortness of breath.”® St. George’s Respiratory Questionnaire (SGRQ), is a more
complete survey which was developed for subjects suffering from airflow limitation. The
survey aims to address three areas related to their disease, including symptoms, activities
related to breathlessness and daily life disturbances.”" This is a questionnaire that
includes 76 items that need to be filled by the subject, and takes about 10 minutes to

complete.”

The Six Minute Walk distance (6MWD) refers to an objective test that measures the
distance that a subject can walk in 6 min.” There is a relationship between the ability of
the subjects to perform this test and quality of their life.”® It has been shown that 6MWD
can also predict the risk of hospitalization in subjects with COPD.”* The rate of dyspnea
and overall fatigue should be measured at baseline and after the 6MWD test using the

Borg dyspnea scale.”

The BODE index is used to help predict the mortality of COPD, with higher scores
related to higher risk of death after diagnosis. It includes: body-mass index (BMI), the
degree of airflow obstruction and dyspnea, and exercise capacity.”” The degree of
airflow limitation will be determined using FEV; % predicted, dyspnea will be assessed
using mMMRC dyspnea scale and exercise capacity will be evaluated using 6MWD. BMI
in the BODE index has the score of 0 or 1 and the other three sections have scores

ranging from 0 to 3. The sum of all four categories will range from 0 to 10.
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1.4.4 Fractional exhaled nitric oxide (FENO)

Nitric oxide (NO) is produced by inflammatory cells in human lungs and presents in the
exhale breath. Chronic inflammation of the airways will increase the amount of NO,
which has been recognized as a biological mediator.”® The fractional exhaled nitric oxide
(FENO) is a quantitative and non invasive method for evaluation of airway
inflammation.”” In FENO, subjects are asked to exhale their breath into a device where
the NO molecules produce light during a chemical reaction. The number of photon
emitted during the reaction is proportional to the number of NO molecules present in the
exhale breath. However, measurement of exhaled NO may be affected by some factors
such as current smoking’® and needs to be considered in subjects with COPD. It has been
shown that there was a correlation between the changes in the amount of NO and the
number of neutrophils’ as well as association between the variability in measurement of
FENO and number of exacerbations in COPD subjects.” However, the application of
FENO in subjects with COPD is not established yet and its exact role needs to be

defined.”’

1.4.5 Bronchial alveolar lavage (BAL)

Inflammation of the respiratory system, especially airways, is one of the biomarkers of
COPD. Bronchial alveolar lavage (BAL) enables researchers to measure the
inflammatory response of the airways and provide a better understanding of the disease
and related treatments.’> The amount of inflammatory cells and proteins that are
contained in the pulmonary secretions can be measured using BAL.* While direct
visualization of the lumen of the airway is possible using flexible fibre-optic

bronchoscopy, it can also be used to collect samples from the airways.” For BAL, a

15



small amount of sterile saline is flushed into the desired airways and then drawn back.”
These samples that contain cells and proteins is sent to a laboratory for further analysis
under microscope.” Since this is an invasive method, it cannot be used for monitoring
the disease in short time intervals and it cannot be tolerated by patients with moderate to
severe COPD stages. Therefore, BAL studies are mainly limited to patients with mild to

moderate stages of COPD.%

Induced sputum is another way of evaluating airway inflammation. This a non-invasive
and inexpensive method that can applied on patients repeatedly with moderate to severe
COPD.%?  Induction of sputum can be performed by inhalation of hypertonic saline
followed by a cough of a sample of sputum for further analysis.” However, these tests

cannot provide any regional information about the affected areas of the lung.

1.5 Imaging the Lung

1.5.1 Chest x-ray

X-ray radiography is the most common and inexpensive type of imaging for the
evaluation of pulmonary structure. Image formation in x-ray radiography depends on the
contrast between materials that x-ray photons travel through. Image contrast is dependent
on the mass attenuation coefficient of the tissue which varies with photon energy, atomic
number and mass density of the absorbing material. Bony tissues in the body absorb
much of the x-rays and appear white on the x-ray images; therefore, sufficient effort is
needed to avoid their presence in the lung field-of-view (FOV) in chest radiography. For
example, one of these bony tissues that may appear in a chest radiograph is the scapula,
where subjects are coached to place their hand on the back of their hip and gently move
their shoulder forward in order to minimize its presence in the FOV during the anterior-
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posterior (AP) acquisition.2" In another example, when it is necessary to acquire a lateral

chest radiograph for sagittal evaluation of the lungs, subjects are asked to put their hands

on top of their head to minimize the presence the hand’s bones in the FOV.®

Figure 1.5: Chest x-ray of a COPD subject
X-ray radiograph chest images of 62 year-old male with severe COPD. (A) Coronal view, (B)
Sagittal view. Images adapted from Parraga et al.®? Invest Radiol. 2007; 42(6):384-91.

Lung linear attenuation coefficient is defined as p = (u/p) X p, where (u/p) is the mass
attenuation coefficient and p is the physical density of the absorbing material. Lung
linear attenuation is relatively low in comparison to its surrounding tissue, mainly
because it is filled with air, which has a very low physical density. The average radiation
dose associated with a normal chest x-ray is about 0.02 mSv,®® which is equivalent to the
background radiation dose in 2 days when considering an average background radiation
dose of 0.01 mSv/day®. This is a relatively small radiation dose, which adds to the other

advantages of this imaging modality such as its short acquisition time. However, despite
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these advantages, diagnostic information of respiratory diseases provided using chest
radiographs is restricted due to limited soft tissue contrast and superposition of bones,
tissues and air in the path of x-ray. Therefore, its application especially in COPD is more
prone toward the assessment of more advanced morphological changes in the lung.®
Figure 1.5 shows a flattened diaphragm and overall increase in the anterior-posterior

diameter of the chest in a patient with severe COPD.

In COPD and especially in emphysema, x-ray radiography can be used to assess some
classical features including hyperinflation and detection of bullae. In an AP view of a
chest x-ray, it has been shown that an increase in the diameter of the chest and flattening
of the diaphragm are correlated with the presence of COPD.®# Other features including a
reduction in pulmonary blood flow associated with emphysema® and airway thickening
in chronic bronchitis®” can be detected in x-ray radiography, but presence of
hyperinflation in subjects with COPD is the most useful feature for detection of

emphysema®.

1.5.2 X-ray Computed Tomography

The introduction of computed tomography (CT) in the 1970s as a novel imaging
technique has revolutionized the field of diagnostic imaging in medicine. Image
formation in CT is based on tomographic reconstruction of internal structure from
information acquired through multiple projections of an object.®® In each projection, a fan
beam of photons from a x-ray source is transmitted through a desired object and some of
those photons that have not been completely attenuated and penetrated through the object
can be received by arrays of multiple detectors.*® Following the acquisition of multiple
projections, a 2D cross-sectional image of the object can be displayed in a matrix and
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subsequently, multiple adjacent 2D slices can be reconstructed into a 3D volumetric
image of the object. In CT each pixel is labeled with a value that is determined by the
average linear attenuation coefficient of the corresponding region in the object. One of
the main advantages of CT over the other imaging modalities, is the ability to provide
images with standard pixel values in a unit called the Hounsfield unit (HU), which is
named after an inventor of computed tomography, Sir Godfrey Hounsfield.®® HU is a
scale used in CT to convert the linear attenuation coefficient measurements of an object
into a universal radio-density scale as shown in equation 1:

HU = B"hwater o« 1000 1)

Hwater

where px and Mwaer are the linear attenuation coefficients of object and water,
respectively. Standardized pixel values provide the opportunity for direct comparison of
pixel intensities of a same region that were acquired from different scanners with

different manufacturers.

The development and improvement of CT over the last four decades provides the
capability of volumetric imaging of lungs within a single breath-hold. Rapid image
acquisition with high spatial resolution makes this modality an ideal tool for assessment
of pulmonary structure, in particular when most pulmonary images are acquired in
breath-hold condition.®>  However, development of four-dimensional CT (4DCT)
provides the opportunity for acquiring images in free breathing style. 4DCT not only can
provide information about lung tissue structure, but also can provide the opportunity to
acquire ventilation maps for functional regional evaluation of the respiratory system
following the post processing of lung CT images that were acquired in different time-
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points of the breathing cycle.”>* These ventilation maps that have been generated after
post processing of dynamic CT images, have been validated against nuclear medicine

approaches, which is the standard method for regional evaluation of ventilation maps.”

Figure 1.6: X-ray CT of healthy and emphysematous lungs

Lower row displays the same images as upper row in a different window and level. Coronal
center slice CT images for a healthy volunteer (left panel), GOLD stage Il COPD subject
(middle panel) and GOLD stage IV COPD subject (right panel). Emphysematous regions are
indicated by arrows. Images A-C are displayed in the standard Lung window (=1500 HU) and
level (=-600 HU) and images D-F are the same images displayed in a deferent window (=280)
and level (=-850) to highlight the emphysematous regions that are pointed to with arrows in the
upper panel.

CT is an established imaging tool for detection and diagnosis of different lung diseases.
It can also be used for quantification and follow-up assessment of structural pulmonary

abnormalities as well as providing better understanding of pathological and clinical basis

20



of many lung diseases. In COPD studies, CT has a very important role for detecting and
quantifying different structural abnormalities that leads to airflow limitation. One of
these structural abnormalities is pulmonary emphysema, which CT plays an important
role in its quantification. Representative center slice CT images of lung for a healthy
volunteer and COPD stage Il and IV subjects are shown in Figure 1.6. Such CT images

are routinely used to qualitatively detect and evaluate pulmonary emphysema.

1.5.3 Nuclear Medicine Methods

In nuclear medicine, radioactive material(s) administered into body will be absorbed by
different organs.®® Regions with radionuclide uptake will become active sources that
emit gamma rays; however, information acquired from these regions depends on the
distribution of the radioactive nuclei in the organs. To guide and control the pathway of
the administered radionuclide, they are usually attached to molecules that most probably
will be absorbed by the organ that needs to be imaged. This will help to increase the
concentration of radionuclide in the organ of interest and reduce contamination of other
organs in the body.*® The number of gamma rays emitted from any organ, depends on
the concentration of the radioactive materials and the rate of their decay. In nuclear
medicine, the challenge is to find the spatial distribution of the radioactive material rather

than finding the map of attenuation coefficient like in CT.

All radioactive nuclei that are used in nuclear medicine emit gamma rays and some of
those gamma rays that can leave the body, will be captured by gamma cameras.®® For a
projection image to be formed, in addition to the measurements of photon flux density,
the direction of the detected photons needs to be determined.®®®” In planar scintigraphy,
2D projection image acquired based on the radioactivity distribution in the region of
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interest. However, it is also possible to generate the volumetric image of the radioactivity
distribution by acquiring multiple planar projection of the organ at different angles using
single photon emission computed tomography (SPECT).*® These planar projections will

be used to reconstruct the tomographic images of the radioactivity distribution.*®

In lung imaging, nuclear medicine techniques have been developed to study lung
perfusion and ventilation. These methods allow for regional evaluation of pulmonary
function. Ventilation images in SPECT and planar scintigraphy can be performed using
radioactive gases including xenon and krypton (**Xe, *"Xe and #™Kr) or aerosols that
are labeled with radioactive nuclei such as technetium-99m (*"™Tc).*® The distribution of
the aerosols in the respiratory system is mainly dependent on their particle sizes.'® The
ideal size range for the aerosols is between 0.1 to 0.5 um and particles larger than 2 to 3
um have less chance of passing through large airways.”® Ventilation imaging can be
performed in three phases of wash-in, steady state and wash-out using ***Xe, where
regional lung volume and regional gas trapping can be studied.*® In nuclear medicine,
radiation dose exposure to the patient starts from the point the radioactive material
administered to the body and continues to decrease until it is completely washed out of
the body or physically decays. Effective radiation dose in ventilation imaging ranges
between 0.1-0.6 mSv, depending on the protocol and the type of radioactive gas or

aerosol that is used.'®

Perfusion is another parameter for the assessment of lung function, which can be
performed by intravenous injection of *™Tc-labeled macro-aggregates albumin (MAA).
The sizes of these particles are between 3 to 150 um with 95% of them being between 3

to 40 pm.'® Once these molecules reach pulmonary capillaries, their distribution can
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demonstrate regional pulmonary perfusion.”® However, **™Tc-labeled MAA particles can
mainly provide images of the relative pulmonary arterial blood flow because the sizes of
many of these molecules are greater than the internal diameter of the arterioles and
cannot pass through them to reach the pulmonary veins.** In a normal procedure, about
200 000 particles will be injected, which may block less than 0.1% of the total number of
arterioles.’®* After a few hours post injection, macrophages will break up the MMA
particles and pass them through the arterioles and full perfusion of those blocked regions
will be restored.’®* Effective dose in perfusion imaging using *"Tc-labeled MAA is

typically 1.0 mSv.'*

Planar scintigraphy and SPECT work with radio isotopes (e.g. *™Tc) that emit single
gamma ray photons in each radioactive decay. However, some other isotopes that emit
positrons can be used in another nuclear medicine imaging modality, which is called
positron emission tomography (PET). Isotopes such as *'C, *N, 0, ®F, Ne, and ®*Ga
emit positrons,'® which after several collisions with surrounding particles, its kinetic
energy approaches to zero. During an annihilation interaction of a zero-energy positron
with a neighbouring electron, two 511 keV photons are produced and travel 180 degrees
apart from each other.’®* Simultaneous production of photons that travel in opposite
directions from each other and coincidence detection of them in detector arrays
surrounding the patient eliminate the need for collimation because the source of these

photons is somewhere along the pathway between two detectors.'®
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Figure 1.7: PET/CT image of healthy volunteer and subject with lung cancer
Coronal lung PET/CT images (A) healthy volunteer and (B) a subject with lung cancer. Images
are courtesy of Harry Marshall.

PET is a great imaging modality for studying lung function, because it can provide
volumetric information about the distribution of the inhaled or injected
radioisotopes.’®*'%  Moreover, most positron emitting radioisotopes have a short half-
life, which minimizes the radiation exposure to the subjects. One of the longest half-life
among positron emitting radioisotopes belongs to *®F, which is 110 minutes. This
radioisotope can also be combined with deoxyglucose, to form *®F-fluodeoxyglucose
(FDG), which is one of the most common radioactive tracers for PET imaging. Coronal
PET/CT images of a healthy volunteer and a subject with lung tumor are shown in Figure
1.7. Although FDG cannot be metabolized, its uptake is similar to glucose and will be
increased in lungs as a result of airway inflammation caused by neutrophilic

infiltration.1®

Nuclear medicine imaging techniques have been used for regional evaluation of lung
function in COPD. These methods have been used to find areas of the lungs in COPD

subjects with matched ventilation and perfusion defect® as well as perfused areas with no
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ventilation’®. It has also been shown that there was a significant correlation between
radioactive aerosol ventilation imaging and pulmonary function tests.’”” PET imaging
can also be used for differentiating emphysematous COPD subjects that have lower tissue
density and higher ventilation/perfusion ratio and COPD subjects with airway disease

that have lower ventilation and higher pulmonary blood flow.*®

1.5.4 Magnetic Resonance Imaging

The lung is one of the most difficult organs to image with MRI. Proton (*H) MRI of the
lung is challenging mainly because of some conditions of the respiratory system. First,
the low tissue density and the proton density of the lung reduce the signal intensity (SI)
that can be acquired from lung.*® Second, the countless number of air-tissue interfaces
in the lung causes magnetic field inhomogeneity and high MR susceptibility artifact,
which leads to extreme reduction of T2* and rapid decay of the acquired signal from lung
tissue.™™ Lastly, the movement of cardiac and respiratory systems causes motion
artifacts in the MRI images.'® However, there are some approaches to mitigate these

challenges.

The development of more powerful hardware along with faster pulse sequences enables
detailed imaging of pulmonary structure that is comparable with other imaging modalities

such as CT.261!

For instance, minimizing the rapid signal decay of tissues with very
short transverse relaxation time (T2*) currently is feasible using faster pulse sequences
with short and ultra short echo time (UTE)."?'* In some studies, the subtraction
between images that have been acquired using UTE and those acquired using higher TE
has shown the enhancement of organs with very short T2*.**>*° |n a study by Failo et al.

it was shown that lung MRI images with diagnostic quality comparable to CT images can
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be acquired in subjects with cystic fibrosis (CF) using a short TE pulse sequence.® In
general, higher signal intensity can be achieved using pulse sequences with shorter TE

than conventional pulse sequences that employ longer TE.

To minimize the motion artifact caused by the movement of the respiratory system, lung
MRI protocols were designed based on breath-hold techniques®’, even though this
method will impose a time limit on the duration of image acquisition. Respiratory
motion artifacts in free breathing protocols can be partially eliminated™® using gated
imaging techniques, but standard clinical protocols are mainly based on breath-hold

methods.

In MRI imaging, lung diseases can be divided into two groups. Some diseases, such as
lung cancer, liquid infiltration or cell accumulation in the airways, will increase the
proton density of the lung. The increase of proton density, usually accompanied by a

19 visual

reduction in air-tissue interfaces, will increase the lung signal intensity.
assessment of such diseases is often not difficult because they provide a high contrast
against the dark background lung tissue.”?® On the other hand, some pathologies such as
hyperinflation due to airway obstruction and emphysematous destruction in COPD wiill
cause the loss in lung tissue as well as reduction in blood volume flow, which both
contribute to reduction in proton density and MRI signal intensity."” It has been shown
that airflow obstruction and the level of hyperinflation have a negative relationship with

lung tissue MRI signal intensity.?"
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Figure 1.8: Conventional *H MRI of healthy and emphysematous lungs

Conventional pulmonary 'H MRI of the lung (A) healthy volunteer and (B) COPD subject.
Although, lung 1H MRI images are affected by low proton density and high susceptibility
artifacts, short TE MRI can provide regional information regarding the emphysematous
destruction of the lung tissue as indicated by arrows.

Regional functional assessment of pulmonary ventilation is important for the evaluation
of different pathological conditions and pathophysiological analysis of different
respiratory diseases. One of the main advantages of MRI is to provide functional
information as well as structural information without using any ionizing radiation. The
combination of functional and structural information with high spatial and temporal
resolution for the entire lung are the main advantages of MRI over the other imaging
modalities. This is mainly beneficial for imaging of children and young adults who are

121-123

more susceptible to ionizing radiation , as well as follow-up monitoring of subjects

who are undergoing medical examinations and clinical trials.***

Over the past decade, there were several studies using different MRI techniques for

regional evaluation of pulmonary ventilation. Recently, the development of Fourier
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decomposition techniques allows for direct imaging of pulmonary ventilation.'® This
technique uses a 2D fast steady state pulse sequence for functional assessment of

125 and has been

pulmonary ventilation and perfusion without using any contrast agent
validated against other imaging techniques including SPECT and CT'%®. Oxygen-
enhanced lung MRI**" along with hyperpolarized noble gas MRI have also played an
important role in developing our understanding of lung physiology,”’ lung tissue structure
and function in COPD.%'# Oxygen-enhanced MRI was first introduced by Edelman et
al. as a new method for regional evaluation of pulmonary ventilation using molecular
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oxygen (O,) as a contrast agent. O, molecules are slightly paramagnetic and their

presence will shorten the longitudinal relaxation time (T1) of protons in lung tissue.*****
The amount of oxygen that presents in each lung region not only depends on the
ventilation of oxygen in that region of interest, but also depends on the diffusion of
oxygen molecules into capillaries and perfusion of blood in the pulmonary system.™*! It
has been shown that oxygen-enhanced MRI has a significant correlation with spirometry

results (i.e. %FEV; and FEV1/FVC) and %DLco."****

Hyperpolarized noble gas MRI has emerged as a robust imaging technique, which gives
us valuable information about lung tissue structure and function.2#****3* This method

1.1 in 1994, showing the feasibility of using ***Xe as a

was first introduced by Albert et a
contrast agent for MRI imaging in an ex-vivo mouse model. *He and ***Xe are noble
gases with intrinsic spin of % and can be polarized using a laser optical pumping
method.”***" In conventional MRI, the external magnetic field forces the *H nuclei to be

aligned in the direction of the magnetic field, where the number of parallel alignments are

slightly higher than the number of anti-parallel alignments. The small ratio of parallel
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over anti-parallel alignments produces a small polarization, which is however
accompanied by a large abundance of *H nuclei in the body to produce adequate signal.
However, in hyperpolarized noble gas MRI the low density of inhaled gas can be

compensated by increasing the polarization of the gas prior to inhalation.

Figure 1.9: Hyperpolarized *He MRI of a healthy volunteer and subjects with
different lung diseases

Pulmonary hyperpolarized ®He MRI of (A) a healthy volunteer and subjects with (B) COPD (C)
Asthma and (D) CF.
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Nuclear polarization of the noble gases can increase the ratio of parallel over anti-parallel
alignments of the nuclei up to 100 000 times compared to conventional MRI
polarization.**® During the polarization process, rubidium (Rb) vapor that is mixed with
noble gas atoms in a container will be bombarded by the circularly polarized laser. The
absorption of laser light by the Rb atoms polarize them along a small external magnetic
field that exists in the polarizer. In duration of 6-8 hours, a polarization of 10-25% can

be achieved for the noble gas atoms as a result of the collision with Rb atoms.*®

Hyperpolarized noble gas MRI can be utilized to acquire both functional and structural
information of the pulmonary system using two different imaging techniques. Since the
development of these MRI methods, several studies have been performed to measure
pulmonary structure and function. For functional information, spin density imaging
provides high resolution information about the distribution of gas in the lung. In other
words, the signal intensity of each region in the lung represents the abundance of gas
molecules in that region. Normal lung function in healthy subjects can be characterized
by homogeneous distribution of the gas in the lung; however, in diseases, heterogeneous
distribution of the gas can be characterized as presence of regions with no signal or low

signal intensity.

The safety of both *He and ***Xe have been examined and high subject tolerability was
shown with the prescribed doses of gas.’**** Normal ventilation in healthy volunteers
was shown by Kauczor and co-workers with homogenous high signal intensity and
inhomogeneous signal intensity was shown for subjects with COPD and bronchogenic
carcinoma.**? Since then, several groups have used this technique to study a variety of

lung diseases and complications including lung cancer,***** lung transplantation,**™%
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cystic fibrosis (CF),**8* asthma,**** and COPD.>"*****® Figure 1.9 shows the centre
coronal slice hyperpolarized *He static ventilation for a healthy volunteer and subjects

with COPD, asthma, and CF.

1.6 Imaging of Pulmonary Emphysema

1.6.1 X-ray CT

CT is the imaging modality of choice for evaluation of pulmonary emphysema because of
its high spatial resolution, which allows physicians to visually assess the severity of
emphysema. Additionally, the digital nature of the CT dataset and the robustness of the
pixel values in CT images have fostered considerable interest in developing new tools for

the objective quantification of CT images.

Subjective evaluation of lung CT images allows for regional assessment of different lung
diseases such as emphysema and can provide information regarding their distribution in
the lung. In other words, visual scoring gives radiologists or pulmonologists the
opportunity to not only distinguish emphysema from other causes of low attenuation such
as hyperinflation or gas trapping related to small airway diseases, but also score it based
on its distribution.’> Moreover, it is shown that visual scoring of emphysema is
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relatively independent from scanning protocols. However, the main limitations of

159-161 In a

visual scoring methods in general, are the subjectivity and high variability.
recent study from COPDGene CT workshop,*®*  a group of 33 pulmonologists and 25
radiologists scored a large number of subjects including normal non-smokers and
subjects with different stages of COPD, where they found a substantial inter-observer
variability. However, they recommended that despite the high inter-observer variability,

visual scoring may be complementary to quantitative assessment of emphysema.
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The relative area of the lung occupied by attenuation values lower than single thresholds
and percentiles of the frequency distribution of x-ray attenuation values within the lung
have been examined to measure the extent of emphysema quantitatively.'®® These
indices with selected thresholds have been shown to correlate well with visual

emphysema scores***®°, PFT'®

and both microscopic and macroscopic measurements of
emphysema'®*%*1%_ Recently, the relationship between quantitative measurements of CT
indices and some other clinical metrics of COPD have been studied. It has been shown
that BODE index has a greater relationship with emphysema while SGRQ is more closely

related to airway disease.'®’

Moreover, Rambod et al demonstrated that the objective
quantification of emphysema using CT images correlates with the functional exercise

tolerance as measured by 6MWD.'®®

In quantitative scoring of emphysema, different studies suggest different thresholds. The
threshold of -910 HU was first proposed by Miiller et al.** because it had the highest
correlation between CT measurements of emphysema in contrast-enhanced 10 mm slice
thickness images and emphysema in resected lung tissue. A threshold of -950 HU was
reported by Gevenois et al. for the strongest correlation between 1 mm non-contrast-
enhanced high-resolution CT assessments of emphysema at total lung capacity (TLC) and
macroscopic’® and microscopic’® measurement of emphysema. More recently, Madani
et al.'®® studied the relationship between the extent of emphysema at TLC quantified by a
range of thresholds lower than -900 HU, in 1.25 mm slice thickness images where they
found all thresholds lower than -910 HU were significantly correlated with
histopathological indices. Thresholds ranging from -960 HU to -980 HU had the highest

correlation with microscopic and macroscopic assessment of the extent of emphysema.'®®
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Other quantification techniques such as low attenuation cluster analysis (LAC) are

also susceptible to the HU threshold and their validation against pathologic standards is

1171172 Madani et al. showed that LACqs does not reflect the extent of

controversia
emphysema as compared to macroscopic and microscopic measurements'’*, but Yuan et
al. recently showed that LACgss is significantly correlated with histological
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measurements. Despite numerous quantitative studies, there is no final consensus

regarding an optimal HU threshold.

1.6.2 'H and Hyperpolarized *He MRI

In emphysema as discussed before, there is loss of tissue, reduced blood volume and
significant gas trapping and all of these would be expected to diminish the inherent
tissue-specific *H MRI signal intensity.”” Figure 1.8 shows pulmonary *H MRI for a
healthy volunteer and a patient with pulmonary emphysema acquired using a short TE *H
MRI methods. It has been shown by Bankier et al. that the gravity-dependent gradient of
'H MRI signal intensity depends on the lung posture and the magnitude of the gravity-
dependent signal intensity gradient is larger than the iso-gravitational signal intensity
gradient.?® It has also been shown that alterations in lung volume resulted in *H MRI SI
change®’. These results demonstrate the sensitivity of MRI signal intensity to variations
in lung tissue density. In a mouse model, it was shown that there was a relationship
between *H MRI signal intensity and micro-CT density measurement of lung tissue.!” It
has also been shown that *H MRI signal intensity is sensitive to emphysematous
destruction of lung tissue'*® as well as different positive end-expiratory pressure levels in
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mouse models. Nevertheless, the unrealized potential for MRI to provide regional

33



structural and functional measurements for COPD continues to motivate the development

of 'H MRI methods in human subjects and animal models.****%

Structural evaluation of the lung is feasible using hyperpolarized noble gas diffusion
weighted imaging (DWI). In this method, which is sensitive to gas self-diffusion,
measures of the random microscopic movement (Brownian motion) of the gases allow for
probing the pulmonary microstructure.!” After inhalation of hyperpolarized noble gas
two interleaved images without and with additional diffusion sensitization are acquired.®
The first image will be served as a map of ventilation, while the combination of the 2
images can be used to compute the apparent diffusion coefficient (ADC) maps.®* Figure
1.10 shows the coronal centre slice *He MRI ADC map of a healthy never-smoker and a
COPD subject. ADC imaging allows for direct measurements of pulmonary airspaces.
In healthy lungs, ADC has homogeneous distribution and is relatively low; however, in
some diseases such as emphysema, destruction of lung tissue leads to enlargement of the
airspaces and increasing ADC. The validation of ADC has been examined against
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histological®” and CT measurements”® and its reproducibility has been shown to be

highll77,l78
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Figure 1.10: Pulmonary hyperpolarized *He ADC of a healthy volunteer and a
subject with COPD.
Pulmonary hyperpolarized *He ADC of (A) a healthy volunteer and (B) a subject with COPD.

Hyperpolarized noble gas MRI has been used to evaluate lung structure and function in
COPD subjects.?2138156178-181 1ncraases in ventilation defect and ADC have been shown
in subjects with COPD in comparison to age matched healthy volunteers.8*1%%182 |t has
also been shown that the mean ADC value will be increased in animals with elastase
induced lung emphysema.’®**  Previous COPD studies have shown that the ADC is

dependent on the posture and gravity'®**®

and correlates with pulmonary functions
tests.’® It has been shown that ADC in subjects with COPD is dependent on the posture
and gravity.’® ADC can provide the opportunity to assess different features of the lung
structure by changing the diffusion time and gradient strength.*®” Small diffusion time is
more sensitive to short-range diffusion and can be used in assessment of local
microstructure such as alveolar destruction whereas long range diffusion is more

sensitive to larger lung structural changes such as airway connectivity.'***%*
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1.7 Thesis Hypothesis and Objectives

The overarching objective of this thesis is to evaluate CT and MRI methods of assessing
lung structure in healthy volunteers and subjects with COPD. A short TE pulse sequence
was used for 'H MRI and a method for quantifying the extent of emphysema in CT
images was developed, and evaluated here, in regards to its sensitivity and specificity for
the detection of emphysema. The research objective and hypothesis tested in each

chapter of this thesis are described here.

We first evaluated the relationship between short echo time pulmonary *H MRI signal
intensity and ®He ADC, high-resolution CT measurements of emphysema, and pulmonary
function measurements, and this is described in Chapter 2. Here we tested the hypothesis
that coincident and volume-matched inhalation acquisition of *He and *H MRI in COPD
would allow for the detection of a relationship between hyperpolarized *He ADC and *H
MRI signal intensity of the lung parenchyma. Nine healthy never-smokers and 11 COPD
subjects underwent same-day plethysmography, spirometry, short echo time 'H and
diffusion-weighted hyperpolarized ®He MRI at 3.0T. In addition, for COPD subjects

only, CT densitometry was also performed.

We then developed a multi-threshold analysis method in Chapter 3, for objective
emphysema scoring that takes into account the frequency distribution of each HU
threshold. We hypothesized that this technique would have a high sensitivity and
specificity for the detection of emphysema. This method was applied to calculate the
whole lung emphysema scores for one hundred and fourteen middle-aged and elderly
subjects, including 58 healthy subjects and 56 COPD subjects. These scores were
compared with other objective approaches for quantification of emphysema.
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In Chapter 4 of this thesis, the inter- and intraobserver reproducibility of the visual
scoring was evaluated on a large number of sections for detailed assessment of
pulmonary emphysema on whole lung CT. We developed and applied a tool for rapid
quantitative evaluation of emphysema in lung CT images. Seven observers with varying
degrees of expertise scored extent of emphysema on CT images of 114 middle-aged and
elderly subjects, including 58 healthy volunteers and 56 COPD subjects. For
comparison, we also evaluated the visual scoring results with whole lung densitometry
and low attenuation cluster analysis (LAC) as well as with pulmonary function tests and

hyperpolarized *He ADC.

The hypothesis tested in this thesis is that subjective and objective emphysema scores of
high resolution CT, and 'H MRI signal intensity are sensitive measurements for
evaluating differences of lung tissue structure and emphysematous destruction between
different subject groups. This hypothesis is tested in chapters 2-4 in healthy subjects and
subjects with COPD. Chapter 5 of this thesis provides a summary of all chapters and
presents the discussion and conclusion of these studies as well as addressing the
limitations and directions for future work in the evaluation of pulmonary emphysema

with MRI and CT.
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CHAPTER 2: Quantitative *H and Hyperpolarized *He
Magnetic Resonance Imaging: Comparison in Chronic
Obstructive Pulmonary Disease and Healthy Never-smokers

The work presented in this chapter has been previously published in European Journal of
Radiology as indicated below, and is reproduced here with permission.

Amir M. Owrangi, Jian X. Wang, Andrew Wheatley, David G. McCormack, Grace
Parraga.

“Quantitative *H and Hyperpolarized ®He Magnetic Resonance Imaging: Comparison in
Chronic Obstructive Pulmonary Disease and Healthy Never-smokers™ Eur J Radiol.
2012 May 7. [Epub ahead of print]

2.1 Introduction

Chronic obstructive pulmonary disease (COPD) is a leading cause of morbidity and
mortality affecting at least 600 million people worldwide.> It is the world’s fourth
leading cause of death and unlike other major chronic diseases, COPD continues to
increase in prevalence and in worldwide mortality statistics.>®* While pulmonary function
tests provide established measurements of global lung function that are widely accepted
for the diagnosis and monitoring of COPD,** high-resolution x-ray computer tomography
(CT) imaging is often used to provide regional anatomical information. CT is used to
evaluate COPD abnormalities of the airways,”® regional evaluation of gas trapping®°

117 Conventional

and quantitative information about lung tissue structure alterations.
proton magnetic resonance imaging (*H MRI) is also readily available in most clinical
care centers but has historically posed a number of major challenges for the evaluation of

the respiratory system and in particular for COPD. Low tissue and *H density in the lung

results in relatively low *H MRI signal intensity (SI); in addition, the countless air-tissue
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interfaces in the lung also result in substantial susceptibility artifacts."® Moreover, in
emphysematous COPD, there are no facilitating disease-related effects. In fact, typically
in emphysema, there is loss of tissue, reduced blood volume and significant gas trapping
and all of these would be expected to diminish the inherent tissue-specific 'H MR
signal.’® In addition, unlike CT, different calibration scales are employed across MRI
scanners and therefore MR SI cannot be easily compared from site to site or between

different scanners.'®%

Nevertheless, the yet unrealized potential for MRI to provide regional and quantitative
measurements for COPD continues to drive the development of *H MRI methods in
human subjects and animal models based on ultra-short echo times® for structural
information and more recently based on Fourier-decomposition methods, for functional
information.*® For example, *H MRI showed that alterations in lung volume resulted in
SI*® changes and in addition, gravity-dependent *H Sl gradients were shown to be
dependent upon subject positioning, suggesting that *H Sl is proportional to lung tissue
density.?” In mice, *H SI correlates with pulmonary micro-CT density and histology?®
and is sensitive to lung parenchyma changes in mouse models of emphysema® as well as
lung changes in normal mice introduced by different positive end-expiratory pressure

levels.*°

We recently evaluated a group of healthy never-smokers and subjects with COPD using
fast gradient echo (echo time=1.2ms) *H MRI that we typically acquire for registration
purposes and hyperpolarized *He MRI. The high sensitivity of *He MRI apparent
diffusion coefficients (ADC) and ventilation abnormalities in healthy elderly and COPD

subjects is well established®* as is the relationship between pulmonary function
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measurements and *He MRI measurements.**** We hypothesized that coincident and
volume-matched inhalation acquisition of *He and *H MRI in COPD would allow for the
detection of a relationship between hyperpolarized *He ADC and *H SI of the lung
parenchyma, lending more weight to the idea that gas trapping and tissue destruction may
be quantified using short echo time MR methods. To test this hypothesis, we quantified
'H MRI SI and *He MRI ADC measurements acquired within 1 minute and using the
same volume breath-hold in COPD ex-smokers and healthy never-smokers and compared

these to pulmonary function and CT measurements acquired within 30 minutes of MRI.

2.2 Materials and Methods

2.2.1 Study Subjects

Nine healthy never-smokers and 11 COPD ex-smokers were enrolled from the general
population and a local tertiary health care center, as previously described.®** Al
subjects provided written informed consent to the study protocol approved by the local
research ethics board and Health Canada, and the study was compliant with the Personal
Information Protection and Electronic Documents Act (PIPEDA). COPD subjects
between 55 and 80 years of age were included with a disease diagnosis of at least 1 year,
having had a smoking history of at least 10 pack-years. COPD subjects were categorized
according to Global Initiative for Chronic Obstructive Lung Disease (GOLD) criteria.**
Healthy subjects between 55 and 80 years of age were included if they had no history of
chronic respiratory disease (including asthma), less than one pack-year smoking history,
forced expiratory volume in 1 second (FEV;) greater than 80% predicted, FEV; divided
by the forced vital capacity (FVC) (FEV1/FVC) greater than 70%, and no current

diagnosis or history of cardiovascular disease. Throughout the duration of the study, a
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hypoxic adverse event was defined as any decrease < 88% arterial oxygen saturation
(SAOQ,); subjects were to be withdrawn if they experienced a decrease in SAO, to 80%

for 15 continuous seconds during any procedure.

2.2.2 Spirometry and Plethysmography

A medical history and vital signs were recorded and then subjects completed
plethysmography, spirometry and measurements of the diffusing capacity of carbon
monoxide (DLco) according to American Thoracic Society guidelines.®®  Briefly,
spirometry was performed using an ndd EasyOne spirometer (ndd Medizintchnik AG,
Zurich, CH) reporting FEV; and FVC and a minimum of three acceptable spirometry
maneuvers was performed. Whole body plethysmography (MedGraphics Corporation,
350 Oak Grove Parkway, St. Paul, MN, USA) was also performed for the measurement
of total lung capacity (TLC), inspiratory capacity (IC), residual volume (RV), and

functional residual capacity (FRC).

Table 2.1 Subject Demographics

Healthy Volunteers COPD

(n=29) (n=11)
Age (v) (range) 66 (9) (55-76) 69 (7) (59-78)
Males 6 6
Body mass index (range) 26 (2) (24-30) 26 (5)(19-36)
FEV1 (L) 3.00(087) 1.69 (0.53)
FEV1%* 103 (17) 61(13)
FEVI/FVC 0.75(0.05) 048 (0.13)
IC (L) 3.31(0.88) 2.58 (0.64)
IC%* 109 (18) 96 (23)
EV (L) 233(043) 322(087)
RWog* 106 (21) 140 (33)
FRC (L) 3.30 (0.51) 436 (1.26)
FRCYp* 103 (18) 133 (35)
TLC (L) 6.46 (1.18) 6.94 (1.16)
TLC%* 107 (14) 116 (11)
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FEV1: forced expiratory volume in 1 second; FVC: forced vital capacity; FRC: functional
residual capacity; IC: inspiratory capacity; TLC: total lung capacity. Data are presented as mean
(z standard deviation).*Percent predicted.

2.2.3 Image Acquisition

Subjects were screened for MRI and coil compatibility (inner diameter of elliptical coil =
50 cm) prior to imaging, and digital pulse oximetry was used to monitor SAO, during
MRI. A spin-exchange polarizer system (HeliSpin; General Electric Healthcare (GEHC),
Durham, NC) was used to polarize *He gas to 30%-40%, as previously described.*’
Doses of hyperpolarized *He gas (5 mL per kilogram of body weight) were administered
in 1-L plastic bags (Tedlar; Jensen Inert Products, Coral Springs, Fla) and were diluted
with ultrahigh purity, medical grade nitrogen (Spectra Gases, Alpha, NJ). Polarization of

the diluted dose was quantified at a polarimetry station (GEHC, Durham, NC)

immediately prior to *He gas administration to subject.

MRI was performed on a whole-body 3T system (Discovery MR750 GEHC, Milwaukee,
WI USA) with broadband imaging capability, as previously described.*> Coronal two-
dimensional *H MRI was acquired prior to *He MRI, with subjects imaged during a 1-L
breath-hold of a “He-N, mixture from FRC using a whole-body radiofrequency (RF) coil
and a proton fast spoiled-gradient-echo sequence ((FGRE) 16-second total data
acquisition; repetition time (TR)/echo time (TE) 4.7ms/1.2ms; flip angle=30°; field of
view (FOV)=40x40 cm; matrix, 128 x 128; 15-mm section thickness. An FGRE pulse
sequence was used in order to take advantage of a lower TE with the understanding that
signal decay is influenced by transverse relaxation and intra-voxel signal dephasing
caused by microscopic magnetic field inhomogeneities®® and that minimizing TE,

typically results in higher lung parenchyma Sl.
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Figure 2.1: *H and *He MR for a healthy never-smoker and GOLD stage 11 and 111

COPD.

Coronal center slice (A) *H MRI, (B) *H SI map, (C) *H SI map histogram, (D) hyperpolarized
*He ventilation MRI, (E) *He ADC map, and (F) *He ADC histograms for of healthy never-
smoker (left panels), Gold stage |1 COPD (centre panels) and Gold stage 111 COPD (right panels).
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*He MRI was immediately performed with a whole-body gradient set with a maximum
gradient amplitude of 1.94 G/cm and a single-channel, rigid elliptical transmit-receive
chest coil (RAPID Biomedical, Wirzburg, Germany). The basis frequency of the coil
was 97.3 MHz, and excitation power was 3.2 kW using an RF power amplifier (AMT
3T90; GEHC Milwaukee, WI USA). For diffusion-weighted imaging, coronal multi-
slice images were obtained using a fast gradient echo method with centric k-space
sampling as previously described.** Two interleaved images (14-second total data
acquisition; TR/TE 7.6ms/3.7ms; flip angle= 8°; FOV=40x40 cm; matrix=128 x 128; 30-
mm slice thickness), with and without additional diffusion sensitization (maximum
gradient amplitude = 1.94 G/cm, rise and fall time = 0.5 ms, gradient duration = 0.46 ms,
diffusion time = 1.46 ms, b value = 1.6 slcm?), were acquired. All imaging was
completed within approximately 7-10 minutes of subjects first lying in the scanner. CT
scans were also performed for COPD subjects within 30 minutes after MRI on a 64-slice
Lightspeed VCT scanner (GEHC, Milwaukee, WI USA) using a detector configuration of
64x0.625 mm, 120 kVp, 100 effective mA, tube rotation time of 500 ms and a pitch of
1.0. A single spiral acquisition of the entire lung was acquired from the apex to the base
with subjects in the supine position and in breath-hold after inhalation of a 1L “He-N,
mixture from FRC with image acquisition time of 15s. Reconstruction of the data was
performed using a slice thickness of 1.25-mm with a standard convolution kernel. To
match the lung volume and tissue distention in *H MRI, CT and *He MRI, all images

were acquired in breath-hold after inspiration of a 1-L He-N, mixture from FRC.
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Figure 2.2: Mean *H SI anatomical differences in the anterior-to-posterior (AP)
ROL.

(A) Mean *H Sl for each of the eight centermost coronal slices. Round bracketed values are SDs
of mean 'H SI for each subgroup. (B) AP-gradients for *H Sl (triangles) and *He ADC
(diamonds) for healthy and COPD subjects. Stars indicate subgroup mean, and error bars are SD
of the mean. (C) Mean 'H SI for each of eight centermost coronal slices for healthy volunteers
and COPD subjects from anterior to-posterior. Error bars indicate standard error of the mean.

2.2.4 Image Analysis

All images were transferred to a remote workstation for post-processing and image
analysis. For *H MRI, image processing was performed using MATLAB (MATLAB
version R2008b; The MathWork Inc., Cambridge, MA, USA). The lung parenchyma
was segmented automatically from the heart, mediastinum, central pulmonary vessels,
diaphragm, and chest wall using a seeded region growing algorithm.*®* Mean *H SI and

corresponding standard deviation (SD) for each slice was calculated using the arithmetic
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mean. *He MRI ADC was calculated as previously described.** For CT image analysis,
the Pulmonary Workstation 2.0 (VIDA Diagnostics Inc., lowa City, 1A) was used to
quantify tissue attenuation in Hounsfield units (HU) on a voxel by voxel basis and for
ROI. The software automatically determined the boundaries of each lung and calculated
the relative area (RA) with attenuation values below -950 HU (RAgso), and the 15"
percentile of the frequency distribution histogram in HU (HUs). These two parameters
were previously shown to be related to the macroscopic and microscopic extent of

40,41

pulmonary emphysema*®*! and emphysema progression.*
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Figure 2.3: Mean ‘H Sl anatomical differences in the apex-to-base (AB) ROI.

(A) Mean 'H Sl for ROI in the center coronal slice. Round bracketed values are SDs of the mean
for each subgroup. (B) AB-gradients for *H Sl (triangles) and *He ADC (diamonds) for healthy
and COPD subjects. Stars indicate mean of subgroups, and error bars are SD of the mean. (C)
Mean *H SI for healthy volunteers and COPD subjects from the apex-to-base in center coronal
slice. Error bars indicate standard error of the mean.
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Anatomical differences in 'H MR SI, *He MRI ADC, CT RAgs and HUi5 were
quantified by evaluating anterior-to-posterior (AP) and apex-to-base (AB) differences
and gradients. The absolute difference between the most anterior and posterior coronal
slices (AAP) was evaluated for *H MRI SI, (eight of the most central 15mm slices) and
for *He MRI ADC, (4 diffusion-weighted 30 mm ADC maps). The absolute difference
between the most apical and most basal ROI (AAB) was also evaluated for 'H MRI SI
and *He MRI ADC whereby each coronal slice was divided into six ROI in which the
carina was used as an anatomical reference point as previously described.”* AAB was
calculated as the mean of both the right and left lung. We also calculated AP- and AB-
gradients where gradient was defined as the slope of the lines that described the AP (8
slices or 120mm) and AB (3 ROI, mean of L and R lung, 240mm) changes respectively
over the ROI evaluated. For comparison, CT volumes were reconstructed in the coronal
plane and 180 x 0.7mm slices (126mm) were evaluated to approximate the same volume

to facilitate direct comparison with *H SI.

2.2.5 Statistical Analysis

One-way analysis of variance (ANOVA) was performed to evaluate the significant
interactions between 'H SI, *He ADC measurements between subject subgroups using
SPSS (SPSS version 19, SPSS An IBM Company, Somers, NY USA). Comparisons
between healthy never-smokers and COPD subjects for whole lung mean *H SI, *He
ADC, and AAP, AAB, AP-gradient and AB-gradient for *H SI and ®He ADC were then
performed using one-way (ANOVA) in SPSS. The relationships between *H Sl and *He

ADC, pulmonary function and CT measurements were determined using 