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ABSTRACT

Emphysema, a subset of COPD, occurs due to an abnormal inflammatory
response to noxious gases or particles leading an influx of immunologic cells. Recent
studies have demonstrated endothelial dysfunction in COPD subjects and are suggestive
of a vascular phenotype present in COPD that is not fully characterized. We hypothesize
that processes affecting the pulmonary vasculature lead to early changes important in the
pathogenesis of COPD. This work focuses on the use of multidetector-row computed
tomography (MDCT)-based measures of pulmonary blood flow (PBF), mean transit time
(MTT) and pulmonary vascular volume (TPVV) to gain new insights into vasculature-
related changes present in COPD. As a precursor to using perfusion MDCT imaging to
phenotype lung disease, we demonstrated good regional correlation of PBF
measurements obtained with MDCT imaging and fluorescent microspheres (FMS) at a
FMS piece size resolution of 1.9 cm® and regional volume level of 8-10 cm’.
Additionally, we developed an ex vivo perfusion system, and applied quantitative image
analysis techniques to study the lung preparation’'s stability over 120 minutes. We further
validated CT-based PBF and MTT measurements by demonstrating physiologically
appropriate responses to a range of flow rates with this new system. Finally, quantitative
MDCT-based measurements were used to characterize a novel phenotype of emphysema
and test hypotheses regarding vasculature-related changes in smokers and COPD
subjects.  We demonstrated increased heterogeneity in regional MTT and PBF
measurements in smokers with preclinical emphysema compared with smokers with
normal lung function and imaging studies and nonsmokers. This data is supportive of the
notion that inflammatory-based vascular responses to hypoxia are occurring in smokers
susceptible to COPD, but are successfully blocked in smokers without signs of
emphysema. A new CT-based measure, TPVV, was studied and we demonstrate its

association with total lung volume and body size metrics. TPVV measurements



correlated with measures of COPD severity. A trend linking increased TPVV with
increased endothelial dysfunction was observed, suggesting that pathological changes of
COPD have an effect on the pulmonary vasculature. This work demonstrates the
importance of functional information that can compliment structural, anatomical
information to answer questions based on the lung physiology and pathological disease

processes.

Abstract Approved:

Thesis Supervisor

Title and Department

Date



QUANTIFICATION OF REGIONAL PULMONARY BLOOD FLOW PARAMETERS
VIA MULTIDETECTOR-ROW CT: EVALUATION OF VASCULAR-BASED
PHENOTYPES OF COPD

by
Sara Alford

A thesis submitted in partial fulfillment
of the requirements for the Doctor of
Philosophy degree in Biomedical Engineering
in the Graduate College of
The University of lowa

May 2010

Thesis Supervisor: Professor Eric Hoffman



Graduate College
The University of lowa
lowa City, lowa

CERTIFICATE OF APPROVAL

PH.D. THESIS

This is to certify that the Ph.D. thesis of
Sara Alford

has been approved by the Examining Committee
for the thesis requirement for the Doctor of Philosophy
degree in Biomedical Engineering at the May 2010 graduation.

Thesis Committee:

Eric Hoffman, Thesis Supervisor

Graham Barr

Edwin Dove

William Lynch

Joseph Reinhardt

Edwin van Beek



ACKNOWLEDGMENTS

The work presented in this thesis could not have been done without the support
and assistance of many others. | am very grateful for all the technical and emotional
support from the staff and other students in the lab throughout the years. 1 would like to
first thank Dr. Eric Hoffman, my thesis advisor, whose mentorship guided me throughout
my time in the lab and with these projects. | would like to thank Drs. Edwin van Beek,
William Lynch, Graham Barr, and Tom Robertson for their guidance and direction with
our projects. | would like to thank my committee members, Dr. Joe Reinhardt and Dr.
Edwin Dove, for their support and useful comments regarding this work and in regards to
my biomedical engineering education. For the microsphere project, | would like to thank
Wayne Lamm for his help with the microsphere measurements; and Matthew Fuld, Gary
Christensen, Paul Song Joo Hyun, and Kunlin Cao for their assistance with image
registration. For the ex vivo lung perfusion project, | would like to thank Aaron Schmidt
and Manish Aggarwal for their assistance with the experiments; Scott Niles who taught
me a lot about perfusion circuits; and Ahmed Halaweish for his support and always being
ready to help out wherever needed. Human subject recruitment for the BRP projects
could not have been done without a strong team at the Physiological Imaging Laboratory.
Thanks to Heather Baumhauer, Joanie Wilson, and Angie Delsing for all their hard work
recruiting subjects; Jered Sieren, Melissa Hudson, and John Morgan who were
responsible for the CT imaging; and Nathan Burnette, Keith Gunderson, and Bryan
Walton for all their assistance with data storage on MIFAR, software support, and most
importantly, keeping my computer running great. Lastly, for the EMCAP project, |
would like thank and acknowledge all the hard work of the team at Columbia University
specifically Sonia Mesia-Vela. Lastly, I would like to thank Ann Thompson for her help
throughout the years. This work was supported in part by an NIH Bioengineering

Research Partnership Grant RO1 HL-064368.



ABSTRACT

Emphysema, a subset of COPD, occurs due to an abnormal inflammatory
response to noxious gases or particles leading an influx of immunologic cells. Recent
studies have demonstrated endothelial dysfunction in COPD subjects and are suggestive
of a vascular phenotype present in COPD that is not fully characterized. We hypothesize
that processes affecting the pulmonary vasculature lead to early changes important in the
pathogenesis of COPD. This work focuses on the use of multidetector-row computed
tomography (MDCT)-based measures of pulmonary blood flow (PBF), mean transit time
(MTT) and pulmonary vascular volume (TPVV) to gain new insights into vasculature-
related changes present in COPD. As a precursor to using perfusion MDCT imaging to
phenotype lung disease, we demonstrated good regional correlation of PBF
measurements obtained with MDCT imaging and fluorescent microspheres (FMS) at a
FMS piece size resolution of 1.9 cm® and regional volume level of 8-10 cm’.
Additionally, we developed an ex vivo perfusion system, and applied quantitative image
analysis techniques to study the lung preparation’s stability over 120 minutes. We further
validated CT-based PBF and MTT measurements by demonstrating physiologically
appropriate responses to a range of flow rates with this new system. Finally, quantitative
MDCT-based measurements were used to characterize a novel phenotype of emphysema
and test hypotheses regarding vasculature-related changes in smokers and COPD
subjects.  We demonstrated increased heterogeneity in regional MTT and PBF
measurements in smokers with preclinical emphysema compared with smokers with
normal lung function and imaging studies and nonsmokers. This data is supportive of the
notion that inflammatory-based vascular responses to hypoxia are occurring in smokers
susceptible to COPD, but are successfully blocked in smokers without signs of
emphysema. A new CT-based measure, TPVV, was studied and we demonstrate its

association with total lung volume and body size metrics. TPVV measurements



correlated with measures of COPD severity. A trend linking increased TPVV with
increased endothelial dysfunction was observed, suggesting that pathological changes of
COPD have an effect on the pulmonary vasculature. This work demonstrates the
importance of functional information that can compliment structural, anatomical
information to answer questions based on the lung physiology and pathological disease

processes.



TABLE OF CONTENTS

LIST OF TABLES ...ttt bbb vii
LIST OF FIGURES ... e ix
LIST OF ABBREVIATIONS. ..ottt e XV
CHAPTER 1: MOTIVATION AND AIMS ..ot 1
CHAPTER 2: BACKGROUND ......coiiiiiiiiiieee e 5
Clinical SIgNITICANCE. ......cccoiiiie e 5

LUNG PRYSIOIOQY ..o s 5

Pulmonary BIOOd FIOW............cccviiiiiii e 5

Chronic Obstructive Pulmonary DISEASE..........ccccerererenereneseseeeeiennes 7

Phenotypes of EMPRYSEMAL...........ccoiiiiiiiiieiiiseeee e 8

Pulmonary Hypertension in COPD ..........cccociiiiniiieee e 8

Evidence for vascular changes with COPD...........cccocooiiniiineniccee, 9

MDCT IMAGING .ttt b ettt 11
TeChNOIOgY ATUVANCES .......coiiiiiiieieie e 11

VOIUMELNIC IMAGING....c.viieiiiiiieiieieiee e 12

Quantitative Image ANAIYSIS. ..o 13

Pulmonary Blood Flow and Imaging.........c.ccocuevriiiinenc e, 15
CHAPTER 3: ANIMAL VALIDATION STUDIES WITH MICROSPHERES.............. 19
RAIIONAIE ... 19

MEENOUS ... bbbt 20

ANIMal Preparation..........cooiiiiiiiieie e 20

MDCT and FMS Data ACQUISITION.........ccoiiiiiiiiieieie e 21

FMS Data ANalYSIS.......coiiiiiiiieiee e 22

MDCT Imaging ANalYSIS .......cooveiriiieieiireeeeee s 23

Normalization Methods ...........coveieieiiicie e 23

MDCT and FMS Data RegiStration............c.ccocueerienenireneneseseeeeeens 24

Statistical ANAIYSIS .......ooiiiiiiieie e 25

RESUITS. ... bbbttt 26
REQISIIAtiON ACCUIACY ....cveiviiiiiiieieieiie sttt 26

VOIUMELIIC ANAIYSIS ..o 27

MDCT and FMS PBF Measurements ..........cccuveeieereenerienieseneseeeeneenns 27

Correlation of MDCT and FMS PBF Measurements.............ccccceevevennen. 28

Comparison of Vertical Gradients...........cocvvveiierene i, 29

DISCUSSION ...ttt bbbttt bbb bbb 29



CHAPTER 4: DEVELOPMENT OF AN EX VIVO LUNG PERFUSION MODEL........ 47

RAIONAIE ... e 47
MELNOAS ... et 48
SUrGICAl PrOCEAUIE. ..o 48
PerfuSION SYSTEM .....eiiiiie i 49
Physiological MONITOIING .......ccveiiiiiiie e 50
IMaging ProtoCol ...........cccooiiiiiiii s 51
Data and Statistical ANAIYSIS .......c.covviiiiiriire e 52
RESUIES. ..t 52
Physiological Parameters..........cooveieiieiierie e 53
Assessment of Preparation Stability over TIMe .......cccccevvveeiieieieennnnn, 53
Regional PBF and MTT at Increasing Flow Rates...........c.ccccoovvveienne. 54
Modification of Preparation: Prone POSItion............ccccovevinininieiienenn 55
[ 111U 5] o] o PSSP 56
CHAPTER 5: ASSESSMENT OF REGIONAL PERFUSION AND PERFUSION
PARAMETERS IN HUMAN SUBJECTS ..., 77
Rationale and HYPOLNESIS .........ooviiiiiiiiee e 77
MELNOAS ...t enes 78
Study POPUIALION ... 78
MDCT Imaging and Data Analysis...........ccoouviriiieiiniieneeseseeeeens 79
IMAGE ANAIYSIS ... 80
Statistical ANAIYSIS .......ooiiiiiiieee e 81
RESUIES. ...ttt enes 81
SUBJeCt CharaCteriStiCs ........coveieieiiriereiiie e 81
VOIUMELIC MDCT ... 82
Pulmonary Perfusion Parameters ............ccoceveririeieienene e 83
Non-dependent and Dependent COmMParisoN ..........cccevvvereeieereereeseennenns 84
Comparison 0Ff ROI SIZE .....c.ooiiiiiiiiieieee e, 84
D 1T 1511 o] SRR 85
CHAPTER 6: TOTAL PULMONARY VASCULAR VOLUME
MEASUREMENTS ...t 99
TPVV MEASUIEMENT .......eiiiiiiieeiii e 99
Normative TPVV MEASUIEMENTS ........ccererieriiriiiiiisieiee e 100
Methodology for the BRP CONOIT ..., 100
Results for the BRP CONOIt .........cooiiiiiiiiee e 102
TPVV Measurements in COPD SUDJECTES .........cccouviririeiie e 105
Clinical Significance and Rationale .............cccooeveieniieneniniseee 105
Methodology for the EMCAP CONOIt ........cccooviiiiiiieeiceen, 106
EMCAP RESUILS.... .ottt 109
[ 111U 53] o] RSSO 111
CHAPTER 7: CONCLUSION ..ottt 137
REFERENGCES ..ottt sttt sttt ene st e ne e 140

Vi



Table 1.

Table 2.

Table 3.

Table 4.

Table 5.

Table 6.

Table 7.

Table 8.

Table 9.

Table 10.

Table 11.

Table 12.

Table 13.

Table 14.

Table 15.

Table 16.

Table 17.

Table 18.

LIST OF TABLES

Global initiative for chronic obstructive lung disease (GOLD)
classification for the staging of COPD.........ccccooiiiiiiiiie e 18

Volumetric analysis and quantification of registration accuracy for supine
AN PrONE POSITIONS. .....eeueieitiitiiteiic ettt bbb 43

Volumetric Analysis of in vivo prone position and ex vivo air dried lung
VOIUIMIES. .ot b ettt b ettt 44

Mean PBF and CV measurements for FMS and MDCT normalization
methods for supine and prone positions in five animals. ...........cccccoeeeveninnnn. 44

Correlation coefficients for FMS and MDCT PBF measurements in the

supine position for FMS piece volume and regional volume

MNEASUIEIMENTS. ...tttieiiieee i s ittt et e e e st e e e e s s st er e e e e e s s stabea e e e eeeeessnnsrbeeeneeas 45
Vertical gradients of PBF for MDCT and FMS normalization methods........... 46

Perfusion and ventilation settings, pressure measurements, and
physiological parameters for the ex vivo lung preparation over 120

minutes of observation with MDCT imaging at the target flow rate. ............... 73
Lung, air and tissue volumetric measurements of the ex vivo lung over

time at a target fIOW rate. ... 74
Flow rates with corresponding PA and LA pressures observed during

perfusion MDCT imaging in X VIVO Preparations. ..........cccoeeereneresesieeneenes 75
Mean and CV measurements for PBF and MTT at flow rates of 50, 75,

100 and 125 CCIKG/MIN. ..o 76
CT Perfusion Scan Parameters. ..........coeoeireieneniseseeeeee e 95
Characteristics 0f SUDJECTS. .......ccoriiiiiieee e 96
MDCT-based Perfusion Parameters. ..........ccoouveririeieiese e 97

P-values measuring the significance of group status (NS, SNI, SE) on
CV measurements of regional PBF and MTT for models accounting for
aQg€ ANA/Or PACK YEAIS. ....eeveeieeieeeieesie e see e ee s ste e e e ee et e eesneeneeeneeenes 98

Demographic and hemodynamic data for nonsmokers and smokers in the
BRP CONOI. ... 127

TPVV and lung volume measurements based on smoking status and
QNN . bbbttt bbbt 128

Lobar distribution of vascular volume for nonsmokers and smokers at
TLC lung inflation VOIUME. ........cooiiiiiiee s 128

Lobar distribution of vascular volume for TLC and FRC lung volumes in
10 NONSMOKETS. ...ttt e e esre e nnes 129

vii



Table 19.
Table 20.

Table 21.

Table 22.

Table 23.

Table 24.

Table 25.

Pearson correlation coefficients fOr COVAriates. ...........eeeeeeeeeeeeeieeeeeeeeeenns 130

Associations between TPVV, spirometry, and MDCT perfusion
parameter measurements for all 40 SUDJECES. .........covvvieiiiiiiiciicecee, 131

Characteristics of cotinine-confirmed former smokers with valid flow-
mediated dilation measures, spirometry, and TPVV measurements in the

EMOCARP STUAY. ..ottt nnes 132
TPVV and lobar volumes for the 93 former smokers in the EMCAP

] 1010 ) SRR UR OSSR 133
TPVV, lobar volumes, and CT percentage of emphysema in the subset of

31 former smokers with COPD in the EMCAP study...........ccocvvvvenvnrniennnnn 134

Mean differences in FVC, FEV1, FEV1/FVC ratio, DLco, and CT
percentage of emphysema per 1 SD change in TPVV measurements in

FOIMEE SMOKEIS. ... 135
Mean differences in FMD parameters per 1 SD change in TPVV
MEASUreMENtS IN FOrMET SINOKEIS. ...ttt 136

viii



Figure 1.

Figure 2.

Figure 3.

Figure 4.

Figure 5.

Figure 6.

Figure 7.

Figure 8.

LIST OF FIGURES

FMS experimental setup and processing. Lungs are air-dried (upper

left), coated with an approximately 1-cm thick layer of Kwik Foam

(upper right), encased in a block of rapid settlng urethane foam (lower

left) to secure in a box, and later cut into 1.2 cm® transverse slices

(lower right). FMS transverse slices are cubed into 1.2 cm x 1.2 cm X

1.2 CM PIECES (1.8 CM®)..ooeeeeeeeeeeee e 35

Schematic demonstrating the necessary steps to match the FMS PBF
data sets with the MDCT PBF data sets for prone and supine positions.
The arrows show the images that were registered. ..........cccooveriniiniiiciennenn 35

Color-coded maps from a representative slice from an animal in the

supine position (top row) and prone position (bottom row),

demonstrating the regional PBF measurements obtained by FMS

WTNORM measurements (1.2 x 1.2 x 1.2 cm) (Left), MDCT PBF

MEAN measurements at original high resolution (voxel: 1.4x 1.4 x 2.4

mm) (Middle) and MDCT PBF MEAN measurements, averaged to

FMS resolution (voxel: 1.2 x 1.2 x 1.2 cm) (Right). ..ccooeiiiiiiiiiiiicieee, 36

Two axial slices, near the carina (top row) and a basal region (bottom

row) of the lung, from a representative animal demonstrating the in vivo

FRC lung volume (left) and ex vivo registered lung volume (middle).

On the right is the overlaid merged image demonstrating good overlap

in the carina and basal region corresponding to perfusion measurements
obtained for both teChNIQUES. .........coiiiiee s 37

The airway segmentation from the left and right main bronchus was

used to improve the registration results. The ex vivo airway tree (right)

is matched to the in vivo FRC airway tree (left). The difference between

the matched ex vivo and in vivo FRC airway tree for an axial (upper) and
coronal (lower) slices are demonstrated in the middle region. .........c.cccce.... 38

Left) Digital photo of air dried lungs. Middle) 3D volume rendering of
the lungs and Right) Vasculature tree and airway tree obtained from the
volumetric spiral MDCT in vivo image data set at FRC (PEEP of 7.5 cm
H20) in the Prone POSITION. .......ceeveiieiieie e 38

CV measurements for the supine and prone position for the

normalization methods. Supine position demonstrated higher CV
measurements for all normalization methods. FMS methods, especially

FMS mean normalized, had higher CV measurements compared with

the 4 MDCT PBF normalization measurements. ...........cocevveeeneereeseeseneneennns 39

Correlation for FMS MEAN and WTNORM normalization methods

and the four MDCT normalization methods: MEAN (upper left),
ALVEOLUS (upper right), AIR (lower left) and NON-AIR (lower

right) for the 5 animals in a supine position at a regional level....................... 40



Figure 9.

Figure 10.

Figure 11.

Figure 12.

Figure 13.

Figure 14.

Vertical gradients (y-gradient) from a representative animal for FMS

PBF WTNORM (top row) and MDCT PBF MEAN (bottom row) for

supine (left) and prone (right) positions. Vertical gradients were higher

for FMS WTNORM and MDCT MEAN PBF measurements in the

supine versus prone position. Zone IV regions were excluded from the
gradient CalCUIALION. .......c.eoiiiie e 41

Vertical gradients for supine and prone positions for FMS and MDCT
PBF measurements. Error bars represent 95% confidence intervals. ............. 42

Left) Ex vivo perfusion system setup for MDCT imaging. The heart-
lung block is surgically removed and placed in an evaluation box
positioned on the gantry table within the MDCT scanner, and connected
to the perfusion circuit. Middle) A close up of the heat exchanger,
reservoir, centrifugal pump and flow probe. Right) Lungs are stored in
a lung evaluation box during the study. Inflow tubing delivers perfusate
to the pulmonary artery while a cannula in the LA collects perfusate
from the pulmonary veins and returns it to the reservoir. A close up of
the ex vivo heart-lung block after two hours of perfusion is shown in the
bottom right. Lung parenchyma was visually in good condition and
remained healthy and compliant throughout the experiment. The lungs
were breath-held with PEEP to obtain volumetric images. ..........c.ccocvevenenene. 61

Schematic of the ex vivo perfusion system. The perfusion circuit

consists of a reservoir, centrifugal pump, and heat exchanger. The

perfusate is pumped by a centrifugal pump from the reservoir, through a

heat exchanger and into the lung vasculature via a cannula placed in the
pulmonary artery. Flow returning from the lungs via pulmonary veins is
collected by a cannula placed in the left atrium, and returns to the

reservoir. Core lung temperature is assessed by a probe placed on the

outflow portion Of the CIFCUIL. ........coeve i 62

Perfusion and ventilation settings for a representative study (Animal 2)

over two hours. This animal was physiologically stable over two hours

with not much change in his PA and LA pressure (upper left), tidal

volume (upper right), PVR (lower left) or compliance (lower right)
measurements. The flow rate averaged 2.2 L/min with a mean minute
ventilation of 2.5 L/min for the 120 minutes. The lungs were breathing

room air (21% O,) at a rate of 12 breaths/minute. Other ventilator

settings included a PEEP of 5 cm H,0 and a PIP of 25-30 cm H,0, with

a mean of 27.8 cm H,0. While physiological parameters were stable

over time, the lung had a 20% tissue volume increase over 120 minutes. ......63

Volumetric MDCT images at a PEEP of 25 cm H,0 (TLC) after ex vivo

lungs had been warmed up to 37 °C and perfused for 2 hours at a flow

rate of 100 cc/kg/min. This preparation (animal 1) demonstrated

minimal edema in the dependent region of the lung. These visual

imaging findings match the tissue volume calculations which found a

10% tissue volume increase over 120 MINUEES. ......c.cccvevverieerveresieseese e 64



Figure 15.

Figure 16.

Figure 17.

Figure 18.

Figure 19.

Figure 20.

Change in tissue volume from baseline at 40 minutes, 80 minutes and

120 minutes for 5 ex vivo preparations. Tissue volume increases over

time, suggesting fluid accumulation in the lung. The greatest increase in
tissue volume occurred from 80-120 minutes, suggesting the lung

function and vascular integrity is declining over time. In animal 3,

tissue volume fell at 40 minutes from baseline, and then continue to rise

over time. This most likely reflects the recruitment and opening up of

an atelectatic lung region from 0 t0 40 MINULES.........ccceverriiiiereeienieneeee e 65

A representative axial slice from animal 5 demonstrating mild fluid

retention over time. The dependent region of the lung resting beneath

the heart tissue is most susceptible to hydrostatic edema resulting in the

most fluid accumulation over the 120 minutes of perfusion...........cc.cccceevenee. 66

Regional PBF (top) and MTT (bottom) color-coded maps for a

representative slice from one animal in the supine position at four flow

rates: 50, 75, 100 and 125 cc/kg/min. Bar graphs demonstrates mean

(upper) and CV (lower) measurements for each flow rate. Increased

flow leads to an increased region PBF (ml/min) and decreased MTT

(seconds) as expected. As flow is increased both MTT and PBF

distributions become more homogenous (decreased CV). ......cccccoevrvrvrvenne. 67

Three axial slices taken from TLC volumetric non-contrast (PEEP of 30
cm H,0) MDCT images obtained at baseline (once lungs are warmed up
and target flow rate of 25 cc/kg/min was reached) and 120 minutes later
for the prone ex-vivo preparation. Slight lung shifting occurred over the
120 minutes (airways can not be exactly aligned in axial slices). There is
minimal visual change occurred in the lung parenchyma. The lack of
enhancement suggests minimal interstitial edema accumulation. These
findings agree with tissue volume calculations, demonstrating only a 4%
increase in tissue volume for the whole lung. A region of enhancement
in the upper region of the most basal slice shown here correlated with a
hemorrhagic region seen at time of lung removal. This region did not
resolve over time, but rather remain unchanged at 120 minutes. Images
shown here are 1.5mm slice thickness reconstructions shown using lung
windows (WL -500, WW: 1500). .....ccoueurrieiiniirieninesieieie e 68

Air and water content (low-high, blue-red) for 4 axial slices, apical (top)

to basal (bottom), determined from baseline perfusion images obtained

at a FRC lung inflation volume. Regions of high air content (red) and

low water content (airways) and no air content and high water content
(vessels) will be filtered to analyze blood flow only in the lung

parenchyma. The prone ex-vivo lung visually had little air gradient

with homogenous airflow to the lung parenchyma...........ccccocooeiiiiiicienn, 69

Color coded PBF and MTT maps for a representative slice at 50

cc/kg/min (upper row), 75 cc/kg/min (middle row) and 100 cc/kg/min

(lower row) in ex-vivo lungs in the prone position. Regions of interest
consisting of a 5 x 5 voxel volume (volume: 2.3mm x 2.3mm x 1.2 mm)

were grouped together to calculate regional PBF and MTT. Flow ranged

from 0-300 mI/min/100 ml (blue-red). MTT ranged from 0-12 seconds
(BIUB-TE). ... 70

Xi



Figure 21.

Figure 22.

Figure 23.

Figure 24.

Figure 25.

Mean PBF (mI/min/100ml) and MTT (seconds) at 50, 75, 100
cc/kg/min flow rates for ex vivo preparation in the prone position. Error
bars represent 95% confidence intervals. Perfusion data was filtered to
excluded airways and vessels. As flow rate is increased, the mean PBF
increases and MTT decreases. CV decrease as flow rates increase from
50 to 75 to 100 cc/kg/min for both PBF (0.96 to 0.86 to 0.84
respectively) and MTT (0.62 to 0.60 to 0.56 respectively)
measurements. A region of low to no flow due to fluid around the heart
was included in the analysis, resulting in larger CV values reported here

for regional PBF than typically observed. ...........cccooviiiiiiicicc e

Airway tree of an ex vivo sheep lung, obtained from volumetric MDCT

images at TLC obtained after 40 minutes of perfusion at 60 cc/kg/min.......

An example of a SE subject. This subject is a 41 year old male smoker
with a 45 pack year history. A) A representative coronal image from
the volumetric spiral MDCT scan performed at a breath-hold of TLC.
This subject demonstrated mild centrilobular emphysema with
emphysematous changes present in the upper lobes. Lung window
leveling of -500 / 1500 HU was used. B) A cumulative histogram for
the whole lung demonstrates the distribution of voxel intensity of the
lung parenchyma. EI measurements for -950 HU and -910 HU were

5.1% and 28.9% reSPECHIVEIY........cccviiiiiiiieee s

Left: MDCT perfusion baseline image obtained in a SNI subject. The
pulmonary artery (PA) and two regions of lung parenchyma in the
dependent (D) and non-dependent (ND) region are shown. Right:
Corresponding time-intensity curves demonstrate the dynamic change in
Hounsfield units (HU) as the bolus of contrast passes through the PA
(upper) and in the dependent and non-dependent regions of the lung
parenchyma (lower). Regional PBF and MTT are obtained through the

application of indicator dilution theory to the data. ..........ccccccevivevviiereenne

Perfusion maps demonstrate regional PBF measurements obtained from
dynamic, ECG-gated CT imaging in a SE subject. Images are obtained
during a breath-hold at FRC with 2.4 cm axial coverage (64-slice
MDCT scanner). Baseline images (just prior to bolus contrast injection)
for six of the twenty slices are shown here with the perfusion map
overlaid. Regional PBF, mean normalized, is demonstrated with low to
high flow corresponding to blue and red coloring respectively (range:
0.25-1.75). Perfusion measurements have an in-plane resolution of
1.875 mm x 1.875 mm and slice thickness of 1.2 mm. There is marked
heterogeneity of PBF present in the lung parenchyma. There is a flow
gradient visually apparent with regions of lower flow present in the non-

dependent regions and greater flow in the dependent regions of the lung....

xii

.1

.90

91

92



Figure 26.

Figure 27.

Figure 28.

Figure 29.

Figure 30.

Figure 31.

Figure 32.

Color coded maps of perfusion parameters overlaid on imaging slice for
subjects in each group. A) MTT maps for NS (left), SNI (middle), and

SE (right) subject. Maps demonstrate significantly increased regional
heterogeneity of MTT measurements in SE subjects as compared to NS

and SNI subjects. Range: 0-8 seconds. B) PBF normalized to the mean

PBF for NS (left), SNI (middle), and SE (right) subject. Similar to MTT
findings, there is increased regional heterogeneity in mean normalized

PBF measurements in SE subjects compared to NS and SNI subjects.

RANGE: 0.25-1.75. .o 93

MTT and PBF measurements for dependent and non-dependent regions
of the lung. Error bars represent £ SEM. A) Mean MTT did not differ
between the non-dependent and dependent region for any of the groups.
B) In all groups, mean normalized PBF measurements demonstrate
increased flow in the dependent region and decreased flow in the non-
dependent region of the lung. C) The CV of MTT is significantly
increased in the non-dependent region compared with the dependent
region in all three groups (NS: p = 0.00001, SNI: p = 0.001, and SE: p =
0.007). D) CV of mean normalized PBF is significantly increased in the
non-dependent region compared to the dependent region in all three

groups (NS: p =0.0001, SNI: p=0.003, and SE: p = 0.001)......cceecvervrernenn 94
Vascular segmentations from a non-smoker subject in the BRP cohort at
an AP (left) and lateral (right) VIEWPOINL. ..........ccooviiiiiiiiieeeeeeeen 116

Histograms of TPVV and TPVV normalized to total lung volume

(determined from quantitative image analysis of lung MDCT images).

TPVV and TPVV normalized to lung volume measurements are

normally distributed (Shapiro-Wilk statistic: TPVV: p = 0.44; TPVV
normalized to lung volume: p = 0.74). TPVV measurements ranged

from 114.6 cm® to 255.2 cm®, with a mean TPVV value of 172.2 + 35.5

cm?® (95% Cl: 160.9 - 183.6 cm®).  TPVV normalized to lung volume

ranged from 0.0179 to 0.0339 with a mean value of 0.0272 £ 0.0035

(95% Cl: 0.0261 - 0.0284). ....cveieieieiiiieesiesie et 117

TPVV demonstrated a strong direct linear correlation (r = 0.76) with the
total lung volume determined by quantitative image analysis. These
measurements were taken at the TLC lung inflation volume. ....................... 118

TPVV and TPVV normalized to lung volume divided by gender.

TPVV measurements were larger in male subjects (top), but males also

had larger total lung volumes. Once TPVV was normalized to total lung
volume (bottom), there were no significant differences due to gender. ........ 119

A coronal (left) and sagittal (middle) slice demonstrating vascular
segmentation results from a subject at two lung inflation levels: TLC

(top) and FRC (bottom). Corresponding pulmonary vasculature
segmentations at a lung inflation of TLC (right upper) and FRC (right

lower). While both segmentations appear to capture the vasculature out

to the peripheral regions of the lung, the FRC vessel segmentation did

not capture the higher generation as well as the TLC vessel

segmentation (based on visual assessment). CT images shown with lung
window leveling (1500/-500)........ccccueirirriinininesieeeeee e 120

Xiii



Figure 33. TPVV and TPVV normalized to lung volume measurements
demonstrated a weak inverse correlation with the subject's age that was
not significant for either TPVV (r =-0.13, p = 0.44) or TPVV
normalized to total lung volume (r=-0.21, p=0.21). ccccvvvrriveriiiriieeene 121

Figure 34. TPVV and TPVV normalized to lung volume measurements did not
significantly correlate with pack years in the 20 smoking subjects. Pack
years were determined from the number of packs smoked per day
multiplied by the number of years smoking. After lung volume was
accounted for in the smokers, pack years was inversely related to TPVV
measurement, though this correlation was not significant (r = -0.19, p =
0.42). ettt ettt ra e e e 122

Figure 35. Linear regression plots for TPVV versus measures of body size
including height (A), weight (B), BMI (C) and BSA (D) in the cohort of
40 subjects (20 smokers and 20 nonsmokers). TPVV was strongly
correlated with height, weight, and BSA, with BSA measurements
having the strongest correlation (r = 0.60, p<0.01). BMI and TPVV
measurements did not demonstrate a correlation...........cccccoceveiineiiiieienen, 123

Figure 36. Linear regression plots for TPVV normalized to lung volume versus
measures of body size including height (A), weight (B), BMI (C) and
BSA (D) in the cohort of 40 subjects (20 smokers and 20 nonsmokers).
BSA remains the variable with the strongest association to TPVV when
normalized to lung volume. BSA demonstrates a modest, direct
correlation (r = 0.24, p = 0.13) to TPVV measurements normalized to
TUNG VOIUME. .o 124

Figure 37. 3-D representation of the vascular, airway and lobar segmentations for a
subject with COPD stage Il. Airways are shown in dark blue with the 5
10DES COIOr-COUBM. ..o 125

Figure 38. Simple linear regression demonstrates a strong linear assomatlon
between total lung volume and TPVV measurements (R* = 0.83) for
subjects in the EMCAP STUAY. ......cooeiiiiiiiiesieeeee e 125

Figure 39. Surface color-coded 3-D rendition of the left and right lung vascular
trees with arteries (blue) and veins (red) separated with a fuzzy logic
based algorithm. Vasculature segmentations were obtained from a non-
contrast MDCT volumetric scan of the lung breath-held at TLC.................. 126

Xiv



LIST OF ABBREVIATIONS

BDI: Baseline dyspnea index

BMI: Body mass index

BSA: Body surface area

ClI: Confidence interval

COPD: Chronic obstructive pulmonary disease
CRP: C-reactive protein

CV: Coefficient of variation

DSR: Dynamic spatial reconstructor

EBCT: Electron beam computed tomography
ECG: Electrocardiogram

El: Emphysema index

ET: Endotracheal

FEV:: Forced expiratory volume in 1 second
FMD: Flow-mediated dilation

FMS: Fluorescent microspheres

FOV: Field of view

FRC: Functional residual capacity

FVC: Forced vital capacity

HPV: Hypoxic pulmonary vasoconstriction
HU: Hounsfield unit

LA: Left atrium

LAP: Left atrial pressure

MDCT: Multidetector-row computed tomography
MLD: Mean lung density

MTT: Mean transit time

PA: Pulmonary artery

PAP: Pulmonary artery pressure

PASS: Pulmonary analysis software suite
PBF: Pulmonary blood flow

PEEP: Positive end-expiratory pressure

PH: Pulmonary hypertension

PIP: Peak inspiratory pressure

PVR: Pulmonary vascular resistance

ROI: Region of interest

SD: Standard deviation

TLC: Total lung capacity

TPVV: Total pulmonary vascular volume
TSIA: Time series image analysis

TV: Tidal volume

VEGF: Vascular endothelial growth factor

XV



CHAPTER 1: MOTIVATION AND AIMS

This work focuses on the use of multidetector-row computed tomography
(MDCT)-based measures of pulmonary blood flow (PBF) and pulmonary vascular
volume to gain new insights into vasculature-related changes and their role in the
pathogenesis of chronic obstructive pulmonary disease (COPD). As a precursor to
phenotype assessment in COPD, we validated perfusion measurements obtained with
MDCT imaging against microsphere perfusion measurements in an in vivo swine model
(Chapter 3), and also developed an ex vivo lung perfusion model for further validation
studies (Chapter 4). Quantitative MDCT-based measurements of perfusion and
pulmonary vasculature volume were then used to test two hypotheses regarding
vasculature-related changes in smokers and COPD subjects (Chapter 5 and 6).

COPD is a heterogeneous lung disease, with cigarette smoke being the most
important risk factor. It is known that emphysema occurs due to an abnormal
inflammatory response to noxious gases or particles leading an influx of immunologic
cells including neutrophils, macrophages and T cells. This leads to irreversible damage
in the conducting airways and loss of elastic recoil due to damage of the alveolar
structures. Recent studies have demonstrated endothelial dysfunction, assessed by flow-
mediated dilation (FMD) of the brachial artery, and increased arterial wall stiffness in
COPD subjects. These vascular changes suggest a vascular phenotype present in COPD
that is not fully characterized. We hypothesize that these processes affecting the
pulmonary vasculature lead to early changes important in the pathogenesis of COPD. A
more thorough background on the clinical relevance and current knowledge on the
pathophysiology of COPD and more specifically, emphysema, is presented in Chapter 2.

The first aim of this work is to validate the use of dynamic ECG-gated MDCT
perfusion imaging for the determination of pulmonary perfusion and perfusion

parameters. This was accomplished with regional correlation measurements to



fluorescent microsphere (FMS) blood flow measurements (Chapter 3) and secondly, with
studies performed on a newly developed ex vivo lung perfusion system (Chapter 4). A
series of experiments in a swine model were performed to obtain both FMS and MDCT
perfusion measurements and demonstrated good correlation between methods. In order
to compare the two techniques, image registration techniques were utilized to match
MDCT-based PBF measurements to FMS PBF measurements at the FMS resolution level
of 1.9 cm®. Mean, coefficient of variation, vertical gradients, and correlation were
obtained for many normalization methods for each technique, which demonstrate
differences which can alter one's interpretation of lung physiology. The need for better
models, capable of testing and validating new functional MDCT lung imaging
techniques, led to the development of an ex vivo lung perfusion system. Lung
transplantation techniques were applied to develop a stable system capable of careful
control of ventilation and perfusion of the ex vivo lung, and the ability to functional
assess the lung with MDCT imaging. In chapter 4, the developmental work of this
system is presented. Quantitative image analysis of tissue volume from volumetric
MDCT images of the ex vivo lung and physiological monitoring provided a means to
assess the stability of the lungs over time. The model was then used to further validate
the MDCT perfusion imaging technique by imaging the ex vivo lungs at a range of flow
rates, demonstrating appropriate changes in regional PBF and MTT as pulmonary arterial
flow was increased from 50 cc/kg/min to 125 cc/kg/min.

In chapters 5 and 6, we present human data collected from MDCT imaging
studies performed in two cohorts: the Bioengineering Partnership Lung Atlas (NIH-HL-
064368: BRP) and Emphysema and Cancer Action Project (EMCAP). These projects
tested hypotheses related to the presence of vascular-related changes with COPD.
Chapter 5 focuses on the characterization of perfusion and perfusion heterogeneity in
smokers with and without disease, and to test the hypothesis that smokers susceptible to

emphysema will have a patchy inflammatory response leading to a patchy distribution of



PBF and MTT throughout the lung parenchyma. We determine normative values of
mean and variability of MDCT-based measures of perfusion (regional PBF) and MTT in
a subgroup of the BRP cohort including 17 never smokers, 12 smokers with normal
spirometry and normal MDCT images, and 12 smokers with preclinical emphysema. Our
results demonstrating increased heterogeneity of regional PBF and MTT in smokers with
preclinical emphysema compared with smokers without disease and nonsmokers are
supportive of our hypothesis that a subset of smokers will be more susceptible to disease
due to the inability to block HPV in regions of inflammation.

Finally, in Chapter 6 we explore a new MDCT-based vasculature measure, the
total pulmonary vascular volume (TPVV) obtained from non-contrast MDCT lung
images. TPVV is defined as the total arterial and venous intravascular volumes plus
extralumenal volumes (the volume of arterial and venous vessel walls) in the lungs.
TPVV analysis of a subgroup of BRP cohort subjects established a normative range for
nonsmokers and smokers. Linear regression between TPVV and possible covariates
demonstrated a strong correlation between TPVV and total lung volume, and TPVV and
measures of body size such as height and weight. We demonstrated a direct correlation
between TPVV and spirometry measures of lung function such as FEV;. CT images
from another cohort (EMCAP study) consisting of 93 former smokers with and without
COPD were evaluated to determine if associations exist between TPVV and COPD
severity, and endothelial dysfunction. FMD measurements in this cohort have been
previously shown to be linearly related to lung function and CT lung density in smokers.
TPVV measurements from the EMCAP cohort demonstrate a strong inverse correlation
between CT percentage of emphysema and TPVV measurements, indicating a decrease in
TPVV with increasing COPD disease severity. Measures of endothelial function from
FMD demonstrated a weak correlation of endothelial dysfunction and an increased
TPVV. A decreasing pulmonary vasculature volume with increased CT percentage of

emphysema and decline in lung function assessed by spirometry suggest that



parenchymal destruction occurring with increasing COPD severity is affecting the
capillaries and causing destruction, thereby decreasing the total pulmonary volume.
FMD and TPVV analysis demonstrates a trend for endothelial dysfunction to be
associated with an increased pulmonary volume. This findings suggests the presence of
altered vascular tone in COPD subjects which is not fully characterized. Further study
with more sensitive measurements of vascular volume, such as a specific pulmonary
arterial volume, will be needed to better characterize these changes in COPD subjects.
This work is important for the characterization of a new vascular phenotype of
COPD. Non-invasive CT measures of vascular function are important measures of lung
health to be used as endpoint or biomarkers in clinical or pharmaceutical trials, or for
studies where phenotyping disease is important. This work validated the perfusion
MDCT imaging technique, provided a new model for imaging validation and study of the
lung pathology and pathology, and improved our understanding of the pathophysiology

and vasculature-related changes present in COPD subjects.



CHAPTER 2: BACKGROUND

Clinical Significance

Lung Physiology

The main function of the lung is to facilitate gas exchange including the uptake of
oxygen and removal of carbon dioxide. The pulmonary circulation is a low pressure
system (mean arterial pressure: 15 mm Hg) which encompasses the entire right
ventricular outflow tract; therefore PBF is equivalent to cardiac output. Blood travels
from the right ventricle into the pulmonary artery to pulmonary arterioles to the capillary
bed where gas exchange occurs. The capillary bed merges to form pulmonary venules,
which then form pulmonary veins, and return blood to the left atrium of the heart. The
capillaries lie in the alveolar walls and form a dense network around the alveoli. The
capillary-alveolar boundary constitutes the blood-gas barrier in the lung. West describes
the capillary-alveolar boundary as extraordinary due to its “extreme thinness, immense
strength, and enormous area” (202). This barrier consists of a single layer of alveolar
epithelium, capillary endothelium, and an intervening extracellular matrix containing two
basement membranes of the two cell layers. This boundary must remain very thin for
passive diffusion of the gases to occur, while also maintaining a large area for diffusion
(115, 202). Additionally, in order for efficient gas exchange to occur, the lung must have
well-matched ventilation and perfusion. Perfusion is a general term describing the
delivery of arterial blood to a capillary bed, whereas PBF refers to the rate of delivery of

pulmonary arterial blood to the capillary bed in a known mass of tissue (105, 201).

Pulmonary Blood Flow
Early methods for assessment of PBF focused on characterization of perfusion
gradients present and explanations for the heterogeneity observed. Nuclear medicine with

gamma camera counters were able to demonstrate gradients in the blood flow distribution



and from these studies, John West developed a zonal model of blood flow in the lung
(201, 203, 204). Based on his model, the lung is divided into three zones based on the
relationship between the alveolar pressure (Pa), pulmonary arterial pressure (P,), and
pulmonary venous pressure (P,). Regional perfusion to the lung is determined in each
zone based on the gravitational effect on the pressures. In an upright human lung, zone 1
is in the apical region, and based on its pressure gradient (P > P, > P,), capillary beds
are collapsed and minimal PBF occurs. In Zone 2, P, > Pa > P, resulting in flow
proportional to the alveolar-venous gradient. Finally in the basal region of the lung, zone
3 conditions exist. In Zone 3, P, > P, > Pa. This means the blood flow through the open
capillary beds depends on the typical arterial-venous gradient. A reduction in blood flow
in the most dependent region, zone 1V, can exist as well in the very most basal region of
the lung (81, 82).

In the West model, gravity is the major determinant of regional perfusion and
explains a gradient observed from non-dependent to dependent regions of the lung.
Many investigators have now shown that pulmonary perfusion exhibits a vast degree of
heterogeneity for an iso-gravitational plane or gravity independent region (57, 78, 150).
According to the zonal model, a slab of lung at the same vertical level would have equal
hydrostatic pressure effects and therefore, the gravitational effects on the distribution of
blood flow should be minimal. However, marked heterogeneity in an iso-gravitational
plane has been demonstrated, suggesting that factors other than gravity may contribute to
blood flow. Glenny et al. have hypothesized that gravity plays a minor role in the spatial
distribution of pulmonary blood flow and rather the vascular structure is the major
determinant of local blood flow (47, 48, 50). Another possibility is hypoxic pulmonary
vasoconstriction (HPV). The lung's normal response to regional alveolar hypoxia is
regional HPV, resulting in the shunting of blood towards better-ventilated regions of lung
for improved oxygenation. This is an intrinsic response occurring locally in the small

pulmonary arteries (64, 127). Microsphere studies in animal models have demonstrated



non-uniform alterations in blood flow in response to hypoxia (67, 102, 180). A
diminished HPV response to hypoxia is present in disease states such as pneumonia
(120). Imaging has shown that in both sheep (39) and humans (56, 170), HPV is blocked
in the presence of inflammation, and this block occurs regionally at sites of inflammation

(76).

Chronic Obstructive Pulmonary Disease
Chronic obstructive pulmonary disease (COPD) is a disease that affects the lung’s
airways, parenchyma and vasculature as well as manifesting systemic effects (7, 148). It
is currently the fifth leading cause of death in the United States. According to GOLD
standards, COPD is defined as:

"a preventable and treatable disease with some significant extra-
pulmonary effects that may contribute to the severity in individual
patients. Its pulmonary component is characterized by airflow
limitation that is not fully reversible. The airflow limitation is
usually progressive and associated with an abnormal inflammatory
response of the lung to noxious particles or gases (148).”

Risk for COPD is related to an interaction of genetic factors and many different
environmental exposures (117). The most important risk factor leading to the
development of COPD is cigarette smoking. 90% of COPD cases are in smokers, but
only a subset of smokers (approximately 20%) will develop clinically symptomatic
COPD during their lifetime. Symptomatic individuals present clinically with chronic
cough, mucous hypersecretion, and dyspnea on exertion. Diagnosis is based on
spirometry measurements demonstrating airflow limitation that is not fully reversible,
specifically a post-bronchodilator FEV1/FVC ratio < 0.70. Further classification shown
in Table 1 divides the progression of disease in four stages (I-1V) or mild, moderate,
severe and very severe COPD based on post-bronchodilator spirometry (148). Lung
function impairment is a strong predictor of mortality, but it does not completely

characterize the wide spectrum of disease (117). Despite similarities in altered lung



function, COPD symptoms and signs manifest as different pathological entities including

chronic bronchitis and emphysema (188).

Phenotypes of Emphysema

Emphysema is defined anatomically by an abnormal dilation (enlargement) of the
air spaces accompanied with destruction of the alveolar walls without obvious fibrosis.
The hallmark of the pathogenesis is an abnormal inflammatory response to noxious gases
or particles leading to irreversible damage in the conducting airways and loss of elastic
recoil due to damage of the alveolar structures (7, 148). Two distinct forms of
emphysema have been described. Centrilobular emphysema is commonly seen in
smokers. The main region of inflammation and destruction is the respiratory bronchioles,
and emphysema is most frequently observed in the upper lobes, especially in the mild
form (188). The reason for this localization remains unknown. West et al. analyzed
regional stresses in a finite element model of the lung, and found that in the upright
position the stress in the lung is maximal at the apex (200, 205). However, the reported
intra-pleural pressures (69, 72) while more negative in the apices, are not high enough to
explain the predisposition of emphysema destruction to the apices. Panacinar emphysema
is the typical presentation for a group of subjects with a rare genetic disease, a;-
antitrypsin deficiency. In this subtype, the respiratory bronchioles, alveolar ducts and sacs
are all equally involved in the disease process, and emphysema is localized in the lower

lung lobes (188).

Pulmonary Hypertension in COPD
COPD has a systemic inflammatory component (7, 44, 58) and is an independent
risk factor for cardiovascular disease (124, 175, 176). C-reactive protein (CRP), a marker
of acute inflammation, is increased in COPD subjects specifically during acute
exacerbations (4, 32, 116, 186, 191). Higher serum levels of pro-inflammatory markers

such as CRP and TNF-a are associated with increases in peak pulmonary artery pressure



in patient with COPD, suggesting a pathogenic role for low-grade system inflammation
in the pathogenesis of pulmonary hypertension (PH) in COPD patients (89). PH is a
family of disorders characterized by an elevation of arterial pressure and pulmonary
vascular resistance (PVR) in the lung (162), and is a well-known clinical feature of
advanced COPD and a frequent complication in the natural history of disease (6, 189).
PH significantly worsens the prognosis of COPD. In a longitudinal study, Burrows et al.
demonstrated that survival was inversely related to PVR and the association was similar
to the association of survival to FEV; (22). The presence of PH in COPD is also

associated with increased hospitalization for acute exacerbations (6).

Evidence for vascular changes with COPD

Recent evidence suggests that endothelial dysfunction and pulmonary vascular-
related changes occur early in COPD, which may represent a novel vascular pathway in
COPD development. Pulmonary vascular remodeling and endothelial dysfunction have
been observed in the pulmonary arteries of smokers and COPD subjects of varying
severity. Pathological lesions including thickening of the intimal and muscular layer of
the vessel can be identified early on in the pulmonary arteries of smokers with mild
COPD and smokers without disease (143, 144, 165, 166). It has been demonstrated that
cigarette smoking results in capillary endothelial and alveolar epithelial apoptosis, which
can lead to the loss of alveolar septa and reduction in small capillary blood vessels (92,
94). These findings suggest early alterations in the pulmonary vasculature occur and are a
direct response to cigarette smoking. As the disease progresses, the structural alterations
will ultimately result in a rigid vasculature bed, unable to dilate with increasing pressures
(215), accounting for the presence of pulmonary hypertension.

Other work suggests the importance of inflammation as a mechanism for vascular
remodeling. Peinado et al. demonstrated that cigarette smoking induced a CD8+ T-

lymphocyte infiltrate in the pulmonary arteries and an associated impairment of the
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vessel's structure and function (143). Endothelial dysfunction and vasculature changes
may be due to an altered balance of vasoactive mediators (216, 217). Animal studies
show that blockade of vascular endothelial growth factor (VEGF), a key cytokine in the
maintenance of the pulmonary vasculature, causes emphysema (93, 94, 195). This all
supports earlier work of Dr. Liebow who in 1959 examined pulmonary arteries and veins
of emphysema patients and postulated that changes in the local vascular milieu caused
alveolar destruction in COPD (104).

Studies have also demonstrated the diminished ability of the pulmonary arteries to
relax in arteries obtained following lung resection in COPD subjects (144). Non-invasive
techniques, such as flow-mediated dilation (FMD) of the brachial artery can be used to
test endothelial dysfunction according to established guidelines (28). Impairment of
endothelial function by the FMD technique has been demonstrated in two COPD cohorts.
Barr et al. demonstrated that endothelial dysfunction, assessed by FMD, was associated
with a lower post-bronchodilator FEV; and higher CT percentage of emphysema in
former smokers across a spectrum of disease severity (9). In another study, Moro et al.
also demonstrated endothelial function was correlated with FEV; (126). Functional data
regarding the arterial stiffness can be obtained from the shape of the arterial pressure
waveform and can be assessed non-invasively with pulse-wave analysis (137, 209).
Chronic cigarette smoking has been associated with increased arterial stiffness (108, 114)
with smoking cessation resulting in an improvement in measures over time (87). Two
cohort studies show that arterial stiffness is increased in COPD subjects (119, 124, 163)
with associations with emphysema severity in one cohort (119), and associations with
airflow obstruction, systemic inflammation, and presence of osteoporosis in the another

cohort (163).
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MDCT Imaging

Technology Advances

CT has emerged as a powerful method for imaging of the lung due to its
widespread availability, high spatial resolution, high signal to noise ratio for lung tissue,
and fast acquisition speed. MDCT imaging can now provide anatomical and functional
information about the lung. CT technology has rapidly evolved from its introduction in
the medical field in the early 1970s. An early, experimental scanner, known as the
dynamic spatial reconstructor (DSR), built at the Mayo Clinic housed 14 x-ray sources
aimed at a hemi-cylindrical fluorescent screen in turn monitored by 14 television
cameras. The 20 ton gantry rotated at 15 rpm and provided enough projection data to
reconstruct up to 240 slices of the body every 1/60 second (12, 156, 158, 159, 177).
Much of the early quantitative imaging analysis tools evolved from the efforts to evaluate
data from this scanner. These efforts demonstrated the utility of CT imaging in providing
regional lung density measures (71, 75, 157), lung volumes (100) as well as anatomic
detail of the airway and vascular trees (18, 109, 110, 219) and regional measures of
pulmonary perfusion (218).

Spiral CT was introduced by Willi Kalender and colleagues (90), allowing for
volumetric imaging of the lung in a breath hold. While single-slice spiral CT scanners
with one x-ray source/detector pair were rapidly adopted to acquire volumetric images of
the lung, breath hold times were often too long for patients to sustain and slice
thicknesses were large relative to the anatomy of interest. Thin slice, high resolution, step
and shoot modes, gathering slices widely spaced from lung apex to base, were introduced
and remained the method of choice for assessing peripheral lung anatomy (223, 226) and
functional data was not available clinically. Four-slice MDCT systems became available

in 1998, followed by 16-slice and 64-slice in 2001 and 2004 respectively. In 2009,
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scanners with 320 slices covering approximately 12 cm of the apical-basal lung axis are
available.

MDCT scanners use cone-beam X-ray geometry and multiple detector rows to
collect more slices per gantry rotation, thereby allowing for increased z-coverage. Its
increased speed and ability to image thin slices of isotropic (voxels with the same x,y and
x dimensions) resolution provide significant benefits compared to the earlier generation
of single-detector or limited multidetector-row scanners. With isotropic voxels and a
voxel dimension on the order of 1mm or less, one is able to re-slice the volumetric image
according to anatomy of interest. Once 16-slice scanners were developed; full lung
volumes in a breath-hold (10-20 seconds compared with the 4 slice scanner requiring 40
seconds) and contrast enhanced images during multiple phases of the cardiac cycle were
now feasible. As technology improved, the gantry rotation speed also increased leading to
improvements in technical scanner performance. As detector arrays advanced, 64 slices
could be acquired in one gantry rotation in as little as 0.33 seconds. With MDCT systems,
the scanner can also be used in an axial mode where the detector and x-ray source do not
spiral through the patient, but rather remain in the same axial position and provide data
for lung in the detector plane. This allows for imaging of a slab of lung slices over time

to provide functional imaging such as perfusion.

Volumetric Imaging
Regional lung densities change with lung volume, reflecting regional changes in
alveolar expansion. Therefore, it is important to standardize imaging protocols so that all
subjects are scanned at similar lung volumes. Imaging of the lung with MDCT should be
done under protocols including breath-holds at well controlled lung volumes to minimize
artifacts due to respiratory motion. In a clinical setting, x-ray technologists typically
coach patients on proper breathing and breath-holding at standardized volumes, typically

full inspiration or total lung capacity (TLC). Alternatively, a volume controller system
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has been developed in the lab for imaging of human subjects. This controller consisting
of a well calibrated pneumotachometer with balloon occlude valve which is linked to a
monitoring program (Labview, National Instruments, Austin, TX) to instantaneously

measure airflow and hold lung volumes appropriately (73).

Quantitative Image Analysis

CT is a comprehensive tool for studying both the anatomy and function of the
lung in normal and disease states. CT measures fit the NIH definition of a biomarker as a
"characteristic that is objectively measured and evaluated as an indicator of normal
biological processes, pathogenic processes, or pharmacological responses to a therapeutic
intervention™ (8, 168). Quantitative image analysis of MDCT lung scans provide a new
array of potential biomarkers capable of detecting pathologies, tracking disease
progression, and tracking therapeutic response.

The structure and integrity of the pulmonary vasculature can be assessed with a
non-contrast spiral lung volume scan obtained typically at full inspiration which provide
the best contrast between air-filled spaces and the parenchyma, airways and pathological
lung processes. Volumetric CT is an accurate method for determining lung volumes and
regional lung density. In order to quantitatively evaluate the lung, segmentation of the
lung (80, 224), lobes (198, 224), airways (5, 141, 179, 193, 194) and vasculature (171)
are completed. CT contrast is based on the attenuation of different tissues, approximately
related to tissue densities. Each voxel reflects the tissue density or x-ray attenuation
coefficient by its Hounsfield Unit (HU) value. The HU scale is defined as -1000 HU for
air, 0 HU for water, and 1000 HU for bone. For a non-contrast volumetric lung scan, if
one considers the lung as composed of two materials, air at -1000 HU and “tissue”
(including blood volume) at approximately 55 HU, then the density of HU can be convert
to the amount of air and “tissue” content per voxel (68). Volumes are determined based

on the product of the segmented in-plane cross-sectional area by the slice thickness,
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summed over all the slices spanning the segmentation. By combining these two measures,
the absolute volumes of air or tissue in the lung can be determined from the region
volume multiplied by the fraction of air or tissue (74, 172, 174). 3-D volume rendering
images of the lung, lobes airway or vasculature tree segmentations can be used to
visualize the anatomy.

With the recognition that many peripheral pulmonary processes either increase or
decrease regional lung density, there is a growing focus on quantifying the distribution of
lung attenuation values within CT images. Lung parenchyma voxels can be categorized
based on their attenuation values (HU value) and according to their place in the lung
attenuation histogram. The percentage of emphysema or emphysema index (EI) is
defined as the proportion of lung below a designed threshold attenuation value. This has
been applied to emphysema with density masks of -950 and -910 HU used to determined
percentage of severe and moderate emphysema present in the lung parenchyma (30, 45,
73, 103, 131). Groups have also focused on the development of CT based methods to
quantify regional lung expansion with the aim to gain insight into the stress and strain
distribution of the lung during normal physiology and pathologic states (152, 154, 173,
174).  Airway trees can be segmented and analysis can provide an array of quantitative
parameters such as major and minor diameters, areas, perimeters, and wall thickness
measurements for each airway branch (29, 153, 193, 194). Pathological changes such as
wall thickening have been characterized in subjects with lung disease such asthma and
COPD (30, 59, 99, 136, 151).

Being able to compare images performed at different conditions (lung inflation,
different time points, merge anatomical and function data) requires methods to match or
register the image data sets. Image registration requires a transformation that can be
applied to one image to align it with the second image. There are two basic types of
registration transformations: rigid body and non-rigid body. Rigid body transformations

assume that only translation and/or rotation are necessary. This transformation is
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expressed as a matrix that acts on every coordinate in the image data set. A non-rigid
transformation may be in the form of an affine transformation (also allowing for shape
change via shearing action) or a more complex transformation allowing shape change
globally or locally. Common similarity measurements include landmark, surface and
edge, and voxel intensity measures (83). In order to quantify the accuracy of registration
methods, landmarks are chosen in the two image sets that correspond to the same point,
such as an airway branching point. The distance between the true coordinates
(determined by the user) and the registered coordinates for a set of landmark points are

used to determine the average distance error.

Pulmonary Blood Flow and Imaging

To better understand lung diseases, MDCT imaging and quantitative image
analysis can be used to characterize changes in the lung, providing additional insights
into lung physiology and pathogenesis of lung disease. By studying perfusion
distributions with high resolution MDCT imaging techniques, we can explore
physiological and pathophysiological changes present in healthy subjects and those with
COPD to improve our overall understanding of the lung. Regional perfusion can
quantitatively be assessed with MDCT with a 4-D dynamic imaging method with bolus
contrast injection. This method uses indicator dilution theory to determine regional PBF
and MTT. Wolfkiel and Rich (212) measured myocardial blood flow by electron beam
CT (EBCT), using a single-compartment model of indicator transport. The basic concept
of the model is that flow is proportional to maximum enhancement of the tissue region of
interest (ROI). It assumes that the height of the curve is a measure of the flow within that
tissue ROI (13, 77, 212, 225). For this method to provide valid measurements, the
following criteria must be met by the indicator: 1) the indicator should not affect flow
through physiologic or volume effects; 2) the indicator should mix with the blood

uniformly; 3) the indicator should remain in the intravascular space; and 4) tissue
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accumulation of the indicator must be nearly complete before the onset of indicator wash-
out. In order to meet these criteria, a sharp, central bolus is needed.

This theory has been applied as a dynamic, ECG-gated axial MDCT technique
with bolus contrast injection (19, 77, 212, 213). Perfusion is measured by tracking a
central bolus of iodinated contrast over time with sequential CT imaging of a lung
volume with the scanner in axial mode (non-spiral mode with the table in a fixed
location). The technique employs a central injection of iodinated contrast delivered by
power injection, ECG cardiac gating, and is performed during a breath-hold at functional
residual capacity (FRC). In order to determine PBF and MTT, time-attenuation curves
must be obtained for the pulmonary artery and the lung parenchyma. A gamma-variate
function is fit to the data using a Levenberg-Marquardt least-squares minimization
routine (25). Indicator dilution theory is applied to the data to determine PBF and MTT
on a regional basis. PBF is the ratio of change in HU to the area under the input arterial
curve (25, 77). MTT of the residue function is defined as the area under the residue curve
divided by the maximum height. The regional residue function refers to the fraction of
bolus residing in the local microvascular bed at any given time and is determined by the
deconvolution of the regional lung parenchymal time-attenuation curves and the
measured pulmonary artery (214).

PBF data can be normalized with various methods including the mean, air
content (PBF AIR), non-air content (PBF NON-AIR), and a "per-alveolus" (PBF
ALVEOLUS) measurement. To mean normalize, PBF is divided by the mean PBF for
the lung. From the baseline image captured just prior to contrast injection, the air content
(Fair) and non-air content (Fnonair) of each voxel can be determined for each voxel. The
non-air content includes true tissue volume, blood volume and interstitial or alveolar fluid
volumes. PBF can be normalized by the air or non-air content of the voxel. For PBF
NON-AIR normalization measurements, we also divide by the average tissue density

(1.05 g tissue/volume) to get a flow per gram of tissue normalization.
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PBF AIR = PBF/(Fair)
PBF NON-AIR = PBF/(Fnonair x 1.05)
Another normalization is a "per-alveolus" normalization which attempts to
provide a measure of pulmonary blood flow when the lung is more uniformly expanded
at TLC (214). In this calculation, Fmaxair is the maximum value of the parenchymal air

fraction present in the segmented lung, calculated from the baseline image data set.

PBF ALVEOLUS = PBF/(Fmaxair/Fair)

MDCT perfusion imaging studies have been performed in animal studies and in
human subjects (25, 33, 39, 70, 76, 77, 212, 214, 218). Chon et al demonstrated PBF
measurements in dogs and established normative values of normalization methods
including vertical gradients and coefficient of variation for supine and prone body
postures (25). Won et al. characterized MTT and MTT heterogeneity with an EBCT
scanner capable of separating the true microvascular transport function from the small
artery contamination (214). Easley et al. used MDCT imaging to assess changes due to
hypoxemia in an acute lung injury model demonstrating differences in HPV response in
lavage injury versus pneumonia (39). Hoffman et al. demonstrated a regional HPV
response with MDCT perfusion imaging. In an animal with an endobronchial valve and
pneumonia, HPV was intact in the region of valve placement, but blocked in the region of
inflammation corresponding to pneumonia. From this data, Hoffman et al. hypothesized
that, in subjects with pulmonary emphysema, one major contributing factor leading to
parenchymal destruction is the lack of a regional blunting of HPV when the regional

hypoxia is related to regional inflammatory events (alveolar flooding) (76).
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Table 1. Global initiative for chronic obstructive lung disease (GOLD) classification for

the staging of COPD.

Stage Spirometry
Mild COPD I FEV/FVC<70% & FEV;>80%
Moderate COPD I FEV./FVC <70% & 50% < FEV;<80%
Severe COPD Il FEV./FVC <70% & 30% < FEV;<50%
Very Severe COPD v FEV./FVC<70% & FEV1<30%

Note: Spirometry measurements are post-bronchodilator responses.
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CHAPTER 3: ANIMAL VALIDATION STUDIES WITH
MICROSPHERES

Rationale

In order to validate the ECG-gated MDCT perfusion technique, comparison of
CT-based regional PBF measures to a gold standard measurement should be completed.
Microspheres have traditionally been employed as a validation method for pulmonary
blood flow. The microsphere mapping method to obtain high-resolution measurements
involves the in vivo administration of intravenously injected radioactive or fluorescent
microspheres followed by lung fixation, systematic cutting and piece mapping, and the
measurement of radioactive or fluorescent signal from each piece (46, 161). Spatial
perfusion maps have been employed in a wide range of studies including work
demonstrating flow heterogeneity in the lung (54, 78), the scale-dependent nature or
fractal nature of heterogeneity (51, 52, 160), and the relative importance of pulmonary
vasculature structure compared to gravitational gradients (47, 48, 50). While
measurements of PBF obtained by microspheres correlate well with regional blood flow
assessed by erythrocyte flow in the lung vasculature (11), its use is limited to studies on
experimental animals due to the destructive nature of the procedure. It has been difficult
to cross correlate PBF measurements obtained from MDCT perfusion imaging with FMS
measurements because of their differing processing schemes and normalization measures.
In vivo studies have demonstrated that the choice of normalization parameters can alter
one's interpretation of heterogeneity (25). With the development of more sophisticated
registration algorithms, it has now become feasible to match lung volumes, allowing for
the regional alignment of the microsphere and MDCT perfusion data sets. The purpose of
this work is to compare and correlate MDCT and FMS PBF measurements, and to assess
different normalization methods to determine the most appropriate normalization

approach for method comparison. To accomplish this task, we paired PBF measurements
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obtained with in vivo perfusion MDCT with measurements obtained by intravenously
injected 15-um FMS in swine. Image registrations techniques were employed to
regionally match in vivo MDCT measurements with FMS measurements based on cut

pieces of air-dried lung specimens.

Methods

Animal Preparation

Seven farm-raised swine with a mean weight of 19.8 + 1.0 kg (weight range, 18.6
to 21.8 kg) were used for this study. All animal use protocols were approved in advance
by the University of lowa Animal Care and Use Committee and all studies were
performed according to the guidelines established by the American Physiological Society
and National Institutes of Health. Animals were pre-medicated with an intramuscular
injection of ketamine (20 mg/kg) and xylazine (2 mg/kg) and anesthetized with 4%
isoflurane by nose cone inhalation. Carotid arterial and external jugular venous lines were
placed, and a tracheotomy was performed with an 8.0 mm inner diameter cuffed
endotracheal tube. Following surgery, the animal was moved to the MDCT scanner suite
and a continuous infusion of thiopental (20 mg/kg bolus followed by 20 mg/kg/hr)
sufficient to prevent spontaneous respiratory effort, was used to maintain anesthesia
during MDCT scanning and FMS administration. Animals were mechanically ventilated
(large animal ventilator, Harvard Apparatus, Holliston, MA) with the following
ventilation settings: 15 breaths/min, 7.5-cm H-,0 positive end-expiratory pressure (PEEP),
tidal volumes 12 cc/kg, with respiratory rate adjusted to maintain pH in 7.45 range.
Minute ventilation, end-tidal CO,, mouth airway pressure, rectal temperature, blood
pressure, oxygen saturation levels via pulse oximetry, and ECG signal were monitored
throughout the study. A pigtail angiography catheter (7 Fr, Cook Inc, Bloomington, IN)
was placed in the right atrium for central contrast injections needed for MDCT perfusion

imaging studies.
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MDCT and FMS Data Acquisition

MDCT and FMS regional PBF measurements were acquired with animals in both
prone and supine positions. All imaging was performed on a Siemens Sensation 64
MDCT scanner (Siemens, Erlangen, Germany). For each body position the following
sequence of measurements was taken: spiral non-contrast volumetric MDCT scans
obtained at two fixed lung volumes (TLC and FRC), 4-D ECG-gated axial MDCT
perfusion scans at two locations, and FMS injection. TLC and FRC volumetric scans
were obtained using a continuous PEEP breath-hold at 25 cm H,0 and 7.5 cm H0
respectively. Volumetric scans were performed with the following settings: mA, 100; kV,
120; pitch, 1mm; rotation time, 0.5 seconds; slice thickness, 0.75mm; slice increment,
0.5mm; matrix, 512 x 512; FOV, 24.0 cm; and reconstruction kernel, B31f. Voxel
dimensions were 0.47 x 0.47 x 0.50 mm. Based on the FRC volume scan, two adjacent
2.8-cm transverse sections of lung beginning just distal to the carina and advancing
basally were selected for perfusion MDCT imaging. ECG-gated dynamic axial 4-D
MDCT perfusion imaging was acquired during a bolus injection of 0.75 cc/kg iodinated
contrast medium (lohexol 350mgl/mL, GE Healthcare, Milwaukee, W1) delivered over 2
seconds into the right ventricle through a high pressure Med Rad contrast injector
connected to the intravascular catheter (25, 77). This sequence of 12 images acquired at
20 time points (240 total images per data set) was acquired during a 7.5 cm H,0
continuous airway pressure breath hold. Perfusion imaging parameters were as follows:
mA, 150; kV, 80; rotation time, 0.33 seconds; matrix, 512 x 512; FOV, 24 cm; and
reconstruction kernel, B30f. Each imaged volume consisted of 12 slices, with a slice
thickness of 2.4mm. Voxel dimensions were 0.47 mm x 0.47 mm x 2.4 mm. There was a
5 minute waiting period between scans of the two adjacent regions to allow clearance of
contrast. Additionally, regional PBF was labeled utilizing a continuous intravenous
injection of 1 x10° to 2 x10° 15-pm FMS (FluoSpheres, Molecular Probes, Eugene OR)

over a five-minute period. Intravenous FMS color choices for each animal position were
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alternated among six color labels. Once MDCT images and FMS injection were
completed, the animals were flipped and MDCT imaging and FMS injection was
repeated for the other body position.

Following administration of the final pair of FMS labels and MDCT imaging,
5,000 units of heparin, 45 mg of papaverine, and an additional bolus of 25 mg/kg of
thiopental were injected intravenously. The deeply anesthetized animals were euthanized
by exsanguination. The lungs were flushed clear of blood with a 2% Dextran solution,
cut free from the heart, removed from the thorax, and inflated to 25 cm H,O pressure.
Tissue glue was used to fix the lobes as close to their in vivo anatomic position, 20-30
punctures of the pleura were made with a 20-gauge needle, and the lungs were air-dried
with heated air at 25 cm H,O pressure for 3 days. The dried lungs were then coated with
an approximately 1-cm thick layer of Kwik Foam (DAP Inc. Dayton OH), and encased in
a block of rapid setting urethane foam (2 Ib. polyol and isocyanate, International Sales
Corp., Seattle, WA). Digital photos of the experimental FMS processing steps are shown
in Figure 1. Spiral non-contrast volumetric images with the same parameters as outlined

for in vivo scans were performed on the dried lung specimens encased in foam blocks.

FMS Data Analysis

Beginning at the level of the carina identified from the CT image of the foam
block, the lung block was cut into 1.2 cm transverse slices, and the slices were
photographed for the confirmation of registration with CT images. The slices were cut
into 1.8-cm® cubes (1.2 cm x 1.2 cm x 1.2 cm) using a rectilinear grid. The spatial
coordinates, weight, and lobe of each cut lung piece were recorded. For any cube
encompassing two different lobes, the smaller lobe portion was discarded. Each piece
was weighed and soaked in a fixed volume of 2-ethoxyethyl acetate (Cellosolve, Aldrich
Chemical, Milwaukee, WI) to extract the fluorescent labels, and fluorescence signals

measured with a fluorescence spectrophotometer (Perkin-Elmer LS50B, Boston, MA), as
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described previously (46). The fluorescence signals were corrected for spillover from

adjacent colors in the emission spectrum using a matrix inversion program (167).

MDCT Imaging Analysis

Lungs were semi-automatically segmented using Pulmonary Analysis Software
Suite (PASS). MDCT-based total lung volume, air volume, non-air volume, mean and
standard deviation of HU were calculated. ECG-gated perfusion MDCT images were
analyzed with the Time Series Image Analysis (TSIA) module within PASS, to determine
regional PBF and perfusion parameters (i.e. mean transit time) using indicator dilution
theory as previously described (25, 214). PASS and TSIA were developed by the
University of lowa, Division of Physiological Imaging (55, 73). Voxels were binned into
3 x 3 regions of interest (1.4 mm x 1.4 mm x 2.4 mm) resulting in regional data for a 4.7
mm? volume of lung parenchyma. Data was filtered to remove major airways and vessels
using the following criteria: fractional air content, 0.4-0.9; fractional blood content, 0.02-
0.5, blood flow > 0, and chi-squared 0-50,000. Data was excluded if the algorithm could
not determine a full-width half maximum value for the curve fit. PBF (ml/min), MTT

(seconds), and air and non-air (water) content were determined for each ROI.

Normalization Methods

FMS PBF measurements were normalized by two methods. First, the FMS piece
fluorescent is divided by the mean fluorescence to provide mean normalized
measurements (FMS PBF MEAN). A second normalization method is used to normalize
the regional PBF by the product of the mean and weight of the lung piece, thereby
providing weight-normalized PBF measurements (FMS PBF WTNORM). Pieces that
predominantly included large conducting airway were excluded.

MDCT PBF measurements were normalized by four different methods: Regional
PBF normalized to the mean PBF (MDCT PBF MEAN), PBF normalized to air content
(MDCT PBF AIR, ml/min), PBF normalized to non-air tissue (MDCT PBF NON-AIR,
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ml/min/g), and PBF normalized per alveolus (MDCT PBF ALVEOLUS, ml/min). The
following equations (described in Chapter 2) were used to determine these

normalizations:

MDCT PBF MEAN = PBF/mean(PBF)
MDCT PBF AIR = PBF/(Fair)

MDCT PBF NON-AIR = PBF/(Fnonair x 1.05)

MDCT PBF ALVEOLUS = PBF/(Fmaxair/Fair)
where the fraction of air (Fair) and non-air (Fnonair) content of the parenchyma can be
determined from the baseline image obtained prior to contrast injection. Fmaxair is the
maximum value of the parenchymal air fraction for the whole lung region sampled. For
MDCT PBF NON-AIR, we assume the average tissue density is 1.05 g tissue/volume.
The non-air content includes true tissue volume, blood volume and interstitial or alveolar

fluid volumes.

MDCT and FMS Data Registration

To compare data sets at the FMS piece size resolution, MDCT and FMS PBF data
were registered to obtain a matched data set containing both FMS and MDCT PBF
measurements according to the schematic shown in Figure 2. A normalized mutual
information based rigid registration algorithm provided by Analyze™ software (Mayo
Clinic, Rochester, MN) was used to rigidly (translation and rotation only) match in vivo
perfusion MDCT PBF data to in vivo FRC volumetric MDCT data for the supine and
prone positions. The first of the twenty temporal scans from the perfusion data set was
extracted as a reference slab to be matched against the FRC volume. During registration,
the image intensities were constrained by thresholds for improved contrast in order to
narrow the sampling region to the lung boundary. FMS PBF was overlaid on the MDCT
images of the ex vivo air-dried lungs, obtained prior to FMS processing. The ex vivo lung

volume was then registered to the in vivo FRC volumetric data set for both supine and
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prone positions. A multi-modality algorithm that applied information about the shape of
the lung and main bronchi airway segmentations after a user-performed rigid alignment
of lung volumes at the carina was used to register the lung volumes. This algorithm uses
normalized mutual information and small-deformation inverse consistent linear elastic
(SICLE) image registration (26). Normalized mutual information image registration
method maximizes the mutual information of source and target image intensity
histograms and is robust to intensity discrepancies between source and target images.
SICLE image registration method jointly estimates forward and reverse transformations
between two images while minimizing the inverse consistency error (ICE). ICE is
defined as the difference between the starting and ending position of a point that is
mapped through the forward transformation followed by the reverse transformation. To
quantify registration accuracy, 10-12 landmark points were manually selected at branch
points of the airway tree in the ex vivo and in vivo FRC volumes. For each pair, the ex
vivo landmark points were mapped to the in vivo FRC volume with the registration
transformation determined during registration steps. The average registration error was
calculated for each registration (prone and supine for each animal) by comparing the

registration-predicted positions to the user-determined positions.

Statistical Analysis

All statistical analyses were performed on SPSS (Windows 17.0, SPSS, Inc;
Chicago, IL). Mean regional PBF measurements were determined for each method from
the matched FMS-MDCT data set at the matched resolution level (volume 1.8 cm®). The
heterogeneity of flow to the region was characterized by the coefficient of variation (CV).
CV is defined as the standard deviation (SD) divided by the mean. Vertical y-gradients
were assessed for each normalization method in supine and prone positions using simple
linear regression methods with regional PBF as a function of height (cm) of the in vivo

lung from the non-dependent to dependent lung border, with West zone 4 regions
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removed (reduced flow in the non-dependent region of lung). Slope and correlation
coefficients were calculated. Paired t-tests were performed to determine if significant
differences in CV and vertical gradient exist for supine versus prone position. A p-value
less than 0.05 was considered significant. Spearman correlation coefficients were
calculated between the FMS and MDCT PBF measurements to quantify the similarity
between the two methods for piece-by-piece (1.8 cm®) and larger regional comparisons

(8-10 cm®).

Results

FMS and MDCT PBF measurements were obtained in 6 of the 7 swine, due to
loss of catheter line in 1 animal. 1 set of measurements were excluded due to problems
with the air drying process that resulted in a small, low-inflation level dried lung. The
remaining 5 animals successfully underwent MDCT perfusion imaging and FMS
administration and data processing. Images were registered for supine and prone
positions; regional PBF measurements were normalized, and compared for ROIs
consisting of lung volumes of 1.8 cm®. This resulted in an average of 437 + 45 points per
data set. PBF measurements obtained with FMS WTNORM, MDCT MEAN at its high
resolution level, and MDCT MEAN at the FMS resolution level for supine and prone

position for representative slices are demonstrated in Figure 3.

Registration Accuracy
Registrations successfully matched MDCT PBF measurements to FMS PBF
measurements in all five animals for prone and supine positions. Visually, lung regions
best matched in the central airway region just distal the carina, and degraded in quality as
one moved peripherally and basally. Figure 4 shows two axial slices from the in vivo
volume at PEEP at 7.5 cm H,0 and ex vivo volume scan transformed to the in vivo
coordinate plane. Differences in intensity are present due to density differences in dried

versus in vivo lung tissue. Registration algorithms utilized segmentation of the left and
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right main bronchus to better align the lung. An axial slice just distal to the carina and a
coronal slice demonstrating the airway tree for in vivo and ex vivo matched images is
shown in Figure 5 and demonstrates good alignment and overlap between airway trees.
Landmark error for each registration is summarized in Table 2. The average landmark

error was 2.6 £ 0.8 mm and 3.1 + 1.0 mm for prone and supine position respectively.

Volumetric Analysis

Results of the total lung volume measurements were obtained for in vivo FRC, in
vivo TLC, and ex vivo dried lung data sets are summarized in Table 3. The dried lung
volumes were less dense (decreased mean lung density HU) and more homogenous
(smaller SD) compared to the in vivo lung volumes. Figure 6 shows a 3-D volume
rendering of the in vivo FRC volume in the prone position that visually demonstrates its
similarity to a digital photograph of the ex vivo dried lung. The air-dried lung volumes
correspond most closely to in vivo measurements from the volumetric images obtained at
a FRC lung inflation volume and not TLC. Ex vivo lung volume were compared to the
prone and supine FRC measurements for each animal and are summarized in Table 2.
The mean ex vivo dried lung volume was 112 + 8% (range: 102 - 123%) and 107 + 4%
(range: 101 - 112%) of the in vivo volume measurement at FRC in the prone and supine
position respectively. The ex vivo lung volume was greater than the in vivo FRC volume
measurements in all animals for supine and prone positions. In vivo lung volume
measurements in 4 out of the 5 lungs in the supine position were greater than volumes in
the prone position measurements, and tended to matched more closely with

measurements of total lung volume of the ex vivo lungs.

MDCT and FMS PBF Measurements
Mean regional PBF and CV measurements for FMS and MDCT methods for all
normalization methods are shown in Table 4. CV measurements for supine and prone

positions for each animal are shown in Figure 7. While there is marked heterogeneity of
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PBF present in the lung parenchyma, PBF was consistently more homogenous when the
pigs were in the prone position. CV measurements for FMS PBF MEAN, FMS PBF
WTNORM, MDCT PBF MEAN, MDCT PBF AIR, MDCT PBF ALVEOLUS and
MDCT PBF NON-AIR were all significantly less in the prone position compared to the
supine position (p values: 0.00007, 0.001, 0.006, 0.015, 0.007, 0.012 respectively).

Correlation of MDCT and FMS PBF Measurements

Regional correlation at a FMS piece size (1.8 cm®) and regional volume (8-10
cm®), locally grouped, were obtained to compare the associations between FMS and
MDCT PBF measurements for the various normalization methods. These results are
summarized in Table 5. For the regional volume assessment, data was grouped according
to X, y, and z coordinates into volumes of 8-10 cm® which corresponded to 80-100 data
points per position. Correlations for the 5 animals are shown in Figure 8. Correlations
strengthened when the analyzed volume was increased from FMS piece size to the
regional volume. MDCT PBF measurements correlated more closely with FMS PBF
WTNORM measurements compared to FMS PBF MEAN measurements for all MDCT
normalization methods. Strong correlations exist for both resolution levels between FMS
PBF WTNORM measurements and MDCT PBF MEAN and MDCT PBF AIR
measurements. Moderate correlation exists between FMS PBF WTNORM to MDCT
PBF ALVEOLUS. There is essentially no correlation between MDCT PBF NON-AIR
and FMS measurements techniques. One of the five animals did not demonstrate good
correlations for any normalization method. If one considers it an outlier and removed
from analysis, mean correlations improve and standard deviations decrease. Correlations
were stronger in the supine position compared with the prone position. Prone positions
demonstrated a narrow range of blood flow values, and were more sensitive to outliers

and noise.
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Comparison of Vertical Gradients

A simple linear regression model was used to determine the vertical gradient
(gravitational or y-component) present with each PBF normalization method. The slope
was determined in the lung region spanning the non-dependent to maximal flow point. A
positive slope indicates a gradient or increase in blood flow from non-dependent to
dependent regions of the lung The most dependent region of the lung (zone 4/atelectasis)
was excluded for slope and r calculations. An example of FMS and MDCT PBF slope
measurements for the supine and prone position is shown in Figure 9. Vertical gradients
are summarized in Table 6. Vertical PBF gradients differ from supine versus prone
position with higher gradients present in the supine position for PBF measurements with
FMS MEAN, FMS WTNORM, MDCT MEAN, MDCT AIR, and MDCT ALVEOLUS,
but not for MDCT NON-AIR (Figure 10). FMS PBF MEAN and FMS PBF WTNORM
had a vertical slope of 0.19 + 0.01 and 0.17 + 0.02 respectively, which based on r? values,
accounted for 48% and 66% of the variability seen in regional PBF. The vertical gradient
accounted for 53%, 55%, 1% and 26% of the variability in the MDCT PBF
measurements normalized to the mean, air, non-air and alveolus respectively for the
supine position. For the prone position, slope and r* values were all decreased except for
MDCT PBF NON-AIR measurements where it increased. For the prone position, the
vertical gradient accounted for 28%, 25%, 17%, and 22% of the variability for MDCT
PBF MEAN, MDCT PBF AIR, MDCT PBF NON-AIR, and MDCT PBF ALVEOLUS
measurements respectively. For FMS PBF MEAN and FMS PBF WTNORM
measurements, there was no gradient observed (slope: FMS PBF MEAN, -0.003 + 0.021;
FMS PBF WTNORM, 0.03 = 0.03) in the prone position.

Discussion
FMS and MDCT regional PBF measurements normalized with various methods

matched at both a FMS piece size resolution (1.8 cm®) and regional volume (8-10 cm®)



30

resolution demonstrated good regional correlation. Perfusion heterogeneity and vertical
gradients are affected by the choice of normalization method. To compare methods or
correctly interpret the physiology of the lung, one needs to account for the chosen
normalization methods. The strongest correlation observed between FMS PBF
WTNORM and MDCT PBF measurements is with the MDCT mean-normalized data,
followed closely by the air-normalized data. The FMS PBF WTNORM normalization
method demonstrates stronger correlations than the FMS PBF MEAN normalization
method to all MDCT-based PBF measurements. FMS PBF WTNORM measurements
take in account the weight of the lung piece by a weight normalization which accounts
for the piece size, and therefore adjusts for partial volume effects due to the rectilinear
cutting grid. Since the edge pieces may only have 15-20% of the total cube volume
containing lung parenchyma, the blood flow reported would be dramatically reduced if a
partial volume correction were not performed. An edge piece may appear to be a low
flow region but the PBF measurement may simply reflect a low piece size, not low flow
to the lung tissue. By doing this correction the FMS PBF WTNORM measurements
should, and do, match more closely than the FMS PBF MEAN measurements with in
vivo MDCT PBF measurements, which due to its high resolution, allows for the inclusion
of lung parenchyma without much partial volume effect. The sub-millimeter voxel size
with MDCT minimizes the impact of edge artifact on the data. Since the MDCT PBF
measurement is an average of all blood flow in the FMS-sized ROI, the need for a further
normalization for the piece weight is not necessary.

MDCT PBF ALVEOLUS normalization methods demonstrated only moderate
correlation to the FMS PBF measurements. This was surprising since this normalization
attempts to provide a "flow per alveolus” measurement in order to better match FMS
methods. Assuming the maximum air fraction seen in the images corresponds to a fully
expanded alveolus, one can correct for differences in expansion level based on HU values

or calculated air content with this normalization (25). In this study, MDCT PBF
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ALVEOLUS measurements did not provide the strongest match to FMS PBF
measurements. FMS literature states that FMS PBF measurements are obtained with
alveoli at a uniform size and the number of alveoli for a given piece of lung is
proportional to the weight of the piece since the lungs where dried fully expanded at TLC
(50, 66). Volumetric measurements of the dried lung compared to FRC and TLC in vivo
volumes in this study demonstrate the FMS PBF measurements were obtained from air-
dried lungs, while thought to be expanded to TLC, once dried where at an inflation level
slightly larger than FRC, not TLC. These blood-free, air-dried lungs' volumes have
decreased during the drying process and the dried lung parenchymal density is very
uniform with decreased density variability compared with the in vivo FRC and TLC
density measurements. If during the drying process, the lung expansion did not remain
at TLC, rather alveolus expansion was at a FRC volume, the alveoli may not have been
uniformly expanded. Hoffman et al. demonstrated increasing gradients in regional lung
density, with the greatest effect in the dependent lung regions, as lung inflation changed
from TLC to FRC (68). If FMS PBF measurements were obtained at FRC, alveoli will
not be uniformly expanded, resulting in lung expansion effects on regional PBF FMS
measurements. Lung expansion may account for the moderate agreement observed
between FMS PBF measurements and MDCT PBF ALVEOLUS measurements. MDCT
PBF NON-AIR measurements demonstrated a very weak correlation with FMS PBF
measurements. This normalization method accounts for the non-air to "tissue” content of
the voxel. This corresponds to the true tissue volume, interstitial fluid volume, and any
alveolar fluid. Non-air content increases from the non-dependent to dependent region of
the lung. Little to no vertical gradient is observed in the gravitational direction (y-axis)
with this normalization.

Both FMS and MDCT PBF techniques demonstrate marked heterogeneity in the
lung. Flow was consistently more homogenous when the animal was in the prone

position. CV measurements were significantly greater in the supine position compared to
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the prone position for all normalization methods. Vertical slope measurements for
MDCT PBF demonstrate substantially significant correlation (r?) in the supine position
and less pronounced, but still significant, r* values in the prone position, suggesting a
vertical gradient component to flow in both supine and prone positions. For mean and
air-normalized PBF measurements, vertical gradients in the supine position with the y-
direction or height accounting for 53% and 55%, respectively, of the variability existed.
These gradients were decreased (though not significantly) in the prone position with the
height accounting for only 28% and 25%, respectively, of the variability. FMS PBF
measurements demonstrate a significant vertical gradient in the supine position with the
height accounting for 66% of the variability. Unlike CT, FMS PBF measurements did
not demonstrate a significant height component when lying prone. While it is known that
the contrast material used for MDCT imaging is more dense than blood and may lead to
a gravitational bias confounding the effects of real gravity on PBF (27), one would expect
this effect to be present for all of the MDCT measurements. If this significantly
influenced the measurements, one would expect to see larger gravitational components in
the MDCT versus FMS PBF measurements for both supine and prone position and not
just prone position like what was observed. While alveolus normalized MDCT PBF
measurements demonstrated similar heterogeneity compared to other MDCT PBF
methods; vertical gradients patterns obtained with this technique differed from mean and
air-normalized vertical gradients. Alveolus normalized PBF measurements did not
demonstrate significant difference in the vertical gradient or r? values obtained for supine
or prone positions. Since this normalization is based on a "flow per alveolus", it should
not be drastically affected by changes in the lung expansion. Hoffman et al. demonstrated
that the lung is more uniformly expanded in the prone versus the supine position (74). We
conclude that while lung expansion changes to a more uniform distribution in the prone
versus supine position, the flow per alveolus does not drastically change, since similar

CV and vertical gradients were observed with this normalization method. MDCT PBF
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non-air normalization methods did not match up well with other normalization and FMS
methods, demonstrated by a reversal of gradients and poor correlation with FMS PBF
WTNORM and FMS PBF MEAN measurements.

While the correlation coefficients demonstrate good agreement between FMS and
MDCT PBF measurements, they are not near a perfect correlation value of 1. Several
reasons can be given to account for error in our measurements that would diminish the
correlation between FMS and MDCT PBF data. First, FMS data acquisition acquired
measurements over a 5 minutes period following the CT imaging. All together, this
resulted in approximately 10 minutes from the first MDCT imaging scan and the last of
the microspheres being deposited in the capillaries. While it has been demonstrated that
perfusion patterns are spatially stable over time (49), it is possible that subtle regional
changes in blood flow could occur. When the high resolution MDCT data (capable of
detecting more subtle changes) was averaged differences in regional PBF measurements
could result. Secondly, a narrow physiological range of flows was used to correlate the
two methods. PBF measurements made in the supine position demonstrated stronger
correlations than measurements obtained in the prone position. This may be due to a
more uniform blood flow distribution in the prone position. This data (and correlations
from it) would be influenced more by noise or outliers in the data. Stressing the blood
flow to include a wider range of blood flow values may be of interest in the future.
Lastly, and most importantly, improper alignment of FMS data to MDCT data would
result in a mismatch of data and decreased correlation coefficients. Surgical removal and
drying of the lung alters the lung shape, density and overall composition (ex vivo lung
have no blood volume) from the in vivo state making accurate registration challenging.
Dried lung parenchyma is less dense (lower HU value) and more homogenous (decreased
SD) than in vivo lung parenchyma. Intensity based similarity measures cannot solely be
used to match regions of lung. While an effort was made to match lung shape during air

drying, differences in the overall shape, specifically in the apical region occurred. The
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lungs were dried without a chest cavity or heart to restrict inflation, and hung vertically
from the trachea, causing a slight elongation of the dried lungs compared to in vivo lungs.
Bleb formation occurred in 3 out of the 5 lungs, distorting the lung shape at the major
fissures. Dried lung volumes were inflated to TLC post mortem, but shrank during the
drying process. Analysis of MDCT images demonstrated dried lung volumes closer to an
FRC lung inflation volume with volumes ranging from 101-123% of the FRC volume.
The greater the difference the lung volume, the harder it is for the registration algorithm
to match the lung. In order to deal with these challenges, a multi-modality algorithm
was used that applied information about density changes, shape of lung, and main
bronchi airway segmentations after a user-performed rigid alignment of lung volumes at
the carina to match the two lung volumes. Even with this sophisticated algorithm,
landmarks demonstrated a mismatch on the order of 2-3 mm, with registration worsening
in the peripheral and basal regions. In the future, registration methods may need to
include more information such as landmarks (for example beads) placed in the lung to
provide a better correspondence between lungs and more accurate matching. Still, with
this registration scheme, we were able to demonstrate good correlation on a FMS piece
size resolution of 1.8 cm® and regional volumes of 8-10 cm® between FMS PBF
WTNORM measurements and MDCT PBF MEAN and AIR measurements, and
moderate correlation between FMS PBF WTNORM and MDCT PBF ALVEOULS
measurements.

In conclusion, PBF measurements obtained with MDCT perfusion imaging,
correlate well with FMS measurements obtained at a regional level. The strongest
correlation exists between the FMS and mean normalized MDCT data. Both
measurement techniques demonstrate marked heterogeneity in PBF, with a more
homogenous flow distribution in the prone position compared with supine position.
Normalization methods affect the interpretation of PBF data and need to be considered

when comparing cross-modalities and interpreting the physiology of the lung.
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Figure 1. FMS experimental setup and processing. Lungs are air-dried (upper left), coated
with an approximately 1-cm thick layer of Kwik Foam (upper right), encased
in a block of rapid settlng urethane foam (lower left) to secure in a box, and

later cut into 1.2 cm® transverse slices (lower rlght) FMS transverse slices are
cubed into 1.2 cm x 1.2 cm x 1.2 cm pieces (1.8 cm®).
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In vivo FRC
Volume Scan,

Supine Position

MDCT PBF Data,
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Figure 2. Schematic demonstrating the necessary steps to match the FMS PBF data sets

with the MDCT PBF data sets for prone and supine positions. The arrows
show the images that were registered.
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Figure 3. Color-coded maps from a representative slice from an animal in the supine
position (top row) and prone position (bottom row), demonstrating the
regional PBF measurements obtained by FMS WTNORM measurements (1.2
x 1.2 x 1.2 cm) (Left), MDCT PBF MEAN measurements at original high
resolution (voxel: 1.4 x 1.4 x 2.4 mm) (Middle) and MDCT PBF MEAN
measurements, averaged to FMS resolution (voxel: 1.2 x 1.2 x 1.2 cm)
(Right).
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IN-VIVO FRC MATCHED
VOLUME EX-VIVO VOLUME

Figure 4. Two axial slices, near the carina (top row) and a basal region (bottom row) of
the lung, from a representative animal demonstrating the in vivo FRC lung
volume (left) and ex vivo registered lung volume (middle). On the right is the
overlaid merged image demonstrating good overlap in the carina and basal
region corresponding to perfusion measurements obtained for both techniques.
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IN-VIVO FRC DIFFERENCE MATCHED EX-VIVO

Figure 5. The airway segmentation from the left and right main bronchus was used to
improve the registration results. The ex vivo airway tree (right) is matched to
the in vivo FRC airway tree (left). The difference between the matched ex
vivo and in vivo FRC airway tree for an axial (upper) and coronal (lower)
slices are demonstrated in the middle region.

Figure 6. Left) Digital photo of air dried lungs. Middle) 3D volume rendering of the
lungs and Right) Vasculature tree and airway tree obtained from the
volumetric spiral MDCT in vivo image data set at FRC (PEEP of 7.5 cm H,0)
in the prone position.
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Figure 7. CV measurements for the supine and prone position for the normalization
methods. Supine position demonstrated higher CV measurements for all
normalization methods. FMS methods, especially FMS mean normalized, had
higher CV measurements compared with the 4 MDCT PBF normalization
measurements.
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Figure 8. Correlation for FMS MEAN and WTNORM normalization methods and the
four MDCT normalization methods: MEAN (upper left), ALVEOLUS (upper
right), AIR (lower left) and NON-AIR (lower right) for the 5 animals in a
supine position at a regional level.
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Figure 9. Vertical gradients (y-gradient) from a representative animal for FMS PBF
WTNORM (top row) and MDCT PBF MEAN (bottom row) for supine (left)
and prone (right) positions. Vertical gradients were higher for FMS
WTNORM and MDCT MEAN PBF measurements in the supine versus prone
position. Zone IV regions were excluded from the gradient calculation.
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Table 2. Volumetric analysis and quantification of registration accuracy for supine and

prone positions.

Animal

1 2 3 4 5 Mean
Ex vivo 1061 1072 1051 1033 943 1032 + 52
Lung
Volume
Supine:
FRC Lung 946 1011 1044 938 876 963 + 66
Volume
Ex vivo: 112% 106% 110% 101% 108% 107 + 4%
FRC Supine
Landmark 18+13 24+1.2 3015 37+52 45+6.3 3.1+1.0
Error, mm*
Prone:
FRC Lung 865 1047 933 890 864 920 £ 77
Volume
Ex Vivo: 123% 102% 113% 116% 109% 112 + 8%
FRC Prone
Landmark 22+28 18+09 22+11 39+34 27+39 26+038

Error, mm*

Note: Lung volume measurements are reported in units of cm®.

* Error measurements from 10-12 user-determined landmark points are reported as mean

+ SD.



Table 3. Volumetric Analysis of in vivo prone position and ex vivo air dried lung

volumes.
Mean Lung SD Lung Total Volume
(cm H,0) Density, HU  Density, HU  (cm®)
Invivo FRC -639.6 +18.8 148.3+150 919.7+76.7
Invivo TLC -7549+21.0 146.0+7.2  1312.7+108.3
Ex vivo Dried Lung -956.6 + 6.6 46.3 +15.3 1032.3+51.9

Note: Results are reported as mean = SD (n = 5).

Table 4. Mean PBF and CV measurements for FMS and MDCT normalization methods
for supine and prone positions in five animals.

SUPINE PRONE
Mean + SD CVv Mean + SD CVv

FMS

Mean 1.10 £0.02 0.64 +0.02 1.10+£0.01 0.47 £0.03

Weight 1.05+£0.01 0.46 + 0.06 1.07 £0.02 0.28 + 0.04
MDCT

Mean 1.00 £ 0.01 0.26 £ 0.02 0.98 £ 0.03 0.18 £ 0.05

Air 3.16 £ 0.65 0.34+0.03 3.39+0.64 0.22 £ 0.04

Non-Air  6.05%1.29 0.24 £ 0.05 6.26 + 1.17 0.19 £ 0.04

Alveolus  0.0071+£0.0014 0.24 +0.04 0.0078 + 0.0015 0.19 £ 0.04

Note: Results are reported as mean = SD (n = 5).
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Table 5. Correlation coefficients for FMS and MDCT PBF measurements in the supine
position for FMS piece volume and regional volume measurements.

FMS PIECE VOLUME

REGIONAL VOLUME

(1.8 cm®) (8-10 cm®)
N 874 + 87 176 +15
FMS FMS FMS FMS
MEAN WTNORM MEAN WTNORM
MDCT MEAN 0.62 +0.15 0.65 £0.18 0.69 +0.22 0.72 £0.25
MDCT AIR 0.62 £0.16 0.69 £0.16 0.70 £0.25 0.77 £0.21
MDCT ALVEOLUS 040 +0.11 041 +0.17 042 +0.16  0.45 £0.19
MDCT NON-AIR 0.10 £0.06 0.04 £0.19 0.08 +0.11 0.04 +0.23
Excluding Animal 3 FMS FMS FMS FMS
(Outlier) MEAN WTNORM MEAN WTNORM
MDCT MEAN 0.68+0.03 0.73+0.06 0.78 £ 0.07 0.82+0.07
MDCT AIR 0.69+£0.02 0.76 £0.04 0.81 £ 0.07 0.86 £ 0.04
MDCT ALVEOLUS 0.44 £0.06 047 +£0.11 0.49 £ 0.07 0.53+£0.09
MDCT NON-AIR 0.12+0.02 0.10%0.14 0.13+0.02 0.13+£0.12

Note: All results are mean + SD.



Table 6. Vertical gradients of PBF for MDCT and FMS normalization methods.

SUPINE PRONE
SLOPE R? SLOPE R?

FMS

Mean 0.19 +0.01 0.48 + 0.05 -0.003 +0.021  0.006 + 0.003

Weight 0.17 +0.02 0.66 +0.12 0.03 + 0.03 0.08 + 0.07
MDCT

Mean 0.08 +0.02 0.53+0.23 0.05 + 0.02 0.28 +0.11

Air 0.32+0.11 0.55 + 0.22 0.18 + 0.05 0.25+0.12

Non-Air 0.03+0.08 0.01 +0.02 0.22 + 0.06 0.17 +0.10

Alveolus 0.00036 * 0.26 +0.13 0.00032 + 0.22 +0.10

0.00011 0.00007

Note: Slope measurements were determined by simple linear regression, with zone IV
regions excluded.
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CHAPTER 4: DEVELOPMENT OF AN EX VIVO LUNG PERFUSION
MODEL

Rationale

Lung transplantation is considered an effective treatment for many types of end-
stage pulmonary disease, and in some cases, the only treatment option. The main
indication for lung transplantation is COPD, accounting for 53% of all single lung
transplant cases or 39% of all lung transplants (192). Donor pools are limited resulting in
an average wait time of 18 months (3). While criteria exist for lung transplant, the
evaluation of donor lungs is subjective, based on very little prospective data, and is made
more difficult because decisions must be made quickly (187). The result is 4 out of 5
potential lung donors are rejected. Most transplant surgeons reject lungs with even minor
flaws because of the fragile nature of the organs. The main limitations of its application
include the limited donor pool, and sub-optimal preservation techniques which have lead
to various degrees of ischemia-reperfusion injury (62, 208).

Transplant groups have been developing surgical protocols (36, 62) and special
fluids to flush the organs (134, 140, 184, 196, 211) which are focused on the preservation
of donor lung function for transplant. Cardiopulmonary bypass systems allow blood to
bypass the heart and to continue to flow throughout the body. These systems can be used
in ex vivo preparations to provide well controlled flow to organs. Steen and colleagues
have developed a new method to functionally evaluate lungs in an ex vivo system (185).
Some transplant groups have then used this ex vivo system to assess the lung’s function
and "recondition” lungs in animal models (85, 182, 185) and for human transplant studies
(40, 206). Marginal lungs (not meeting transplant criteria) have been assessed and
"reconditioned” in an ex vivo perfusion system prior to a successful transplant (183).
This method provides an opportunity for transplant surgeons to manipulate the graft ex

vivo with the hope of enhanced performance post-transplant.
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The goal of this project was to develop an ex vivo lung perfusion system, stable at
physiological flow rates, with the ability to control ventilation and perfusion. Other
investigators have attempted to develop lung models capable of simulating pathologic
lung conditions with explanted porcine lungs, but only slow flow circulation of 200
ml/min were tolerated (14-16). For the development of our system, we adopted methods
from lung transplantation and coupled the system with MDCT imaging to functionally
assess the ex vivo lungs over time. Having a stable ex vivo lung model capable of
physiological flow rates will allow for another means of validating new imaging
techniques. In order to further validate perfusion MDCT measurements, we obtained
perfusion measurements at a range of flow rates and assessed the changes in PBF and

MTT as flow rates were increased.

Methods

Surgical Procedure

Eleven sheep with a mean weight of 32 + 4 kg (range: 28-40 kg) were used for
this study. All animal use protocols were approved in advance by the University of lowa
Animal Care and Use Committee and all studies were performed according to the
guidelines established by the American Physiological Society and National Institutes of
Health. Sheep were administered an intramuscular pre-anesthetic medication (5-15
mg/kg ketamine and 0.1-0.2 mg/kg xylazine), intubated with a size 9.0 cuffed
endotracheal tube, and anesthesia maintained via inhalation of isofluorane (2%). The
chest cavity was opened via median sternotomy and pericardium was opened
longitudinally. The inferior and superior vena cava were tied off and the aorta cross-
clamped. The main pulmonary artery was cannulated from the right ventricle and the left
atrial appendage was snipped to provide drainage of fluid. Heparin (300 U/kg) was
injected directly in the right ventricle at least 5 minutes prior to euthanasia. Animals

were euthanized with sodium pentobarbital (Euthasol, 1 ml/10 Ib), the lungs underwent a
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recruitment maneuver, and then the pulmonary vasculature was flushed with cold (4-8°
C) Perfadex (Vitrolife, Gothenburg, Sweden), with 1-2 liters of antegrade flow (PA to
LA) followed by 300-600 cc of retrograde (LA to PA) flow. A height of 12-20 inches
above the lungs provided continuous flow to the lungs. Perfadex is an extracellular low
potassium electrolyte solution developed for the rapid cooling, perfusion and storage of
organs in connection with lung transplantation. Each 1,000 ml of Perfadex contains 5%
dextran 40, Na* 138 mmol, K* 6 mmol, Mg* 0.8 mmol, CI" 142 mmol, SO,* 0.8 mmol,
H,PO* plus HPO,* 0.8 mmol and glucose 5 mmol. During the flushing, ventilation was
ceased and lungs were clamped in a semi-inflated state. Crushed iced saline was placed
around the lungs in the pleural cavity to further cool the lung tissue to minimize ischemia
injury.

Once the lungs were removed from the chest cavity, cannulas were secured via
purse string sutures in the pulmonary artery (inflow) and left atrium (outflow) to be
connected to the perfusion circuit. An ET tube was placed in the cut trachea. Lungs
were connected to a primed ex vivo perfusion circuit and perfusion was slowly initiated as
the lungs were warmed to 37° C, with PA pressure limited to 15-20 mm Hg. Monitoring
of PA pressures dictated the speed at which the perfusion rate was adjusted. During
warming, temperature, flow rate, and PA and LA pressures were recorded. Careful
ventilation with room air (fractional oxygen content, FiO,: 0.21) commenced at 32° C for
the first series of preparations. In the later preparations, the oxygen content was modified
to 100% O, (FiO, of 1.0) to ensure appropriate oxygenation of the lung parenchyma

tissue.

Perfusion System
The perfusion system is compatible with MDCT imaging to allow for imaging
and physiological monitoring of the lungs (Figure 11). A schematic describing the flow

pattern is shown in Figure 12. A perfusate consisting of Steen solution (Vitrolife,
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Gothenburg, Sweden) and THAM is used with a volume of 1.5 L of perfusate sufficient
for continuous flow. The Steen solution is a buffered extracellular solution that includes
human albumin, developed with the intention of providing an optimal colloid osmotic
pressure, so that physiologic pressure and flow can be maintained without the
development of pulmonary edema (206). THAM, a buffer solution, is used to modulate
the pH.

The perfusion system included the following components: centrifugal pump and
flow probe, reservoir, heat exchanger and temperature probe, and lung evaluation box. A
centrifugal pump provides the user control of non-pulsatile steady flow to the lungs. As
the lungs are warmed, the resistance decreases, and the pump adjusts to this by providing
more flow for a lower after load. Since the pump is after load dependent, a flow probe is
included in the circuit to measure the flow rate accurately. Fluid returns from the lungs
to the reservoir, providing storage for perfusate and allows for steady, continuous flow
through the circuit. The heat exchanger allows for careful control of fluid temperature
and provides a means for gradual, controlled warming of the lung tissue. The
temperature probe is placed in the outflow tubing, returning fluid from the left atrium,
and the core lung temperature is assessed by measuring the temperature of this fluid. The
lung evaluation box houses the lungs during the experiment, and remained covered to

minimize the amount of fluid evaporation and keep the lungs from drying.

Physiological Monitoring
We monitored the following physiological parameters over the course of the
experiment: left atrium pressure (LAP), pulmonary artery pressure (PAP), pulmonary
arterial flow rate (Q), and core lung temperature. Pressure lines for monitoring the PAP
and LAP were placed following lung removal. Ventilator settings of PEEP, peak

inspiratory pressure (PIP), and tidal volume (TV) were recorded, and minute ventilation
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was calculated. PEEP remained at 5 cm H,O unless lung function declined. Compliance

(ml/cm H,0) and PVR (L/min/mm Hg) were calculated using the following equations:

Compliance = AV/ AP = TV / (PIP - PEEP)

PVR = Flow Rate (Q) / (PAP - LAP)

Imaging Protocol

Images of perfused ex vivo lungs were performed on a Siemens Sensation 64
MDCT scanner (Erlangen, Germany). To assess stability of the lung preparation, spiral
volumetric non-contrast scans of the lung were obtained at two lung inflation volumes
(TLC: 25-30 cm H,0, and FRC: 5 cm H0) by continuous airway breath hold at a PEEP
as noted. Volumetric scans were performed with the following imaging settings: 100
mAs, 120 kV, 1mm pitch, 0.5 second rotation time, 0.75mm slice thickness, 0.5mm slice
increment, 512 x 512 matrix, 24 cm FOV and reconstruction kernel of B31f or B35f.
VVoxel dimensions were 0.47 mm x 0.47 mm x 0.5 mm.

A series of experiments on ex vivo sheep lungs in the perfusion system were
performed to further validate MDCT-based PBF and MTT measurements. Dynamic
ECG-gated perfusion MDCT imaging with bolus contrast injection was performed at
flow rates of 50, 75, 100 and 125 cc/kg/min. A contrast injection of 0.5 cc/kg (Visipaque)
over 2 seconds was used, with a Medrad power injector system connected to the arterial
input flow line just prior to connection to the arterial cannula, thereby still providing a
central injection to the lung. Parameters were as follows: axial, ECG triggering mode,
FRC breath hold at PEEP of 5 cm H,0, using 80 kV, 150 mAs, 360° rotations, 0.33 sec
scan time, 512 x 512 matrix, and the field of view same as the volume scans. Regional

PBF and MTT were determined as outlined earlier in Chapter 2.
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Data and Statistical Analysis
Results are reported as mean + SD. For volumetric images, total, air and tissue
volumes were determined with PASS software. The change in tissue volume was
quantified for 0 (baseline), 40, 80 and 120 minutes. Mean and coefficient of variation

measurements of PBF and MTT were determined for each flow condition.

Results

Eight of the eleven ex vivo lung preparations resulted in a stable preparation for
the 120 minute monitoring period. 1 sheep died prior to lung removal due to a reaction to
anesthesia. Target flow rates ranging from 60 - 100 cc/kg/min for supine position and
25-50 cc/kg/min for prone position were successfully obtained in 8 of the 10 ex vivo
preparations connected to the perfusion system. Two of the ex vivo lungs declined in
function to the point that perfusion could not be maintained for the entire 2 hour
observation period. The first preparation, declined rapidly over 1 hour at the target flow
rate. The second lung declined in function from baseline to 60 minutes. After 60
minutes of perfusion at a rate of 2.8 L/min, the lung retained substantial fluid and
required increased PEEP for ventilation. Flow was decreased to 1 L/min and examined
for another hour where lung function continued to decline. Alveolar edema resulted and
the preparation was terminated early with no blood flow imaging in either of these
preparations. One other preparation was physiologically stable and demonstrated stable,
but substantial interstitial edema with MDCT volumetric imaging, and therefore no
perfusion MDCT imaging was performed. In the remaining 7 sheep lungs studied (5
supine position; 2 prone position). The 5 lung preparations performed in the supine
posture were monitored with physiological parameters recorded every 10 minutes and
imaging every 40 minutes for 120 minutes. Based on these results, the protocol was
modified to prone position, which resulted in visually less edema formation in the lung

parenchyma beneath the heart for the 2 preparations. In the supine position, the weight of
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the heart on the dependent tissue may have led to increased pressures, thereby increasing

the transcapillary gradient, resulting in edema formation.

Physiological Parameters

The following physiological parameters were measured in the ex vivo perfusion
system: LA and PA pressures (mm Hg), flow rate (Q, L/min), temperature, reservoir
fluid level, and ventilator settings: PEEP, PIP, TV, respiratory rate, and FiO2. From
these measures, PVR, compliance, and minute ventilation were calculated every 10
minutes for 120 minutes. A summary of the physiological and ventilation parameters
during the 120 minutes of observation for the 5 supine ex vivo lung preparations is
summarized in Table 7. Physiological data from a representative ex vivo perfusion
preparation is shown in Figure 13. The preparation was physiologically stable with PA
and LA pressures within 1 mm Hg of starting values, and no change in PVR or

compliance over time.

Assessment of Preparation Stability over Time

Five of the ex vivo lung preparations were performed in the supine position and
monitored for 120 minutes with imaging. Volumetric non-contrast MDCT images were
used to determine if the lungs remained stable over time. Axial slices from one of the
MDCT volumetric spiral images after 120 minutes of perfusion from a representative
preparation are shown in Figure 14. Regions of fluid accumulation are reflected by an
increase in HU value or bright white lung regions. This preparation had minimal edema,
or fluid retention, in the dependent region of the lung. Tissue volume for TLC
volumetric images obtained at various time points (0, 40, 80 and 120 minutes) were
quantified and summarized in Table 8 and graphed for each animal in Figure 15. An
increase in tissue volume suggests fluid retention in the interstitial or alveolar spaces. A
representative axial slice from one preparation is shown over time (Figure 16) and

demonstrates mild fluid retention, specifically in the dependent region of the lung
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proximal to the heart. Increases in tissue volume were demonstrated in all preparations.
Animal 3 demonstrated an initial decrease in tissue volume at 40 minutes that can be
attributed to the recruitment of a lung region previously unopened or atelectatic. From 40
to 120 minutes, the lung did see a small increase in tissue volume. On average, there was
a 3%, 6% and 11% increase in tissue volume by 40, 80 and 120 minutes respectively.
Lungs demonstrated a greater increase in tissue volume accumulated from 80 to 120

minutes than from 0 to 40 minutes, suggesting a decline in vascular integrity over time.

Regional PBF and MTT at Increasing Flow Rates

Four of the five ex vivo lung preparations in the supine position had perfusion
MDCT imaging performed at different arterial blood flow rates (Q) to further validate the
MDCT perfusion imaging technique. Q, PAP and LAP for each condition per animal are
summarized in Table 9. As Q increased, PAP increased. When Q increased above 100
cc/kg/min, PAP typically was above 20 mm Hg. If these flow rates were maintained,
hydrostatic edema would most likely occur, but for the short time periods need for
perfusion MDCT imaging, the lung preparation tolerated these pressures and flow rates
well.  Mean and CV measurements for 3 animals at flow rates of 50, 75, 100 and 125
cc/kg/min are summarized in Table 10. Mean PBF were 138 = 41 ml/min/100ml (CV:
1.15), 187 = 41 ml/min/100ml (CV: 0.97), 227 + 40 ml/min/100ml (CV: 0.86), and 262 +
55 ml/min/100ml (CV: 0.79) for 50 cc/kg/min, 75 cc/kg/min, 100 cc/kg/min, and 125
cc/kg/min flow rates respectively. Mean MTT were 5.4 + 0.7 sec (CV: 0.62), 4.4 + 0.3
sec (CV: 0.59), 4.1 £ 0.2 sec (CV: 0.55) and 3.8 £ 0.1 sec (CV: 0.50) for 50 cc/kg/min,
75 cc/kg/min, 100 cc/kg/min, and 125 cc/kg/min flow rates respectively. An example
axial slice with color coded maps of PBF and MTT for each of the flow rates and graphs
demonstrating the mean and CV measurements are shown in Figure 17. The first
preparation (Animal 1) also underwent perfusion imaging, but at different flow rates

(2L/min or 60 cc/kg/min; 3 L/min or 90 cc/kg/min, 4 L/min or 120 cc/kg/min, and 5
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L/min or 150 cc/kg/min). These Q, PAP and LAP are also summarized in Table 9.
Similar trends were observed in this animal with PBF increasing and MTT decreasing as
Q was increased. CV decreased with increasing Q demonstrating more homogenous flow

patterns for higher flow rates.

Modification of Preparation: Prone Position

The last 2 preparations were performed in the prone position to determine if this
would provide a more stable preparation, specifically less fluid accumulation in the lung
regions proximal to the heart. The first preparation was monitored for 60 minutes at a
flow rate of 25 cc/kg/min (0.8 L/min) before perfusion MDCT imaging was performed.
The second preparation was monitored for 120 minutes with a diminished flow rate of 25
cc/kg/min (1 L/min) with CT imaging before a series of perfusion MDCT series were
obtained. Difficulties ventilating the lung for prone prep 1 occurred early on during
perfusion. A successful warm up period was followed by good ventilation and perfusion
of the lung. After 30 minutes of perfusing at our target flow rate, despite good vascular
pressures and a good visual assessment of lung tissue, the lungs were declining, and
would not expand and contract without high pressures. When removed from the
ventilator, the lungs did not collapse at room air, indicative of a non-complaint lung. Air-
trapping and increased non-compliant behavior resulted in a decision to terminate early.

Prone preparation 2 was a successful preparation with good ventilation, target
perfusion flow rates, and stable pressures over 2 hours. Surgery including flushing the
pulmonary vasculature, followed by warming of the lungs proceeded without problem in
the preparation. Surgery time for this preparation was approximately 120 minutes. Target
flow rate was achieved during an hour warm up period. Despite adequate clear flushing
of the lung during the removal surgery, a region of blood and fluid was noted in the very
dependent regions of the lung. This has been noted in other preparations and can be

appreciated on CT images. Two distinctly bright regions, left and right side, of the lungs
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were present throughout the study. This did not resolve over time. Once the target flow
rate of 25 cc/kg/min (1 L/min) was achieved, the lungs were monitored with CT
volumetric imaging and physiological monitoring for 2 hours. Three axial slices from the
TLC volumetric lung data set at baseline and 120 minutes are shown in Figure 18.
Lungs were ventilated with mean tidal volumes of 100 ml with a respiratory rate of 6
breaths/minute. Pressures were stable at mean values of 6.2 £ 1.9 mm Hg and -3.1+ 2.1
mm Hg for PA and LA respectively. PVR and compliance measurements were stable at
mean values of 0.10 L/min/.;mm Hg and 6.7 ml/cm H,O respectively. Quantitative
volumetric analysis determined a tissue volume of 855 cm® at baseline, which over 120
minutes increased by 3.8% to 888 cm®. Perfusion measurements at 50, 75 and 100
cc/kg/min were obtained for second prone preparation. Air and non-air content for 4
baseline axial slices of the lung prior to perfusion imaging are shown in Figure 19. They
demonstrate good regional air content to the lungs with minimal gradient. Regions near
the heart demonstrate lower air content and higher non-air (tissue) content. Color-coded
maps of MTT and PBF for a representative axial slice at the 3 flow rates are shown in
Figure 20. Mean and CV values are graphed for the flow rates in Figure 21. Mean PBF
(m1/min/100 ml) values were 80.2 £ 77.1, 99.9 £+ 85.8 and 115.6 £ 96.9 ml/min/100 ml
for 50, 75 and 100 cc/kg/min flow rates. CV measurements decreased as flow rate was
increased. MTT measurements were 5.8 + 3.6, 5.3 + 3.2 and 4.8 * 2.6 seconds for 50, 75
and 100 cc/kg/min flow rates respectively. CV measurements for MTT also decreased as

flow rates increased.

Discussion
We have established an ex vivo lung perfusion system that allows for stable,
careful monitoring of excised heart-lung blocks in a sheep model. This system was
successfully used to monitor physiological, perfusion and ventilation parameters for ex

vivo perfused and ventilated lungs at normothemic conditions. This preparation is
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compatible with CT imaging technique and can be used to assess the anatomy and
function of the lung. Short term (1-2 hour) ex vivo lung perfusion in an isolated circuit at
normothermia has been demonstrated for the assessment of donor lung quality (182, 183,
185), while success with prolonged ex vivo lung perfusion systems has been elusive due
to deterioration of the lung function (21, 41, 60). We demonstrate moderate stability over
a time period of two hours with quantitative imaging analysis of TLC volumetric non-
contrast MDCT images. During this time, there was fluid retention in the lung, ranging
from a few percent to over 20%. Most of the edema was visually seen in the dependent
regions of the lung, specifically in the region of lung resting near or beneath the heart
tissue. Preparations that declined in function over time had large transmural pressure
gradient (n = 1) or very non-compliant lung tissue (n = 1).

Perfusion imaging PBF and MTT measurements were determined for 4 ex vivo
lungs in the supine studies for varying flow rates. As pulmonary arterial flow rates were
increased from 50 cc/kg/min to 125 cc/kg/min, mean regional PBF increased and MTT
decreased as expected. CV measurements demonstrate and visually one can detect a
more homogenous flow pattern for PBF and MTT measurements. As flow increases, the
capillary are recruited and flow is distributed throughout the lung parenchyma. At high
flow levels, flow was divided in newly recruited non-dependent regions and dependent
regions of the lung. At low flows, a larger gradient in flow is seen with perfusion mainly
in the dependent regions of the lung. These studies demonstrate physiological changes
consistent with known lung physiology and blood flow patterns, further validating the
perfusion MDCT technique.

In order to best preserve lung function, lung transplantation techniques were
adopted.  These fluids have been designed to preserve endothelium function, and
minimize the formation of edema, and maintain vascular integrity. Perfadex, a solution
specifically developed for the rapid cooling, perfusing, and storage of lungs for transplant

is used for our preparation. This solution has been formulated to preserve the function
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and integrity of lung tissue, specifically the vascular endothelial layer which the fluid has
the most direct contact with during flushing. Studies have determined the most favorable
conditions including an ideal flushing temperature of 4-8° C (34, 84, 95, 197) and
flushing protocols that antegradely and retrogradely flow through the pulmonary
vasculature (63, 196, 210, 211). Once connected to the ex vivo perfusion system, Steen
solution is the perfusate solution. This solution is a buffered extracellular solution
provides normal oncotic pressures with the inclusion of human serum albumin. High
oncotic pressures of both fluids minimize edema formation during flushing and perfusion.
Both Perfadex and Steen solution are extracellular based solutions with dextran 40 and
these properties or components are responsible for its preservation effects. The
extracellular electrolyte composition (low K*) minimizes vascular spasm and
vasoconstriction of the vasculature bed (97, 98, 129). Dextran 40 protects the vasculature
by coating the endothelial layer, inhibiting platelet adhesion (thrombogenesis), leukocyte-
endothelial interactions, and reactive oxygen species formation (43, 96, 121, 181).
Warm-up protocols were developed over the course of this study focusing on
slowly warming the lungs, as pressures allowed, in a period of one hour. When flow is
commenced, it is vital to increase flow slowly and only with knowledge of the PAP. As
the lung warms, PVR decreases, PA pressure decreases, and flow can then be increased.
There is a risk of reperfusion injury to the endothelial cells with high pressures on a cold,
fragile endothelial layer during the first few minutes of flow (101, 178). Profound
vascular leak is a central component of ischemic-reperfusion injury. Additionally, a risk
of injury also exists during flushing with Perfadex. Injury to the endothelial layer most
likely accounts for the rapid decline and formation of interstitial and alveolar edema
observed in two of our early preparations. Lung inflammation and blood-alveolar barrier
disruptions are common findings in injured lungs. The endothelium controls vascular
permeability, vessel tone, coagulation and inflammatory responses. Phenotypic changes

of the endothelium in response to hypoxic injury include retraction from one another
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promoting edema formation, and become pro-adhesive for circulating leukocytes, leading
to microaggregates of leukocytes and platelets (2, 145, 208). Compared to other
transplant solutions, Perfadex has been shown to have improved fine structural
preservation of the blood-air barrier and less severe intra-alveolar, septal, and peri-
bronchovascular edema formation (128). The capillary bed, or blood-air barrier, is a thin,
strong interface responsible for gas exchange in the lung (115, 202). Intra-alveolar and
interstitial edema increase the thickness of the barrier, resulting in an increased diffusion
distance, thereby leading to decreased oxygenation of the lung tissue. New research with
using IL-10, an anti-inflammatory cytokine, gene therapy to decrease donor lung
inflammation and reperfusion injury present promising results and its addition to the
protocol in the future may prove beneficial (35, 118, 222). It is therefore important that
an optimized lung preservation method aimed at preserving the capillary endothelial and
epithelial cells that make up the blood-air barrier in the lung is used.

In our model, one has control over the LA pressure since it is dependent on the
height of the reservoir in relation to the lung preparation. The LAP was negative in a few
of our studies, and we have since adjusted the reservoir height to provide a LAP of 0-5
mm Hg in the studies. With lower flows, veins are more apt to collapse. We can see
collapsed empty vein in the CT images in the second prone preparations due to the LAP
falling below zero during the observation period. The maintenance of a slightly positive
LAP will prevent the pulmonary veins from collapsing during the decreases in flow
during inspiration (31). More careful monitoring of this parameter in the future may lead
to better lung function.

Modification of perfusion flow rates and switching to prone positions were
performed in the last two preparations to minimize hydrostatic edema formation over
time. For most of the supine position preparations, the region of lung beneath the heart
was the first region to accumulate extra fluid. Without the weight of the heart resting on

that lung, we hypothesized that less force will be placed on that lung tissue and result in a
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less fluid, or a better preparation. The second preparation included an additional
modification regarding the maintenance flow rate. We had been performing the last
series of preparations at a flow rate of 60 cc/kg/min - 75 cc/kg/min resulting in flow rates
between 2-3 L/min. The rationale for this change is based on work done at University of
Toronto. Cypel et al. published a "low-flow" strategy which allowed for pig lungs to be
perfused for 12 hours without the development of hydrostatic edema, assessed by wet/dry
ratios of the lung (31).

To conclude, we developed an ex vivo lung perfusion system which can be used to
study lung physiology, assess lung function, and validate new imaging technologies. In
the future this could include biomechanical imaging techniques examining the local
expansion patterns including regional stress and strain (152, 154) or quantification of
airway trees such as the one shown in Figure 22. Physiological flow rates and ventilation
settings can be carefully controlled during experiments. A lung preservation method
focused on the preservation of vascular integrity is key to a working model. MDCT
perfusion measures of PBF and MTT obtained at various flow rates demonstrate
appropriate physiological responses. As the pulmonary arterial flow rate was increased,
regional PBF increased and MTT decreased. CV decreased as flow increased,

demonstrating a more homogenous flow pattern as higher flow rates.
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Figure 11. Left) Ex vivo perfusion system setup for MDCT imaging. The heart-lung block
is surgically removed and placed in an evaluation box positioned on the gantry
table within the MDCT scanner, and connected to the perfusion circuit.
Middle) A close up of the heat exchanger, reservoir, centrifugal pump and
flow probe. Right) Lungs are stored in a lung evaluation box during the study.
Inflow tubing delivers perfusate to the pulmonary artery while a cannula in the
LA collects perfusate from the pulmonary veins and returns it to the reservoir.
A close up of the ex vivo heart-lung block after two hours of perfusion is
shown in the bottom right. Lung parenchyma was visually in good condition
and remained healthy and compliant throughout the experiment. The lungs
were breath-held with PEEP to obtain volumetric images.
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Figure 12. Schematic of the ex vivo perfusion system. The perfusion circuit consists of a
reservoir, centrifugal pump, and heat exchanger. The perfusate is pumped by
a centrifugal pump from the reservoir, through a heat exchanger and into the
lung vasculature via a cannula placed in the pulmonary artery. Flow returning
from the lungs via pulmonary veins is collected by a cannula placed in the left
atrium, and returns to the reservoir. Core lung temperature is assessed by a
probe placed on the outflow portion of the circuit.



—
o
)

PRESSURE (mm Hg)

o

PVR (mm Hg/I./min)

-
o

—+— PAP
—u— LAP
0-4-0\',0\ ’.-‘,0-0-0—0\’
N
--I-\.-. ,-\.--’-\.- A
0 20 40 80 80 100 120
TIME (MINUTES)
- . - .I\ - o~ -
N7 " b
0 20 40 60 80 100 120
TIME (MINUTES)

TIDAL VOLUME
(mL)

(mL/cm H20)

COMPLIANCE

300 ~

250

200 -

150

63

0

15 1

12 1

200 40 60 80 100 120

] ’l. N - P | = g gy ~E

0

2I0 4I0 GIO SIO 1CI)0 12IO
TIME (MINUTES)

Figure 13. Perfusion and ventilation settings for a representative study (Animal 2) over
two hours. This animal was physiologically stable over two hours with not
much change in his PA and LA pressure (upper left), tidal volume (upper
right), PVR (lower left) or compliance (lower right) measurements. The flow
rate averaged 2.2 L/min with a mean minute ventilation of 2.5 L/min for the
120 minutes. The lungs were breathing room air (21% O,) at a rate of 12
breaths/minute. Other ventilator settings included a PEEP of 5 cm H,0 and a

PIP of 25-30 cm H,0, with a mean of 27.8 cm H-0.

While physiological

parameters were stable over time, the lung had a 20% tissue volume increase

over 120 minutes.
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Figure 14. Volumetric MDCT images at a PEEP of 25 cm H,0 (TLC) after ex vivo lungs
had been warmed up to 37 °C and perfused for 2 hours at a flow rate of 100
cc/kg/min.  This preparation (animal 1) demonstrated minimal edema in the
dependent region of the lung. These visual imaging findings match the tissue

volume calculations which found a 10% tissue volume increase over 120
minutes.
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Figure 15. Change in tissue volume from baseline at 40 minutes, 80 minutes and 120
minutes for 5 ex vivo preparations. Tissue volume increases over time,
suggesting fluid accumulation in the lung. The greatest increase in tissue
volume occurred from 80-120 minutes, suggesting the lung function and
vascular integrity is declining over time. In animal 3, tissue volume fell at 40
minutes from baseline, and then continue to rise over time. This most likely
reflects the recruitment and opening up of an atelectatic lung region from 0 to
40 minutes.
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Figure 16. A representative axial slice from animal 5 demonstrating mild fluid retention
over time. The dependent region of the lung resting beneath the heart tissue is

most susceptible to hydrostatic edema resulting in the most fluid accumulation
over the 120 minutes of perfusion.
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Figure 17. Regional PBF (top) and MTT (bottom) color-coded maps for a representative
slice from one animal in the supine position at four flow rates: 50, 75, 100
and 125 cc/kg/min. Bar graphs demonstrates mean (upper) and CV (Iower)
measurements for each flow rate. Increased flow leads to an increased region
PBF (ml/min) and decreased MTT (seconds) as expected. As flow is
increased both MTT and PBF distributions become more homogenous
(decreased CV).
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BASELINE 120 MINUTES

Figure 18. Three axial slices taken from TLC volumetric non-contrast (PEEP of 30 cm
H,0) MDCT images obtained at baseline (once lungs are warmed up and
target flow rate of 25 cc/kg/min was reached) and 120 minutes later for the
prone ex-vivo preparation. Slight lung shifting occurred over the 120
minutes (airways can not be exactly aligned in axial slices). There is minimal
visual change occurred in the lung parenchyma. The lack of enhancement
suggests minimal interstitial edema accumulation. These findings agree with
tissue volume calculations, demonstrating only a 4% increase in tissue
volume for the whole lung. A region of enhancement in the upper region of
the most basal slice shown here correlated with a hemorrhagic region seen at
time of lung removal. This region did not resolve over time, but rather
remain unchanged at 120 minutes. Images shown here are 1.5mm slice
thickness reconstructions shown using lung windows (WL -500, WW: 1500).
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AIR CONTENT WATER CONTENT

Figure 19. Air and water content (low-high, blue-red) for 4 axial slices, apical (top) to
basal (bottom), determined from baseline perfusion images obtained at a
FRC lung inflation volume. Regions of high air content (red) and low water
content (airways) and no air content and high water content (vessels) will be
filtered to analyze blood flow only in the lung parenchyma. The prone ex-
vivo lung visually had little air gradient with homogenous airflow to the lung

parenchyma.
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Figure 20. Color coded PBF and MTT maps for a representative slice at 50 cc/kg/min
(upper row), 75 cc/kg/min (middle row) and 100 cc/kg/min (lower row) in
ex-vivo lungs in the prone position. Regions of interest consisting of a5 x 5
voxel volume (volume: 2.3mm x 2.3mm x 1.2 mm) were grouped together to
calculate regional PBF and MTT. Flow ranged from 0-300 ml/min/100 mi
(blue-red). MTT ranged from 0-12 seconds (blue-red).
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Figure 21. Mean PBF (mI/min/100ml) and MTT (seconds) at 50, 75, 100 cc/kg/min flow
rates for ex vivo preparation in the prone position. Error bars represent 95%
confidence intervals. Perfusion data was filtered to excluded airways and
vessels. As flow rate is increased, the mean PBF increases and MTT
decreases. CV decrease as flow rates increase from 50 to 75 to 100 cc/kg/min
for both PBF (0.96 to 0.86 to 0.84 respectively) and MTT (0.62 to 0.60 to 0.56
respectively) measurements. A region of low to no flow due to fluid around
the heart was included in the analysis, resulting in larger CV values reported
here for regional PBF than typically observed.



Figure 22. Airway tree of an ex vivo sheep lung, obtained from volumetric MDCT
images at TLC obtained after 40 minutes of perfusion at 60 cc/kg/min.
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Table 7. Perfusion and ventilation settings, pressure measurements, and physiological
parameters for the ex vivo lung preparation over 120 minutes of observation
with MDCT imaging at the target flow rate.

Animal
1 2 3 5 6

Weight, kg 33.6 28.2 31.8 32.3 30.9
Perfusion

Ig‘/rkg;/tr?ﬁn'?ate' 100 75 75 60 60

Q, L/min 3.2-48 2.2 23 1.9 18
Mean Pressure,
mm Hg

PA 107415 105+07 13412 139+06 154+1.0

LA 58+13 14+05 69+09 95+15 -0.7+0.6
mr/nRHg/L/min 13+05  43+04 29+06 24+10 90+05
Ventilation

Tidal Volume, ml 338 + 50 212420 256+16  119+7 134+ 8
RR, breaths/ 12 12 12 12 8

PIP, cm H,O 12 28 18 30 35
PEEP,cmH,0 5 5 5 5 5

FiO2 0.21 0.21 0.21 1.0 1.0
%?/Trﬁ’]'ﬁgge’ 56.7+132 93+09 205+34 48+03 45+0.2

Note: Mean values were based on measurements taken every 10 minutes over 120

minutes.
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Table 8. Lung, air and tissue volumetric measurements of the ex vivo lung over time at a
target flow rate.

Baseline 40 min 80 min 120 min
Animal Total  Air Tissue A Tissue A Tissue A Tissue
Lung Volume* Volume* Volume*
1 2729 2190 540 +15 (3%) +23 (4%) +54 (10%)
2 1886 1224 662 +69 (10%) +96 (14%) +132 (20%)
3 1700 1124 576 -30 (-5%) -28 (-5%) -13 (-2%)
5 1407 916 491 +7 (1%) +20 (4%) +45 (9%)
6 1465 905 560 +26 (5%) +55 (10%) +100 (18%)
Mean +17 (+3%) + 33 (+6%) +64 (11%)

Note: Volumetric MDCT measurements are reported in units of cm®and were obtained
from images captured with the lungs at a PEEP of 25 cm H.0.

* Tissue volumes at 40, 80 and 120 minutes reflect deviations from baseline with the
percent increase from baseline in parentheses.
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Table 9. Flow rates with corresponding PA and LA pressures observed during perfusion
MDCT imaging in ex vivo preparations.

50 cc/kg/min 75 cc/kg/min 100 cc/kg/min 125 cc/kg/min

Animal] Q |PAP|LAP| Q |PAP|LAP| Q |PAP|LAP] Q |PAP|LAP

2 14 8 -4 ] 21 9 0 2.8 8 6 35| 13 | 13
3 16 | 14 8 24 |1 19 7 32 | 25 | 10 | 40 | 28 | 17
5 16 | 13 8 24 |1 20 | 13 | 32| 20 | 15 | 40 | 23 | 20

60 cc/kg/min 90 cc/kg/min 120 cc/kg/min 150 cc/kg/min

Animal| Q |PAP|LAP| Q |PAP|LAP| Q |PAP|LAP] Q |PAP|LAP

1 20 | 11 6 3.0 | 12 6 40 | 17 8 5.0 | 17 8

Note: Q is reported as L/min, and PAP and LAP are reported in mm Hg.




Table 10. Mean and CV measurements for PBF and MTT at flow rates of 50, 75, 100

and 125 cc/kg/min.
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50 75 100 125
cc/kg/min cc/kg/min cc/kg/min cc/kg/min

PBF
(mI/min/100ml)
Animal 2 98 + 137 144 + 159 183 + 180 205 + 190
Animal 3 180 + 164 226 + 168 262 + 181 316 £ 199
Animal 5 138 + 154 191 + 198 236 + 213 264 + 214
Mean + SD 138 + 41 187 + 41 227 + 40 262 + 55
MTT (sec)
Animal 2 46+34 42+28 40+24 3.7+21
Animal 3 6.0+£3.1 2.7+2.2 43+20 39+£16
Animal 5 56+34 42+27 40+£23 3.8%£20
Mean + SD 54+0.7 44+0.3 41+0.2 38%0.1
PBF CV
Animal 2 1.40 1.11 0.98 0.92
Animal 3 0.92 0.75 0.69 0.63
Animal 5 1.12 1.04 0.90 0.81
Mean + SD 1.15+0.24 0.97 £0.19 0.86 £ 0.15 0.79+£0.15
MTT CV
Animal 2 0.74 0.67 0.60 0.57
Animal 3 0.52 0.47 0.47 0.41
Animal 5 0.61 0.64 0.58 0.53
Mean + SD 0.62+0.11 0.59+0.11 0.55 +0.07 0.50 £ 0.08
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CHAPTER 5: ASSESSMENT OF REGIONAL PERFUSION AND
PERFUSION PARAMETERS IN HUMAN SUBJECTS

Rationale and Hypothesis

Multi-detector row computed tomography (MDCT), along with the development
of quantitative image analysis techniques, provides a comprehensive assessment of the
lung (70, 73, 76). MDCT has been focused upon the evaluation of extent and distribution
of emphysema, a subset of chronic obstructive pulmonary disease (COPD). In this study,
we specifically focus on MDCT perfusion imaging in subjects with smoking-associated
emphysema. Dynamic 4-D MDCT perfusion sequences quantitatively determine regional
PBF and MTT through the detection of temporal changes in the density of the lung
parenchyma resulting from a rapid, central intravenous bolus injection of iodinated
contrast, followed by the application of indicator dilution theory and first-pass kinetics
(25, 33, 77, 214).

While pulmonary hypertension is a well-known clinical feature of advanced
COPD (6, 189), less is known about the vasculature response and tone early in COPD
pathogenesis. Recent evidence suggests that endothelial dysfunction and alterations in
pulmonary vascular response occur early in COPD and may represent a novel vascular
pathway in COPD development (9, 91, 119). It has been hypothesized that if there is
failure of inherent mechanisms to block the HPV response in the presence of
inflammatory processes, the inflammatory response may not be self limited by the normal
cascade of events and repair mechanisms, thus leading to chronic inflammation, focal
tissue destruction and emphysematous processes (76). We hypothesize that an increased
heterogeneity (larger regional variation) of PBF and MTT will exist in smokers with CT-
only signs of emphysema. This hypothesis based on the notion that smokers susceptible
to emphysema may fail to block HPV in the presence of inflammation leading to

increased heterogeneity of MTT, while smokers not susceptible to emphysema would
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block HPV in inflaming regions, maintaining a more homogenous MTT. In order to
address this question, we formed a cohort of human subjects to determine the normal
range of MDCT perfusion parameters for never smokers, and then compared these results
to a smoking population, split into two groups, those with and without early CT evidence

of centrilobular emphysema.
Methods

Study Population

From November 2004 to April 2008, we recruited 48 subjects from the local
community as part of an effort to establish a normative lung atlas. The University of
lowa institutional review board approved this study and written informed consent was
obtained prior to entering the study from all subjects. Study inclusion criteria were never
smokers with a total smoking history less than 1 pack, and smokers currently smoking a
pack a day. Subjects were excluded for known heart disease, kidney disease or diabetes,
presence of metal in the lung field, pregnancy, X-ray/CT scan in the past 12 months,
contrast allergies, glomerular filtration rate less than 60 ml/min, and body mass index
over 32. Never smokers with clinically important pathology detected on CT were
excluded along with smokers with significant lung disease other than emphysema (e.g.
tumor). A baseline dyspnea index was determined (113). Body mass index was
calculated as weight (kg) divided by height squared (m?). Pre-bronchodilator spirometry
was performed on one of two systems: V6200 Body Box (Sensor Medics, Yorba Linda,
CA) or the OWL Digital Body Plethysmography (Ferraris Respiratory, Louisville, CO).
Before changing from the V6200 to the OWL system, we verified that measures on our
subject population were equivalent between systems. Assessment of spirometry quality
followed the American Thoracic Society and European Respiratory Society

recommendations (123).
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MDCT Imaging and Data Analysis

MDCT imaging consisted of two spiral non-contrast lung volumetric scans and a
dynamic ECG-gated perfusion scan. Heart rate, ECG, arterial pressure, and pulse
oximetry oxygen saturation (SpO;) were continuously monitored (Philips IntelliVue
patient monitoring system, M8010A, Andover, MA). MDCT scanners were upgraded
over the course of the study with 12 subjects imaged with a 4-slice MDCT scanner
(MX8000, Philips Medical Systems), 4 with a 16-slice MDCT scanner (Sensation 16,
Siemens Medical Systems) and the remaining 25 subjects with a 64-slice MDCT scanner
(Sensation 64, Siemens Medical Systems).

Two spiral volumetric non-contrast scans of the lung obtained during breath-holds
at 2 fixed controlled lung volumes, functional residual capacity (FRC, 20% vital
capacity) and total lung capacity (TLC, 100% of vital capacity), with the aid of patient
coaching by the imaging technologist and a lab-developed volume controller system. This
system consists of a well calibrated pneumotachometer with balloon occlusion valve and
is linked to a lab-developed monitoring program (Labview, National Instruments, Austin,
TX) to instantaneously measure airflow, airway pressures and hold lung volumes
appropriately. Volumetric scans were performed with the following settings for a 64-slice
MDCT scanner: mA, 100; kV, 120; pitch, 1mm; rotation time, 0.5 seconds; slice
thickness, 0.75mm; slice increment, 0.5mm; matrix, 512 x 512; and reconstruction
kernel, B31f. Scan times are under 10 seconds with a z-coverage of 22-30 cm, adjusted
in order to capture the whole lung. Voxel dimensions were near isotropic at: 0.47 x 0.47 x
0.50 mm. For the two volume scans, the maximum collective radiation dose
(conservatively calculated) delivered to the subject is 10.6 mSv.

4-D ECG-gated axial dynamic MDCT perfusion imaging acquires images over
time for a volume of lung. These images are acquired during the administration of a
sharp, central bolus (0.5ml/kg, up to a total volume of 40 ml) of iodinated contrast agent

(Visipague 350, GE Healthcare, Princeton, NJ) delivered over 2s by a power injector
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system (Mark V ProVis, MedRad, Indianola, PA) through a central line placed in the
superior vena cava. An imaging location, based on the FRC volume scan, of lung just
distal to the carina is chosen for perfusion MDCT imaging. To ensure a central sharp
bolus of contrast, a central venous line (5Fr pigtail catheter) is placed in the proximal
superior vena cava, with placement confirmed by contrast injection under fluoroscopic
control. Perfusion is assessed in a supine position, during a breath-hold at FRC. Baseline
images are obtained followed by the contrast injection and additional imaged time points,
one per heartbeat, as the contrast agent flows through the lung fields. Scan protocols for
the 4, 16 and 64-slice scanners were selected to maximize the similarity of spatial
resolution; and, with increased number of slices, we were able to sample a larger
proportion of the lung. Perfusion scanning parameters for the scanners are summarized

in Table 11. For the perfusion scan, the maximum radiation dose is 3.2 mSv.

Image Analysis

Mean lung density, and emphysema index (EIl, proportion below a threshold
attenuation compared to the total volume of the lung) for threshold attenuation of -950
and -910 Hounsfield units (HU) were obtained from TLC volumetric images with the use
of PW software (VIDA Diagnostics, Coralville, 1A) (131). Since images were obtained
with 3 different scanners over the course of four years, base thresholds were modified to
correct for interscan variation using the attenuation of air outside the body and blood
from the aorta.

Perfusion image data sets were segmented semi-automatically using PASS and
analyzed with the Time Series Image Analysis (TSIA) module of PASS (55, 73). This
software uses indicator dilution theory assuming a bolus injection, residue detection
model (214). Segmented lung parenchymal voxels were binned in 3x3 ROIs (1.4 mm x
1.4 mm x 1.2 mm) resulting in regional data for a 2.4 mm?® volume of lung parenchyma.

Regional PBF and MTT measurements are determined based on time-attenuation curves
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for lung parenchyma ROIls. In this model, PBF is defined as the ratio of change in HU to
the area under the input time-attenuation arterial curve and MTT is assessed as the area
under the residue curve divided by the maximum height. Data was filtered to remove
major airways and vessels (ensuring that ROIs were predominately lung parenchyma)
using the following selection criteria: fractional air content, 0.4-0.9; fractional blood
content, 0.02-0.5; and chi-squared for curve fit, 0-200,000. Absolute PBF (ml/100
ml/min) and MTT (seconds) were determined for each subject and mean and CV values
were determined for whole lung, non-dependent, and dependent regions of the lung. Non-
dependent and dependent regions of the lung correspond to the upper and lower third of
lung respectively when lying supine. To compare regional differences across groups
without inter-subject variability from differing cardiac outputs, PBF was normalized to

the mean PBF.

Statistical Analysis
Statistical comparisons were performed with SPSS software (Windows 15.0,
SPSS, Inc; Chicago, IL). Data are expressed as mean + SD for the whole lung volume,
non-dependent third and dependent third of the lung. Heterogeneity of PBF and MTT is
assessed by its CV. One-way analysis of variance, followed by a post hoc analysis using
the Bonferroni method, is used to determine statistical significance for whole lung MTT
and PBF measurements. Paired t-tests assessed differences in dependent vs. non-

dependent regions. P-values less than 0.05 were considered significant.

Results

Subject Characteristics
48 subjects underwent perfusion CT imaging, with 7 subjects excluded from the
final cohort (2 never smokers with bronchiectasis, 1 never smoker with upper lobe

emphysema on MDCT, 1 smoker with large mediastinal mass, 1 smoker with respiratory
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alveolitis, and 2 subjects with contrast injection errors). The remaining 41 subjects were
categorized based on smoking status (never smoker or smoker), with current smokers
further being subdivided into two groups based on the presence (or absence) of
emphysema on MDCT determined by a blind-read from an expert chest radiologist with
15 vyears experience. Baseline demographics and spirometry measurements are
summarized for the never smokers (NS), smokers with normal CT imaging studies (SNI)
and smokers with CT imaging findings of emphysema (SE) in Table 12. None of the
subjects had ground glass present in the region of perfusion MDCT imaging. Out of the
24 smokers imaged, 12 subjects (50%) had radiological findings of emphysema
determined visually by an expert chest radiologist. In these 12 subjects, 6 had upper lobe
emphysema only, 2 with upper and middle lobe emphysema, and 4 with emphysema
present in all lobes. Two subjects had bullous changes present. An example of the extent
of emphysema present in SE subjects is shown in Figure 23.  SE subjects were
collectively older, had greater number of pack years, and their pre-bronchodilator
FEV1/FVC ratios were in the lower range of normal (70-80% of predicted) compared to
NS and SNI subjects. However, there was over-lap between the groups. Once smokers
were stratified based on presence or absence of emphysema, CV measurements were not

significantly correlated with the age or smoking history (pack years).

Volumetric MDCT
CT parameters, mean lung density and EI measurements, obtained from TLC
volumetric images are summarized in Table 12. There are no significant differences
between groups for EI measurements obtained at a thresholds of -950 HU (p=0.4) or -910
HU (p= 0.3) from whole lung measurements. In order to determine extent of emphysema
in the lung region imaged for perfusion, the lung was divided into thirds based on the
apex to costophrenic angle distance. EI analyses were performed on the middle third of

the lung (covering the lung volume distal to the carina and ending near the diaphragm)
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which corresponded to the region of perfusion imaging in all subjects. These El
measurements for the 3 groups did not demonstrate differences in percent emphysema-
like lung with thresholds of -950 HU (p=0.3) or -910 HU (p= 0.2). The mean percentage
of volume for the middle third below -950 HU were 6.7%, 4.1% and 4.0% and below
-910 HU were 37.2%, 29.6% and 26.5% for NS, SNI and SE subjects respectively.

Pulmonary Perfusion Parameters

An example of perfusion data obtained from a SNI subject demonstrates time-
attenuation curves obtained for the input arterial ROl and larger ROIs (11 x 11 voxels)
placed in the non-dependent and dependent region of the lung parenchyma (Figure 24).
PBF and MTT measurements for NS, SNI, and SE subjects were determined for the
whole imaged slab and are summarized in Table 13. An example of perfusion images
obtained in a SE subject is shown in Figure 25.

Absolute mean PBF (ml/100 ml/min) and MTT (seconds) were determined for
each group and no statistical significant differences existed between the 3 groups for
either PBF (p = 0.8) or MTT measurements (p = 0.2). The one-way ANOVA
demonstrated significant differences in CV measurements for MTT between the groups
(p = 0.0005). The ANOVA was followed with post hoc analysis demonstrating
significant differences in MTT CV measurements between the SE group compared with
SNI and NS groups, but no significant difference between the SNI and NS groups.
Similarly, for PBF CV measurements, the one-way ANOVA demonstrated significant
differences in CV measurements between the groups (p = 0.0007) with post hoc analysis
demonstrating a significant increase in CV in the SE group compared with SNI and NS
groups, but no significant difference between the SNI and NS groups. A representative
PBF and MTT color map from a subject from each group in Figure 26 demonstrates this
difference in heterogeneity. Differences in CV measurements for PBF (p = 0.02) and

MTT (p = 0.02) were significant after accounting for the effects of age. Accounting for
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both age and smoking pack years in the two smoking groups, MTT CV measurements
were significant different (p = 0.015) but differences in PBF CV measurements did not
reach significant levels (p = 0.11). P-values from the models analyzed are summarized in
Table 14. With the concern that the different models of MDCT scanners may play a
significant role in the observed differences in CV measurements, a subgroup of 10 NS
and 10 SE subjects’ perfusion images, both performed on the 64-slice scanner, were
compared and significant CV differences for PBF and MTT were observed, similar to our

larger population.

Non-dependent and Dependent Comparison

Regional data are also summarized in Table 13 and displayed graphically in
Figure 27. MTT measurements did not significantly vary through the lung volume
sampled. No significant differences were observed in mean MTT in non-dependent,
dependent and whole lung MTT measurements. PBF measurements demonstrate an
increasing flow gradient from non-dependent to dependent regions of the lung in all three
groups. CV measurements of PBF and MTT exhibit significantly increased CV in the
non-dependent region compared to the dependent region for NS (PBF: p = 0.0001, MTT:
p = 0.00001), SNI (PBF: p =0.003, MTT: p = 0.001) and SE (PBF: p =0.001, MTT: p =
0.007) subjects. These differences in CV did not differ among the groups of never

smokers and smokers.

Comparison of ROI Size
Perfusion image analysis was performed for four different resolutions of lung
parenchyma: 3x3,5x5,8x8, and 11x11 voxels per ROl. As the ROI size increased from 3
to 11, more lung volume was included in each voxel analyzed. PBF (ml/min)
measurements per voxel correspond to the blood flow for that voxel and as expected,
regional PBF measurements increased as ROI size increased. No significant differences

in MTT exist between ROI sizes, though mean MTT slowly trended upward as ROI size
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increased for all groups. The relationship between the 3 groups for CV measurements
remained consistent over these ROI sizes. CV for MTT and PBF increased as the ROI
volume decreased from ROI sizes of 11 to 3, as expected. The SE group had a
significant increase in CV compared to NS and SNI groups for all ROI sizes for MTT and

PBF measurements.

Discussion

In this study, we evaluated the use of a dynamic 4-D ECG-gated MDCT perfusion
technique to determine regional PBF and MTT in human subjects. We demonstrated an
increased heterogeneity, as assessed by CV measurements; in regional PBF and MTT
distributions in SE subjects compared with SNI and NS subjects. The data from this
study suggest that heterogeneity of flow may serve as a functional "phenotype” of
smoking related centrilobular emphysema.  We hypothesized that these changes in
perfusion patterns reflect changes in pulmonary vascular tone resulting from patchy
inflammatory processes in the lung in smokers where regionally, the lung is unable to
block HPV in the face of inflammation. These findings do support our initial hypothesis
that failure to block HPV with local inflammation may serve as a precursor to destruction
in a smoking population susceptible to emphysema. Pulmonary vascular changes,
characterized by a thickening of the vessel wall, have been characterized early in the
history of COPD disease (142, 215). More recently it has been observed that, in the
presence of inflammation, there is an enhanced delivery of progenitor cells to the lung
(220, 221). Remy-Jardin et al. observed an increased propensity for the lung to develop
emphysema in regions of suspected inflammatory processes as defined by ill-defined
ground glass opacities and micro nodules (155). There are also suggestions in the
literature that, in response to inflammatory processes, the HPV response to shunt blood
towards a better-ventilated region is normally blocked (56, 170). In a sheep model,

Easley et al. (39) used MDCT to demonstrate the regional failure of HPV in a lung region
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flooded with endotoxin but not with saline, and Hoffman et al (76) showed the co-
existence of an intact HPV to normal lung regions and a failure of HPV in inflamed lung
regions. If HPV shuts down blood flow in an emphysema-susceptible smoking
population, this would tend to shut down the cascade of events serving to resolve an
inflammatory event, including the blockade of progenitor cells which would serve to
repair the damage caused by the inflammatory response. Furthermore, if the increased
vascular tone in an inflamed region serving to block blood flow to the region is a critical
event in the etiology of emphysema, this would have greater consequences in the lung
apex where blood flow is further compromised (relative to the lung base in the upright
body posture due to gravitational effects), explaining the predominance of apical
pathology in smoking related emphysema.

Another possibility explaining this study’s findings is that the increased PBF and
MTT heterogeneity is a result of micro-vascular destruction caused by micro-emphysema
(including very peripheral destruction of vascular and airway structures) undetectable
with the resolution of MDCT. Loss of peripheral pulmonary capillary bed due to
parenchymal destruction is a known feature of advanced disease (142) but has not been
demonstrated in transformational regions. If our findings were due to very peripheral
disease undetectable by purely anatomic-based metrics on the CT image, the present
study’s findings would indicate that functional imaging provides for a differentiating
phenotype where anatomical imaging with CT provides no differences including
guantitative measures of emphysema-like lung at a threshold of either -950 or -910 HU.

Regardless of the underlying mechanism (failure to block HPV in the presence of
inflammation, or micro-destruction with loss of peripheral vascular and airway
structures), the increased CV of MTT and PBF measurements in this population offers a
new phenotype differentiating our NS and SNI subjects from our SE subjects. Currently,
both density and airways changes are considered to be the primary imaging-based

phenotypes serving to differentiate COPD groups (29, 30, 133). We describe a new
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functional-based image derived phenotype (CV of PBF and MTT) within regions of lung
with no density-based changes, and this phenotype may link more closely to specific
disease etiology.

In this study, a cohort of human subjects including NS, SNI and SE subjects was
formed, and normative regional PBF and MTT values were established. Our cohort
consists of individuals with normal spirometry and no clear differences in CT
densitometry emphysema measurements between groups, indicating a population of
smokers with preclinical emphysema. The presence of centrilobular emphysema, mainly
in the apical lobes, did not typically correspond to the region of lung sampled for
perfusion imaging. Therefore, the increased heterogeneity demonstrated in smokers
susceptible to emphysema is not due to gross parenchymal destruction. We also
explored the relationship of perfusion in the non-dependent and dependent regions of the
lung, demonstrating an increasing blood flow gradient in the supine position consistent
with gravitational forces fighting perfusion, most likely in zones 2 and 3 West conditions
(201). This gradient is present in all groups, and therefore did not relate to smoking
status. The gradient is consistent with reports in the literature from CT (33), MR (79,
107, 138, 146) and PET (132, 169) imaging modalities. The high spatial resolution
perfusion maps obtained with CT perfusion imaging demonstrated regional heterogeneity
in the lung parenchyma. When quantified by CV measurements, an increased
heterogeneity is demonstrated in the non-dependent region compared to the dependent
region for both MTT and PBF measurements in all three groups. Smoking status did not
change this regional difference in heterogeneity when imaged supine.

The CT perfusion technique assesses a region of lung corresponding to the z-axis
coverage of the multi-detector scanner array. A new generation of scanner, the dual
energy CT (Siemens Somatome Definition, Erlangen, Germany) has been recently
introduced and can provide a map of the enhanced blood volume by the visualization of

the distribution of iodine following contrast administration. While initial studies have
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demonstrated the application of perfused blood volume maps to pulmonary diseases such
as pulmonary emboli or COPD (20, 42, 190), these measurements are not dynamic
measures of perfusion and thus do not quantitatively provide for regional MTT and PBF
measurements described here that were obtained with first pass kinetics. Faster scanners
such as the Siemens Definition Flash which can image the whole lung in 0.75 seconds
along with Toshiba’s Aquilion One which covers 16 cm of the z-axis in one rotation may,
in the future provide the ability to assess true perfusion parameters over the whole lung.
However, the partial lung coverage we present here is adequate for phenotypic
differentiation amongst smoking populations. Contrast enhanced MR imaging can also
provide quantitative measurements of PBF and MTT, although the signal to noise ratio is
more dependent on factors that are more difficult to control, such as contrast
concentration and injection rate and RF coil sensitivity (61, 138, 139, 147). Recent
studies using this MR perfusion technique have been used to explore perfusion in COPD
subjects (86, 106, 138). These cohorts included severe COPD (stage 11l of 1V) subjects,
and therefore, represent a much more severely diseased population than studied here.

This study is limited by its cross-sectional study design. A subpopulation of the
SNI subjects could be susceptible to emphysema and may develop signs of the disease
later in life. This group tended to be younger than our SE subjects. While there was a
significant difference in our SE population vs the NS and SNI groups, there was overlap
between the populations in regards to our MTT and PBF measures. Further studies to
determine if SNI subjects with higher CV measurements represent a group of
emphysema-susceptible individuals would be of great interest.

In summary, perfusion MDCT imaging provides a minimally-invasive means of
obtaining functional information regarding the pulmonary vasculature, and provides
valuable information as we continue to characterize a vascular phenotype of emphysema.
Our data show a blood flow pattern of significantly increased heterogeneity, indicative of

increased regional variability of PBF and MTT in a subset of smokers with very minimal
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MDCT-based evidence of disease and normal spirometry. These findings do not prove
but are consistent with our hypothesis that inflammation-based vascular responses to
hypoxia (HPV) are occurring in smokers susceptible to COPD but are successfully
blocked in smokers without signs of emphysema. An alternative explanation is that there
IS micro-destruction occurring in the region of lung in which blood flow measures were
made, undetectable by other quantitative CT measures. In either case, our functional CT
measures provide a new phenotype which may be of importance as imaging gains
importance in the search for genotypes associated with COPD and other potentially

genetic-based lung disease.
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Figure 23. An example of a SE subject. This subject is a 41 year old male smoker with a
45 pack year history. A) A representative coronal image from the volumetric
spiral MDCT scan performed at a breath-hold of TLC. This subject
demonstrated mild centrilobular emphysema with emphysematous changes
present in the upper lobes. Lung window leveling of -500 / 1500 HU was
used. B) A cumulative histogram for the whole lung demonstrates the
distribution of voxel intensity of the lung parenchyma. EI measurements for -
950 HU and -910 HU were 5.1% and 28.9% respectively.
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Figure 24. Left: MDCT perfusion baseline image obtained in a SNI subject. The
pulmonary artery (PA) and two regions of lung parenchyma in the
dependent (D) and non-dependent (ND) region are shown. Right:
Corresponding time-intensity curves demonstrate the dynamic change in
Hounsfield units (HU) as the bolus of contrast passes through the PA
(upper) and in the dependent and non-dependent regions of the lung
parenchyma (lower). Regional PBF and MTT are obtained through the
application of indicator dilution theory to the data.
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Figure 25. Perfusion maps demonstrate regional PBF measurements obtained from

dynamic, ECG-gated CT imaging in a SE subject. Images are obtained
during a breath-hold at FRC with 2.4 cm axial coverage (64-slice MDCT
scanner). Baseline images (just prior to bolus contrast injection) for six of
the twenty slices are shown here with the perfusion map overlaid. Regional
PBF, mean normalized, is demonstrated with low to high flow
corresponding to blue and red coloring respectively (range: 0.25-1.75).
Perfusion measurements have an in-plane resolution of 1.875 mm x 1.875
mm and slice thickness of 1.2 mm. There is marked heterogeneity of PBF
present in the lung parenchyma. There is a flow gradient visually apparent
with regions of lower flow present in the non-dependent regions and greater
flow in the dependent regions of the lung.
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MTT CV = 0.47 MTT CV = 0.46 MTT CV = 0.64

PBF CV = 0.38 PBF CV = 0.39 PBF CV = 0.78

Figure 26. Color coded maps of perfusion parameters overlaid on imaging slice for
subjects in each group. A) MTT maps for NS (left), SNI (middle), and SE
(right) subject. Maps demonstrate significantly increased regional
heterogeneity of MTT measurements in SE subjects as compared to NS and
SNI subjects. Range: 0-8 seconds. B) PBF normalized to the mean PBF for
NS (left), SNI (middle), and SE (right) subject. Similar to MTT findings,
there is increased regional heterogeneity in mean normalized PBF
measurements in SE subjects compared to NS and SNI subjects. Range:
0.25-1.75.
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Figure 27. MTT and PBF measurements for dependent and non-dependent regions of the
lung. Error bars represent £ SEM. A) Mean MTT did not differ between the
non-dependent and dependent region for any of the groups. B) In all groups,
mean normalized PBF measurements demonstrate increased flow in the
dependent region and decreased flow in the non-dependent region of the lung.
C) The CV of MTT is significantly increased in the non-dependent region
compared with the dependent region in all three groups (NS: p = 0.00001,

SNI: p = 0.001, and SE: p = 0.007).

D) CV of mean normalized PBF is

significantly increased in the non-dependent region compared to the
dependent region in all three groups (NS: p = 0.0001, SNI: p = 0.003, and SE:

p = 0.001).



Table 11. CT Perfusion Scan Parameters.
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Philips Siemens Siemens
MX8000 Sensation 16 Sensation 64
Total number of studies 12 4 25
Detector rows 4 16 64
Scan type Axial Axial Axial
mAS 150 150 150
KV 80 80 80
Collimation 4x25mm 12x1.2mm 24 x 1.2 mm
Detector width (z-axis coverage) 10 mm 14.4 mm 28.8 mm
Slice thickness (mm) 2.5 mm 1.2 mm 1.2mm
Rotation time (sec) 0.5 0.375 0.33
Filter (kernel) B B30 B30
Matrix 512 x 512 512 x 512 512 x 512
Gating ECG ECG ECG
# of triggers 1 1 1
Lung volume FRC FRC FRC
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Table 12. Characteristics of Subjects.

Characteristics NS SNI SE
N 17 12 12
Gender - male, % 35 58 58
Age, years 31+10 32+14 46+ 11
BMI, kg/m? 24+3 25+3 25+ 4
Heart rate, bpm 68 + 10 72+11 70+ 13
Blood pressure, mm Hg

Systolic 116 £13 119+ 15 128 + 13

Diastolic 66 £ 11 65+ 12 74+ 7
Creatinine, mg/dL 0.8+£0.1 0.8+£0.1 1.0+£0.2
Packyears 15+ 14 31+15
Age started smoking, years 17+3 16+4
BDI 119+ .2 11.3+£1.2 11.2+1.3
Vl?lzglzsfg/sgh in past 2 6 33 50
Pre-bronchodilator FEV1, % 98.3+8.9 84.9+16.7 08.2+23.5
Pre-bronchodilator FVC, % 100.7 £10.5 91.7+115 1039zx15.6

Pre-bronchodilator

FEV,/FVC, % 81.4+7.0 77.2+116 745+49
MLD, HU -849 + 36 -848 + 18 -846 + 21
El, -950 HU, % 6.3+5.9 41+43 43+3.8
El, -910 HU, % 34.8+16.9 28.3+14.9 26.0+ 125

Note: Results are expressed as mean + SD unless noted. Spirometry is reported as
percent predicted.

Definition of Abbreviations: NS: never smokers; SNI: smokers with normal CT imaging
studies; SE: smokers with emphysema present on CT; BMI: body mass index; BDI:
baseline dyspnea index; FEV;: forced expiratory volume in 1 second; FVC: forced vital
capacity; MLD: mean lung density; EI: emphysema index.



Table 13. MDCT-based Perfusion Parameters.

NS SNI SE
WHOLE LUNG
PBF (ml1/100 ml/min)
Mean + SD 2215+55.6 226.0+475 210.3 £83.7
Range 132.9-323.6 152.0-307.2 140.1-420.2
PBF mean normalized
Mean 1.00 £ 0.00 1.00 £ 0.00 1.00 £ 0.00
Cv 0.43 +£0.07 0.45+0.11 0.58 £0.12
MTT, seconds
Mean + SD 4,68 +1.01 4,54 +0.70 4.08 +0.88
Range 3.34-6.36 3.21-5.47 2.02-5.21
Cv 0.45+0.09 0.44 +0.08 0.58 £0.10
Fractional Air Content (%) 74+3 74+2 754
NON-DEPENDENT REGION
PBF mean normalized
Mean £+ SD 0.83+£0.10 0.83+£0.10 0.76 £ 0.07
Cv 0.48+£0.10 0.52+0.19 0.74 £ 0.30
MTT, seconds
Mean + SD 452 +1.05 4,54 +0.77 3.92+0.91
Ccv 0.55+0.17 0.52+0.12 0.70+£0.13
Fractional Air Content (%) 804 79+3 82+2
DEPENDENT REGION
PBF mean normalized
Mean + SD 1.15+0.09 1.19+£0.11 1.16 £ 0.07
Cv 0.35+0.08 0.36 £0.12 0.47 £0.13
MTT, seconds
Mean £+ SD 4.88 £1.03 470 £0.71 4.29 £ 0.96
Cv 0.38 £0.09 0.37+0.10 0.51+0.12
Fractional Air Content (%) 68+5 67+5 69+5

Note: Results are expressed as mean = SD unless noted. Range: low- high value.
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Definition of Abbreviations: NS: never smokers; SNI: smokers with normal CT imaging
studies; SE: smokers with emphysema present on CT; PBF: pulmonary blood flow (mean
normalized); MTT: mean transit time (sec); CV: coefficient of variation.
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Table 14. P-values measuring the significance of group status (NS, SNI, SE) on CV
measurements of regional PBF and MTT for models accounting for age and/or

pack years.
Covariates CV of PBF CVof MTT
Model 1 0.0007 * 0.0005 *
Model 2 Age 0.022 * 0.020 *
Model 3* Age, Pack years 0.11 0.015 *

* denotes significant with a p value < 0.05.

* Nonsmokers were excluded from this model and p-values reported relate only to the two
smoking groups.
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CHAPTER 6: TOTAL PULMONARY VASCULAR VOLUME
MEASUREMENTS

TPVV Measurement

As we characterize vasculature alterations in COPD and other lung diseases,
having non-invasive measures of vascular parameters such as pulmonary blood volume
will be important. In the past, pulmonary vascular volume determined by a dye injection
method (149) were used to measure characteristics of the entire pulmonary bed including
cardiac output, mean transit times from the pulmonary artery to left atrium, and
pulmonary blood volume in human subjects (37, 125). In this chapter, we present a new
CT-based measure of blood volume for the pulmonary circulation, total pulmonary
vascular volume (TPVV). TPVV is defined as the total arterial and venous intravascular
volumes plus extralumenal volumes (the volume of arterial and venous vessel walls) in
the lungs. TPVV can be determined from analysis of vascular segmentations obtained
from volumetric MDCT lung images.

TPVV measurements were made in two human subject cohorts. The first group,
obtained from the BRP cohort, focused on the establishment of normative TPVV values
for nonsmokers and smokers without lung disease. TPVV measurements were reported
for 40 subjects (20 nonsmokers, 20 smokers). Pulmonary vascular volume was reported
on a whole lung, left and right lung, and lobar level for 10 nonsmokers at two lung
inflation volumes: TLC and FRC. Linear analysis was used to determine possible
covariates and confounders of TPVV that would need to be accounted if TPVV is used as
an endpoint or biomarker for follow up or clinical studies. The second cohort, the
EMCAP study, focused on determining if an association between TPVV and the
following parameters: COPD severity, spirometry, and FMD measures indicative of

endothelial dysfunction exist.
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Normative TPVV Measurements

Methodology for the BRP Cohort

Study Design

From September 2004 to October 2008, 40 subjects from the local community
were recruited as part of an effort to establish a normative lung atlas. The University of
lowa institutional review board approved this study and written informed consent was
obtained prior to entering the study from all subjects. Study inclusion criteria were never
smokers with a total smoking history less than 1 pack, and smokers currently smoking a
pack a day. Subjects were excluded for known heart disease, kidney disease, diabetes,
presence of metal in the lung field, pregnancy, X-ray/CT scan in the past 12 months,
contrast allergies, glomerular filtration rate less than 60 ml/min, and body mass index
over 32. Never smokers with clinically important pathology detected on CT were
excluded along with smokers with significant lung disease other than emphysema.
Height and weight were determined and body mass index (BMI) calculated as weight
(kg) divided by height squared (m?), and body surface area (BSA) were calculated (38).
Pre-bronchodilator spirometry was performed on one of two systems: V6200 Body Box
(Sensor Medics, Yorba Linda, CA) or the OWL Digital Body Plethysmography (Ferraris
Respiratory, Louisville, CO). Before changing from the V6200 to the OWL system, we
verified that measures on our subject population were equivalent between systems.
Assessment of spirometry quality followed the American Thoracic Society and European

Respiratory Society recommendations (123).

MDCT Imaging and Data Analysis

Spiral non-contrast volumetric MDCT imaging was performed in the supine
position with a 16-slice (Sensation 16, Siemens Medical Systems, Erlangen, Germany) or

64-slice MDCT scanner (Sensation 64, Siemens Medical Systems, Erlangen, Germany) at



101

two fixed breath-hold controlled lung volumes: total lung capacity (TLC, 100% of vital
capacity) and functional residual capacity (FRC, 20% vital capacity). A well calibrated
pneumotachometer with balloon occlusion valve, linked to a lab-developed monitoring
program (Labview, National Instruments, Austin, TX), instantaneously measured the
airflow and airway pressures and was used to breath-hold lung volumes appropriately.
Heart rate, ECG, arterial pressure, and pulse oximetry oxygen saturation (SpO;) were
continuously monitored while the subject was in the scanner (Philips IntelliVue patient
monitoring system, M8010A, Andover, MA). Scan protocol for the 64-slice MDCT
scanner for volumetric scans were as follows: mA, 100; kV, 120; pitch, 1mm; rotation
time, 0.5 seconds; slice thickness, 0.75mm; slice increment, 0.5mm; matrix, 512 x 512,
and reconstruction kernel, B31f or B35f. Voxel dimensions were near isotropic at 0.47
mm x 0.47 mm x 0.50 mm. Scan times are under 10 seconds with a z-coverage of 22-30
cm, adjusted in order to capture the whole lung. A subgroup of 28 subjects (9
nonsmokers, 19 smokers) also underwent perfusion MDCT imaging and was included in
the cohort described in Chapter 5.

Volumetric images were analyzed with PW 2.0 (VIDA Diagnostics, Coralville,
IA) for the segmentation of lung, lobes and vessels. Lung and lobar volumes were
determined. Manual editing of the lung segmentation was necessary to include the
vascular tree to the main branch pulmonary arteries. Vascular segmentations were
obtained in PW using a previously described algorithm (171), and volumes were obtained

for the whole lung (TPVV), left and right lung, and lobes using PASS software (55, 73).

Statistical Analysis

Statistical comparisons were performed with SPSS software (Windows 17.0,
SPSS, Inc; Chicago, IL). Normality of TPVV was assessed by Shapiro-Wilk statistic.
Mean + SD for TPVV measurements were determined for the whole group, and for the

subgroups of nonsmokers and smokers. Vascular volumes were compared to lung volume
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on a whole, left and right, and lobar scale. Associations of TPVV and potential
confounders, such as BMI, were estimated with simple linear regression models. Pearson
correlations were obtained for possible confounding factors. The association between
TPVV and the following factors, accounting for total lung volume and body size, were
obtained: spirometry measures including FVC, FEV;, and FEV1/FVC; and perfusion
parameters including PBF, MTT, CV of PBF, and CV of MTT. Partial correlation

coefficients were obtained. P-values less than 0.05 were considered significant.

Results for the BRP Cohort

Normative TPVV Measurements

Forty subjects (20 non-smoker and 20 smokers) completed pulmonary function
testing and MDCT imaging. Baseline demographics are summarized in Table 15. All
smokers were without clinical symptoms or signs of disease based on initial assessment.
Pre-bronchodilator spirometry results were within normal range and percent predicted
values of FVC and FEV; and FEV/FVC ratio are summarized in Table 15.

Volumetric scans were read by a chest radiologist with 15 years experience.
Nonsmoking subjects had normal chest reads (n=18) or minor, nonvascular-based
pulmonary disease (n =2 mild bronchiectasis). In the smokers, 12 out of 20 subjects
demonstrated mild emphysema on CT, identified by the chest radiologist. Volumetric
MDCT images obtained at full lung volume (TLC) had a mean total lung volume of 6339
cm® and a range from 4154 to 8539 cm®. Some variation in lung volume is expected
since we imaged a range of body sizes and types. In the 40 subjects, the total lung
volume is strongly correlated with the subject’s height (r =0.76) and BSA (r = 0.52),
mildly correlated with weight (r =0.30, p=0.06), but not BMI (r = -0.18, p = 0.26) or age
(r=0.01,p=0.94).

Figure 28 shows a vascular segmentation obtained from a TLC MDCT lung scan,

demonstrating the vascular volume for a nonsmoking subject. Histograms of TPVV and
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TPVV normalized to lung volume are shown in Figure 29. TPVV was strongly
correlated with total lung volume measurements (Figure 30) and therefore TPVV
normalized to lung volume measurements were also determined and reported. TPVV
measurements ranged from 114.6 cm® to 255.2 cm®, with a mean TPVV value of 172.2 +
35.5 cm® (95% Cl: 160.9 - 183.6 cm®). TPVV and TPVV normalized to lung volume
measurements are normally distributed (Shapiro-Wilk statistic, p = 0.44 and p = 0.74
respectively). When divided based on smoking status, mean TPVV were 169.0 £ 32.2
cm® and 175.5 + 39.1 cm® for nonsmokers and smokers respectively. TPVV and TPVV
normalized to lung volume are graphed based on gender in Figure 31. Table 16
summarizes TPVV and TPVV normalized to total lung volume for the subjects and
divided based on smoking status and gender. TPVV measurements in males were larger,
but so were total lung volumes. Once normalized to total lung volume, the vascular

volume did not differ between males and females, and nonsmokers and smokers.

TPVV for TLC and FRC Lung Volumes

TPVV measurements were divided to determine the vascular volumes for lung
and lobar regions at TLC (Table 17). In all subjects, the right lung (80.6 cm® 53%)
demonstrated slightly higher pulmonary vasculature volume than the left lung (91.6 cm®,
47%). Vascular volumes in the lobes were 37.3 + 9.3 cm® (22%) and 43.3 + 10.5 cm®
(25%) for LUL and LLL, respectively, and 31.4 + 6.4 cm® (18%), 12.8 + 3.6 cm® (7%),
and 47.4 + 10.2 cm® (28%), for RUL, RML and RLL, respectively. The distribution of
vascular volume matched the lobar volume distribution within a percent. Therefore,
pulmonary vasculature volume per lung volume was consistent, and the vascular and lung
volume maintain the same relationship across lungs and lobes.

A subset of 10 nonsmokers had TLC and FRC pulmonary vascular volume
measurements determined for the lung, left and right lung, and lobes. Results are

summarized in Table 18. An example of vascular segmentations obtained at TLC and
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FRC for one subject are shown in Figure 32. Visually, the FRC segmentation compared
to the TLC segmentation did not contain as many generations of vasculature and seemed
to be missing some of the small vessels. Mean FRC TPVV measurements for the 10
nonsmoking subjects was 101.4 + 26.4 cm® compared to 163.0 + 30.0 cm® for the mean
TLC TPVV measurement. This represents a 38% decrease in blood volume from TLC to
FRC. Inall FRC scans, the right lung (56.6 + 13.4 cm®, 56%) also demonstrated slightly
higher blood volume than the left lung (45.1 + 14.0 cm®, 44%) The distribution of
vascular volume at a lobar level for TLC and FRC matched well (within a few percent) to

each other and to corresponding lobar lung volumes.

Association of TPVV Measurements with Covariates

Pearson correlation coefficients were used to assess associations between TPVV
and the following factors: total lung volume, age, BSA, BMI, height, and pack years.
Since TPVV and total lung volume were strongly correlated, correlations between TPVV
normalized to total lung volume and the other factors was also determined (Table 19).
Age (Figure 33) demonstrated a weak inverse relationship to TPVV (r = -.020, p 0.2).
Once total lung volume was accounted for, smoking history (assessed by pack years) is
associated with a decrease in TPVV that reached near significance (p = 0.09) (Figure 34).
Strong linear correlations exist between measures of body size and TPVV (Figure 35)
and TPVV normalized to lung volume (Figure 36). Total lung volume, height and weight

together account for 65% of the variability observed in TPVV measurements.

Association to Spirometry

Accounting for total lung volume, height and weight, partial correlations were
determined for TPVV and the following spirometry parameters: FVC, FEV3, FEV1/FVC
ratio. Results are summarized in Table 20. Strong direct correlations between TPVV and
pre-bronchodilator spirometry measurements of FEV; (r = 0.52; p = 0.001), FVC (r =
0.46; p = 0.004) and FEV1/FVC ratio (r = 0.42; p =0.009) existed. When divided based
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on smoking status, a decreased association (to a non-significant level) existed for the
nonsmoker subjects between TPVV and FVC (r = 0.36 versus 0.56 in smokers), FEV; (r
= 0.32 versus 0.77 in smokers), FEV1/FVC (r = 0.30 versus 0.56 in smokers) ratio, while

smokers demonstrated a significant correlation for all 3 measurements.

Association to MDCT Perfusion Parameters

For the 28 subjects (9 nonsmokers, 19 smokers) with perfusion and TPVV
measurements, mean PBF was 221 + 64 ml/min/100 ml (range: 140 - 420 ml/min/100ml)
and mean MTT was 4.3 + 0.8 seconds (range: 2.0 - 6.3 seconds). Mean CV
measurements were 0.50 = 0.12 (range: 0.36 - 0.78) and 0.52 + 0.10 (range: 0.33 - 0.76)
for PBF and MTT respectively. In chapter 5, age and pack years were determined to be
factors affecting MTT and PBF measurements and therefore, were added to the original
model of total lung volume, height and weight for the determination of associations
between TPVV and perfusion measurements. Partial correlations are summarized in
Table 20. Mean MTT (r = 0.06, p = 0.8) and regional PBF (r = 0.2; p = 0.4)
measurements didn't correlate well with TPVV measurements. CV of MTT and CV of
PBF demonstrated weak inverse correlations with TPVV (r = -0.24 for both), but these

correlations did not reach significance levels (p value: CV MTT: 0.26; CV PBF: 0.27).

TPVV Measurements in COPD Subjects

Clinical Significance and Rationale
The purpose of this study was to test for an association between pulmonary
vascular volume, assessed by MDCT TPVV measurements, and COPD severity,
spirometry, CT percentage of emphysema, and endothelial dysfunction as assessed by
FMD of the brachial artery. TPVV measurements reflect a balance of alterations in
vascular tone and presence of pathological lesions occurring in the pulmonary

vasculature. If vasculature-related changes and endothelial dysfunction are prominent,
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one would expect the presence of subclinical hypertension, and therefore an increase in
TPVV measurements should result. If emphysematous destruction has destroyed the
capillary-alveolar junction, there will be a decreased capillary volume and therefore
decreasing in TPVV. We studied 93 subjects with spirometry, CT imaging and FMD
measurements among a random sample of former smokers in an ongoing cohort study,

The Emphysema and Cancer Action Project (EMCAP) study.

Methodology for the EMCAP Cohort

Study Design
The EMCAP study recruited 557 participants at one site of a lung cancer CT

screening research program in 2001-2002 (16). Inclusion criteria were current and former
smoking with 10 or more pack-years, age 60 years and older, willingness to undergo CT
screening for lung cancer, and no cancer history other than nonmelanoma skin cancer.
Our sample was restricted to former smokers because current cigarette smoking causes
acute reductions in FMD (23, 207). Of 557 EMCAP participants, 313 (56%) denied
current smoking at baseline and follow-up and were hence eligible for the FMD study.
Sixty-one percent (119 subjects) of the 196 randomly invited sample subjects
successfully participated in the FMD study. Written informed consent was obtained prior
to entering the study from all subjects. The Columbia University Institutional Review
Board approved all study activities. The University of lowa Institutional Review Board
approved all data analysis activities of this study.

An interviewer-administered questionnaire provided information on age, gender,
race/ethnicity, educational attainment, and physician diagnoses of cardiovascular
diseases. Blood pressure measured with mercury sphygmomanometers and cuffs of
appropriate size. Height and weight were determined by the use of calibrated scales and
body mass index (BMI) was calculated as weight (kg) divided by height squared (m?).

Current smoking status was verified by urinary cotinine levels determined by an enyzme-
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linked immunosorbent assay (Orasure Technologies, Inc., Bethlehem, PA), with current

smoking defined as urinary cotinine levels above 500 ng/ml.

Pulmonary Function Tests

Pre- and post-bronchodilator spirometry was performed according to American
Thoracic Society (ATS) guidelines (1) using the EasyOne portable spirometer (ndd
Medical Technologies, Chelmsford, MA), which had been previously validated against a
dry seal, rolling-barrel spirometer (10). Assessment of spirometry quality followed
ATS/European Respiratory Society (ERS) recommendations (122, 123). COPD and
COPD severity were defined according to ATS/ERS COPD criteria using post-
bronchodilator measures (24) described in Chapter 2. Single-breath DLco was measured
with a Sensormedics Autobox 220 Series instrument (Viasys Healthcare, Yorba Linda,
CA) following ATS/ERS guidelines (111) according to the method of Jones and Meade
(88).. The participant exhaled to residual volume, then was switched to a gas mixture of
0.43% CO, 10% helium, 21% oxygen, and balance nitrogen. The subject then inhaled
rapidly to TLC, breath-held for 10 seconds, then exhaled to residual volume. The average

of all acceptable tests (minimum of two tests) was reported.

FMD Measurements

A non-invasive measure of endothelial function is FMD of the brachial artery.
This test measures endothelium-dependent, NO-mediated vasodilation. FMD was
measured in 2005-2006 using a standardized protocol adapted from a large multicenter
study (17), consistent with published guidelines (28). Subjects fasted for 12 hours,
avoided exercise for 6 hours, and rested in the supine position for 15 minutes (28).
Regular medications were not withheld. Brachial artery diameter was measured 6 cm
above the antecubital crease of the right arm using B-mode ultrasound with a 15-MHz
linear array transducer (SONOS 5500; Philips, Andover, MA). A blood pressure cuff was

inflated to at least 50 mm Hg above systolic blood pressure to occlude arterial flow to the
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forearm for 5 minutes (28), then brachial artery diameter was re-measured during reactive
hyperemia 1 minute after cuff deflation (53, 135). End-diastolic images were digitized by
a frame grabber (model LG3; Scion Corporation, Frederick, MD). A single reader
blinded to clinical status measured all brachial artery diameters off-line using analysis
software for three consecutive cardiac cycles at rest and 1 minute post deflation for each
participant. FMD was expressed as percentage change from rest (100 x [brachial artery
diameter during reactive hyperemia — diameter at rest]/diameter at rest). Absolute intra-

observer variability for FMD measurements was 1.3%.

MDCT Imaging Acquisition and Analysis

All participants underwent low-dose, non-contrast, full-lung CT scanning on a
Siemens 16 MDCT scanner (120 kV, 169 mAs, 6:1 pitch, 5-mm and 1-mm slice
thickness reconstructions, single breath-hold, contiguous slices from the thoracic inlet to
the adrenal glands). The CT percentage of emphysema in the lungs (emphysema index)
was assessed as the proportion of lung volume below a threshold attenuation of -910 HU
compared with the total volume of the lung (131). Volumetric images were analyzed
with PW 2.0 (VIDA Diagnostics, Coralville, 1A) for the segmentation of lung, lobes and
vessels.  Lung and lobar volumes were determined. Manual editing of the lung
segmentation was necessary to include the vasculature tree to the main branch pulmonary
arteries. Vasculature segmentations were obtained in PW using a previously described
algorithm (171). Vascular volumes were measured for the whole lung (TPVV), left and

right lung, and the lobes using PASS software (55, 73).

Statistical Analysis

Mean and SDs of TPVV measurements were determined for the cohort on a
whole lung, right and left lung and lobar level. Intra-observer variability measurements
were determined from 13 subjects re-analyzed within 6 months (~10% cohort).

Associations between TPVV measurements and spirometry-based measurements, and
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TPVV and FMD measurements were determined using linear regression models
accounting for confounders. All p-values were two-tailed with P<0.05 considered
significant. Analysis were performed using SAS version 9.1 (SAS Institute, Cary, NC),
S-plus 6.2 (Insightful Corp., Seattle, WA) or SPPS version 17.0 (SPSS, Inc; Chicago, IL).

EMCAP Results

Participant Characteristics

Out of the 119 subjects, 93 subjects had complete clinical data, pulmonary
function testing, MDCT volumetric imaging, FMD measurements, and were cotinine-
confirmed former smokers. Participants in the study sample were elderly, fairly evenly
divided among gender (43% female, 57% male), 18% nonwhite, and had moderately
heavy smoking histories (Table 21). Lung function in this sample of former smokers
ranged from normal to severely impaired. Spirometry tests are summarized in Table 21.
The majority of subjects (62) did not have COPD (defined as post-bronchodilator
FEV1/FVC < 0.70). The remaining 31 subjects were staged according to GOLD
classifications with 7, 18, 3 and 3 subjects classified as mild (stage I), moderate (stage I1),
severe (stage Ill) and very severe (stage IV) respectively. Table 21 also shows the
characteristics of the 62 subjects that did not have COPD. No significant differences
exist between the overall sample and the subgroup with COPD except CT percentage of

emphysema and pulmonary function measures.

TPVV Measurements

TPVV measurements were obtained in all 93 subjects. A 3-D rendering of the
vasculature, airways and lobes is shown in Figure 37. The average TPVV measurement
for the whole cohort was 168 + 34 cm®, with a range of values from 110 cm® to 276 cm®.
The absolute intra-observer variability for TPV measurements was 4.0 + 2.0 cm®. The

mean total lung volume was 5150 + 1199 cm?® with a range of values from 2685 cm? to
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8315 cm?. Total lung volume is directly correlated with TPV measurements, with 83%
of the variability in TPVV accounted for by total lung volume (Figure 38). The right
lung (90.9 cm?®, 54%) demonstrated slightly higher vascular volume than the left lung
(76.7 cm®, 46%). Lobar vascular and lung volumes matched within 1% (Table 22).
Therefore, once normalized to lung or lobar volume, the vascular volume was fairly
homogenously distributed across the lung. For the 31 former smoking subjects with
COPD, the upper and middle lobes (LUL: 0.32; RUL: 0.032; RML. 0.029) demonstrated
a slight decrease in TPVV normalized to lung volume compared with the lower lobes
(LLL: 0.033; RLL: 0.034) and the mean TPVV (0.032) (Table 23). This corresponds
with CT percentage of emphysema measurements for the lobes which demonstrate
increased values in the upper and middle lobes (LUL: 48%; RUL: 47%; RML: 50%)
compared with the lower lobes (LLL: 41%; RLL: 43%).

Association with Spirometry and CT measures of COPD severity

Associations with TPVV, spirometry, and CT measures of emphysema were
determined for two models (Table 24). In model 1, the only factor accounted for was the
total lung volume. Model 2 included age, gender, height, weight, race/ethnicity and pack
years in addition to total lung volume. CT percentage of emphysema demonstrated a
strong significant inverse correlation with TPVV measurement (Both models: p = 0.002)
for both models. Post-bronchodilator FEV; was significantly associated with TPVV for
model 1 (p = 0.04) with a 1 SD increase in TPVV resulting in a 33 mL (95% CI: 2-64 ml)
change in FEV;. This association diminished in model 2 to a non-significant level (p =
0.11). Post-bronchodilator FVC and FEV/FVC ratios demonstrate trends of direct
association that were non-significant for both models. DLco measurements demonstrated
a direct association, but also were at near significance level with p-values of 0.08 and

0.15 for model 1 and 2 respectively.
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Association with FMD Measurements

FMD measurements of this cohort have been analyzed for these subjects and are
reported by Barr et al (9). It was determined that endothelial dysfunction, measured by
FMD, was associated with lower post-bronchodilator FEV; and higher CT percentage of
emphysema in formers smokers across a range of disease severity including individuals
with normal lung function and anatomy to severe COPD/emphysema (9). In the subset
of 93 subjects studied, the mean diameter of the brachial artery before cuff inflation was
3.8 £ 0.7 mm. The mean increase in brachial artery diameter during reactive hyperemia
after cuff deflation was 0.13 £ 0.11 mm. The corresponding mean FMD, or percentage
change in the brachial artery diameter, was 3.8 + 3.2%.

FMD and TPVV measurements demonstrate an inverse association that did not
reach significant levels in this population (Table 25). The mean difference in FMD per 1
SD of TPVV was -1.2% (95% CI: -2.8, 0.4, p-value: 0.13) for Model 1 and -1.1% (95%
Cl: -2.8, 0.6, p-value: 0.21) for Model 2. This translated to a non-significant mean
difference change of -0.05 mm (95% CI: -0.10, 0.01; p-value: p = 0.10) and -0.04 mm
(95% CI: -0.10, 0.02; p-value: 0.15) in absolute diameter for 1 SD change of TPVV.
Partial correlation coefficients for FMD (% change) were -0.16 and -0.14 for percent
change; and -0.17 and -0.16 for absolute change in Model 1 and 2, respectively. The
baseline diameter measured with FMD was significantly different in Model 1 (p = 0.05)
demonstrating a direct correlation. A larger brachial artery diameter correlated to an

increased TPVV.

Discussion
TPVV measurements can be made from non-contrast volumetric CT images of
the lungs and reflect the physiological state of the pulmonary vasculature by providing a
pulmonary blood volume measurement. We present TPVV measurements from 2

cohorts. In the BRP cohort, we analyzed nonsmokers and smokers without COPD to
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determine the range of normal values. In this population, there was no detectable
difference in TPVV. Gender did appear to influence TPVV measurements. Age and
pack years demonstrated non-significant declines in TPVV. Total lung volume, and
measures of body size such as height, BMI, and BSA were significantly correlated with
TPVV measurements. Total lung volume, height and weight were determined to be
significant covariates, accounting for 65% of the variability of TPVV measurement. The
total lung volume can be determined from the lung segmentation obtained during the
analysis process needed to obtain TPVV measurements. If TPVV is used as an endpoint
variable, it will be important to collect accurate height and weight measurements to
correct for body sizes. These findings support our current knowledge that a larger lung
volume and/or body size would have an increased vascular volume to accommodate the
needs of the extra tissue.

In the BRP cohort, TPVV was directly significantly correlated with FEV;, FVC,
and FEV/FVC ratio in normal nonsmokers and smokers without clinical disease. In the
EMCAP cohort, spirometry measures did not reach significance with a full model
including age, gender, race/ethnicity, height, weight, and pack years and total lung
volume, but levels were near significance. In the EMCAP study, the CT-based
emphysema percentage measurements were strongly inversely associated with TPVV. An
increased volume of emphysematous tissue on CT suggests more severe disease.
Screening studies have demonstrated CT findings of emphysema in "normal™ smoking
recruited subjects with normal lung function measures, demonstrating the ability of CT to
detect more mild cases of disease compared to the global spirometry based clinical
diagnoses (65, 112, 130, 131). DLco measures were associated as near significance
levels suggesting a weak direct association with this measure and TPVV. DLco quantify
the diffusing capacity of the capillary, with decreasing levels correlating with decreased
ability for gas exchange. One explanation for these associations and trends is the

presence of parenchymal destruction, leading to a decreased pulmonary vascular volume.
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Increasing disease severity such as decline in spirometry measures and increased CT
percentage of emphysema indicate the presence of more pathological lesions in the lung.
As CT percentage of emphysema measurements increase, more parenchymal damage is
present in the lung, and some of this destruction will be of vasculature structures such as
the capillary bed. An impaired gas exchange would results with these pathological
processes, explaining the DLco results.

While MDCT-based perfusion CV measurements and TPVV did not demonstrate
a significant correlation in the 28 subjects analyzed, the data demonstrated a trend for
increased CV to inversely relate to TPVV. In chapter 5 we demonstrated that smokers
with preclinical emphysema have increased CV. This trend of an increased CV
correlating with a decreased TPVV agrees with the data suggesting that decreased TPVV
is related to increased disease severity (decreased lung function, increased CT percentage
of emphysema). In addition, this population includes nonsmokers and smokers with
normal lung function, and smokers with preclinical emphysema. All of these individuals
are clinical normal subjects and exhibit minimal disease if any at all. At this stage of
disease, these subject may have a more localized or regional pattern of vasculature
changes that is masked by the use of a global pulmonary vasculature volume
measurement.

Endothelial dysfunction is known to occur early in COPD subjects (144) and an
impaired FMD has been correlated with a decline in lung function measures and a higher
CT percentage of emphysema (9, 126). The trends observed in the EMCAP study
suggest that endothelial dysfunction is correlated with an increased TPVV. This
correlation was not significant, but it is possible that vascular alterations are present in
COPD subjects, but factors such as parenchymal destruction leading to destruction of the
capillary bed are more prominent, and therefore masking the pulmonary vascular effects.
We know that vascular alterations of the small vessels are one of the characteristic

features of pulmonary hypertension in COPD. Many of the pathological lesions



114

characterized for smokers with minimal disease or mild COPD include intimal thickening
of the pulmonary muscular arteries and endothelial dysfunction of the pulmonary arteries
responsible for vascular tone (144, 165). Barr et al. also demonstrated with this EMCAP
study data that FMD measurements are linearly related to lung function and CT lung
density in smokers. The overall changes in a global TPVV measurement may not be
sensitive enough to pick up subtle differences in the dynamic vascular tone. One major
limitation of this measurement lies in the fact it is a global measurement and does not
allow for arterial and venous volume separation. Pathological changes specific to the
arterial bed may go undetected therefore, a study looking at specifically changes in the
arterial side including dimensions would be valuable. Dilated arterial vessels, even in the
event of a decreased TPVV, would suggest the presence of subclinical hypertension.

New CT-based techniques that discriminate vessels based on their association
with airways or with the placement of seed points are currently being developed. An
example of the vascular trees separated into arteries and veins with a fuzzy logic based
algorithm is shown in Figure 39 (164). This algorithm holds much promise since it will
not only be possible to distinguish the pulmonary artery and vein volume distribution, but
also determine centerlines much like airway analysis. This would allow for vasculature
pruning to a specified generation and therefore more accurate comparisons of vascular
volumes. This will be especially important when tracking changes to ensure that changes
are not from differences in vascular segmentations but reflect actual physiologic changes
present in the individual. This is also important for the comparison of two lung inflation
volume such as TLC and FRC, which visually demonstrated differences in performance
of the algorithm. At FRC, the lung is denser and the contrast between vessels and air
spaces is decreased. This will make it more difficult for the algorithm to capture vessels
specifically at the higher generations where vessel diameters are small and partial volume

effects are more prominent.
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To summarize, studies from two cohorts have demonstrated that a decreased
TPVV is associated with a decline in lung function (decreased FEV;) and increase in CT
percentage of emphysema, and demonstrates trends suggesting an inverse correlation
between TPVV and CV of perfusion-based measurements, and TPVV and endothelial
function assessed by FMD. These findings collectively suggest that as COPD severity
increases, the pulmonary vascular volume is overall decreased; but also as endothelial
dysfunction occurs, an increase in the TPVV measurements was observed, suggestive of
the presence of vascular changes in COPD subjects. For further characterization of
alterations to the vascular volume with disease, more sophisticated methods of CT
assessment will need to be developed and applied to clinical data. By applying more
specific CT-based measurements such as the separation of the pulmonary arterial volume,
we will be able to further characterize important pathological alterations and etiology of a

vascular phenotype in COPD subjects.
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Figure 28. Vascular segmentations from a non-smoker subject in the BRP cohort at an
AP (left) and lateral (right) viewpoint.
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Figure 29. Histograms of TPVV and TPVV normalized to total lung volume (determined
from quantitative image analysis of lung MDCT images). TPVV and TPVV
normalized to lung volume measurements are normally distributed (Shapiro-
Wilk statistic: TPVV: p = 0.44; TPVV normallzed to lung volume p = 0.74).
TPVV measurements ranged from 114.6 cm® to 255.2 cm®, W|th a mean
TPVV value of 172.2 + 355 cm® (95% CI: 160.9 - 183.6 cm) TPVV
normalized to lung volume ranged from 0.0179 to 0.0339 with a mean value
0f 0.0272 £ 0.0035 (95% ClI: 0.0261 - 0.0284).
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Figure 30. TPVV demonstrated a strong direct linear correlation (r = 0.76) with the total
lung volume determined by quantitative image analysis. These measurements

were taken at the TLC lung inflation volume.
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Figure 32. A coronal (left) and sagittal (middle) slice demonstrating vascular
segmentation results from a subject at two lung inflation levels: TLC (top)
and FRC (bottom). Corresponding pulmonary vasculature segmentations at
a lung inflation of TLC (right upper) and FRC (right lower). While both
segmentations appear to capture the vasculature out to the peripheral regions
of the lung, the FRC vessel segmentation did not capture the higher
generation as well as the TLC vessel segmentation (based on visual
assessment). CT images shown with lung window leveling (1500/-500).



121

250 -
’
. .
L 4
*
T g .
200 - y
™
& L * M
S * i
AR
a ¢ < T ’
| ¢ ¢
150 - N
g L 2
*
L 2 ’0 L 2
~
L J
100 ' ' I I I | |
15 25 35 45 55 65 75 85
0.035 -
»
w .
E
L J
E L
0 e
> 0030 - y .
o) ¢ *
c
2 "_“Q- . * : *
3 ¢ v :
o ST ®__
: 5 N T
- ‘ |
E 0.025 Te
- — ’ ’
E L 2
E .
B L )
Z  0.020 -
2 *
l—
0.015 ' ' | I I | |
15 25 35 45 55 65 75 85
Age (years)

Figure 33. TPVV and TPVV normalized to lung volume measurements demonstrated a
weak inverse correlation with the subject's age that was not significant for
either TPVV (r = -0.13, p = 0.44) or TPVV normalized to total lung volume

(r=-0.21,p

=0.21).
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Figure 34. TPVV and TPVV normalized to lung volume measurements did not
significantly correlate with pack years in the 20 smoking subjects. Pack
years were determined from the number of packs smoked per day multiplied
by the number of years smoking. After lung volume was accounted for in
the smokers, pack years was inversely related to TPVV measurement,
though this correlation was not significant (r = -0.19, p = 0.42).
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. Linear regression plots for TPVV versus measures of body size including
height (A), weight (B), BMI (C) and BSA (D) in the cohort of 40 subjects
(20 smokers and 20 nonsmokers).
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Figure 36. Linear regression plots for TPVV normalized to lung volume versus measures
of body size including height (A), weight (B), BMI (C) and BSA (D) in the

cohort of 40 subjects (20 smokers and 20 nonsmokers).

BSA remains the

variable with the strongest association to TPVV when normalized to lung
volume. BSA demonstrates a modest, direct correlation (r = 0.24, p = 0.13)
to TPVV measurements normalized to lung volume.
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Figure 37. 3-D representation of the vascular, airway and lobar segmentations for a
subject with COPD stage Il. Airways are shown in dark blue with the 5 lobes

color-coded.
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Figure 38. Simple linear regression demonstrates a strong linear association between
total lung volume and TPVV measurements (R? = 0.83) for subjects in the
EMCAP study.
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Figure 39. Surface color-coded 3-D rendition of the left and right lung vascular trees with
arteries (blue) and veins (red) separated with a fuzzy logic based algorithm.

Vasculature segmentations were obtained from a non-contrast MDCT
volumetric scan of the lung breath-held at TLC.
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Table 15. Demographic and hemodynamic data for nonsmokers and smokers in the BRP

cohort.

Parameter Nonsmokers Smokers
No. of subjects 20 20
Age (y) 42 + 17 [22, 80] 38 £ 14 [20, 66]
No. of females* 10 (50%) 8 (40%)
Ethnicity*,

Caucasian 19 (95%) 15 (75%)

African American 1 (5%) 3 (15%)

Hispanic 1 (5%)

American Indian 1 (5%)
Weight (kg) 79 £ 12 [52, 100] 74 £ 14 [48, 110]
Height (cm) 171 + 9 [157, 184] 174 + 8 [163, 186]
Body Surface Area (m?) 1.9+£0.2[1.5,2.2] 1.9+£0.2[1.5, 23]
Body Mass Index (kg/m?) 26.9+4.3[18.4,36.6] 24.3+3.4[18.8, 31.6]
Heart rate (bpm) 67 + 8 [48, 81] 74 +12[52, 102]
Blood Pressure (mm Hg)

Systolic 124 + 10 [102, 138] 123 + 15 [88, 154]

Diastolic 69 £ 10 [53,88] 73 £ 9 [55, 88]
Pack years -- 22 +17 [2, 58]
Pre-bronchodilator, FEV %*  104.4 + 115 100.2 £ 15.4
Pre-bronchodilator FVC, %*  108.3 + 17.7 95.8 +20.8
Pre-bronchodilator FEV;/FVC 0.81 £ 0.06 0.77 £ 0.07

Note: Data are mean * standard deviation with range [low, high] in brackets, or
percentages in parenthesis.

* Pre-bronchodilator spirometry results are reported as percent predicted.



Table 16. TPVV and lung volume measurements based on smoking status and gender.

Nonsmokers Smokers

All All Male Female All Male Female
N 40 20 10 10 20 12 8
Lung 6339 + 6046 + 6773+ 5318+ 6633+ 7154+ 5851+
Volume 1079 1085 694 911 1015 893 614
TPVV 1722 + 1689+ 1848+ 1531+ 1755+ 196.2 144.4 +

355 32.2 29.6 27.6 39.1 +33.3 23.6
TPVV,
Normalized 00272+ 00281+ 00273 00289 0.0264 00274 0.0248
to Lung 0.0035 0.0032 . . . . .
Volume 0.0036 0.0028 0.0037 0.0031 0.0041

Note: TPVV and lung volume are reported as mean + SD, with units of cm®.

Table 17. Lobar distribution of vascular volume for nonsmokers and smokers at TLC
lung inflation volume.

All Nonsmokers Smokers

N 40 20 20

Left 80.6 £ 18.6 (47%) 78.0 £ 17.0 (46%) 83.2 £ 20.2 (47%)
LUL 37.3 £ 9.3 (22%) 35.6 £ 8.0 (21%) 39.0 £10.4 (22%)
LLL 43.3 £10.5 (25%) 42.3 +£10.4 (25%) 44.2 +£10.9 (25%)

Right 91.6 £ 17.5 (53%) 91.0 £ 16.1 (54%) 92.3+£19.2 (53%)
RUL 31.4 £ 6.4 (18%) 31.5 £ 6.8 (19%) 31.4 £ 6.2 (18%)
RML 12.8 + 3.6 (7%) 12.5 + 3.0 (7%) 13.2 + 4.1 (7%)
RLL 47.4 £ 10.2 (28%) 47.0 £ 9.3 (28%) 47.8 £11.3 (27%)

Note: TPVV and lung volume are reported as mean £ SD, with percent of total vascular

(or lung) volume in parentheses.

Definition of Abbreviations:

TLC: Total Lung Capacity; N: number of subjects; LUL.:

left upper lobe; LLL.: left lower lobe; RUL: right upper lobe; RML.: right middle lobe;
RLL: right lower lobe.
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Table 18. Lobar distribution of vascular volume for TLC and FRC lung volumes in 10

nonsmokers.
TLC FRC
TPVV Lung Volume TPVV Lung Volume
Whole Lung 163.0 £ 30.0 6090 * 1202 101.4 +26.4 3206 £ 855
Left 754+ 15.2 2860 £ 618 (47%) 451+ 14.0 1469 * 435 (46%)
(46%) (44%)
LUL 35277 1407 £ 352 (23%) 24.7+7.9 853 + 251 (26%)
(22%) (24%)
LLL 40.3+8.6 1453 + 287 (24%) 204 +6.8 616 + 205 (19%)
(25%) (20%)
Right 87.6 +15.2 3230 £ 594 (53%) 56.6 + 13.4 1737 + 431 (54%)
(54%) (56%)
RUL 30.1+54 1112 + 219 (18%) 21.7+5.9 690 + 183 (22%)
(19%) (21%)
RML 11.4+3.3 495 + 142 (8%) 9.8+£29 345 £ 107 (11%)
(7%) (10%)
RLL 46.1+8.9 1623 + 305 (27%) 24858 702 + 178 (22%)
(28%) (25%)

Note: TPVV and lung volume for TLC and FRC are reported mean £+ SD, with percent of
total vascular (or lung) volume in parentheses.

Definition of Abbreviations:
Capacity; LUL: left upper lobe; LLL: left lower lobe; RUL.: right upper lobe; RML.:
right middle lobe; RLL: right lower lobe.

TLC: Total Lung Capacity; FRC: Functional Residual



Table 19. Pearson correlation coefficients for covariates.
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All Non Smokers Smokers
R p-value r p-value r p-value

TPVV
Lung Volume 0.76 <0.01 0.79 <0.01 0.77 <0.01
BSA 0.60 <0.01 0.46 0.04 0.72 <0.01
Height 0.73 <0.01 0.81 <0.01 0.67 <0.01
BMI -0.02 0.92 -0.42  0.07 0.47 0.04
Weight 0.42 <0.01 0.16 0.51 0.66 <0.01
Age -0.13 0.44 -0.34 0.14 0.12 0.63
Pack years 0.15 0.35 0.16 0.51
TPVV Normalized
to Lung Volume
BSA 0.24 0.13 -0.08 0.73 0.47 0.04
Height 0.11 0.51 -0.08 0.72 0.40 0.08
BMI 0.23 0.15 0.01 0.96 0.34 0.14
Weight 0.27 0.09 -0.03 0.89 0.45 0.05
Age -0.20 0.21 -0.37 0.11 -0.13  0.58
Pack years -0.27 0.09 -0.19 042
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Table 20. Associations between TPVV, spirometry, and MDCT perfusion parameter
measurements for all 40 subjects.

r p-value

Spirometry

FVC 0.46 0.004

FEV: 0.52 0.001

FEV1/FVC 0.42 0.009
MDCT Perfusion Parameters

PBF (ml/min/100ml) 0.19 0.38

MTT (seconds) 0.06 0.79

CV of PBF -0.24 0.27

CVof MTT -0.24 0.26

Note: Associations between TPVV measurements are reported as partial correlation
coefficients which accounted for the variability due to covariates. For spirometry, the
model included total lung volume, height, and weight. For MDCT perfusion parameters
the model included total lung volume, height, weight, age, and pack years.

Definition of Abbreviations: FVC: forced vital capacity; FEV;: forced expiratory volume
in 1 second; PBF: pulmonary blood flow; MTT: mean transit time; CV: coefficient of
variation.
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Table 21. Characteristics of cotinine-confirmed former smokers with valid flow-mediated
dilation measures, spirometry, and TPVV measurements in the EMCAP study.

Former Smokers

Former Smokers

(n=93) without COPD*
(n=62)

Age, yr 705 705
Female, % 43 45
Ethnicity, %

White 82 79

African American 6 8

Hispanic 9 8

Asian/Pacific Islander 3 5
Education, %

Graduate degree 27 24

Four-year college 33 39

High school/some college 33 32

No high school degree 7 5
Cotinine level, ng/ ml 13+41 15+ 49
Pack-years 47 £ 26 43 £ 23
Height, cm 168 £ 9 167 +9
BMI, kg/m? 28 +4 28 +4
Blood pressure, mm Hg

Systolic 128 £ 15 128 £ 16

Diastolic 73+9 73+9
Pre-bronchodilator FVC, % 84.7+£185 88.2£16.8
Pre-bronchodilator FEV1, % 78.4+20.4 85.8 +£14.8
Pre-bronchodilator FEV1/FVC ratio 0.69 £0.10 0.74 £0.06
Post-bronchodilator FVC, % 85.7+17.1 87.6£14.8
Post-bronchodilator FEV1, % 81.9+£20.0 89.3+14.0
Post-bronchodilator FEV1/FVC ratio 0.72£0.10 0.77 £0.04
Bronchodilator response, % 53+8.1 4675
COPD,* %

None 67 100

Mild 8

Moderate 19

Severe or Very Severe 6
DLco, % 66.1 + 13.4 68.3 + 10.7
DLco/Va, % 82.2+14.6 8341238
CT emphysema index, % 25.4+10.3 23.7+£9.1

Note: Results are mean £ SD unless otherwise noted. Spirometry are reported as percent

predicted.

* Defined as a post-bronchodilator response < 0.70.
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Table 22. TPVV and lobar volumes for the 93 former smokers in the EMCAP study.

TPVV (cm?) Lung Volume (cm®) TPVV
Normalized to
Lung Volume*
Whole Lung 167.6 + 33.6 5150 + 1199 0.033
Left 76.7 +16.8 (46%) 2388 + 582 (46%) 0.032
LUL 38.9 + 8.3 (23%) 1263 + 314 (24%) 0.031
LLL 37.8+10.8 (23%) 1125 # 336 (22%) 0.034
Right 90.9 +18.1 (54%) 2762 + 647 (54%) 0.033
RUL 35.2 + 7.9 (21%) 1086 + 254 (21%) 0.032
RML 13.4 +5.1 (8%) 446 + 172 (9%) 0.030
RLL 424 +11.4 (25%) 1230 + 362 (24%) 0.034

Note: Pulmonary vascular volume and lung volume are reported mean + SD, with percent
of total vascular (or lung) volume in parentheses.

* TPVV is normalized per corresponding lung or lobar volume.

Definition of Abbreviations:

TPVV: total pulmonary vascular volume; LUL: left upper

lobe; LLL: left lower lobe; RUL: right upper lobe; RML: right middle lobe; RLL:
right lower lobe.
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Table 23. TPVV, lobar volumes, and CT percentage of emphysema in the subset of 31
former smokers with COPD in the EMCAP study.

TPVV (cm®) Lung Volume ~ TPVV CT percentage
(cm’) Normalizedto  of emphysema
Lung/Lobar
Volume
Whole Lung  175.7 £ 39.3 5503 + 1386 0.032 46 + 9%
Left 79.7+£185 2526 + 641 0.032 45 + 9%
LUL 40.5+9.9 1352 + 364 0.030 48 + 9%
LLL 39.2+11.2 1174 + 360 0.033 41 + 10%
Right 959+22.1 2978 + 783 0.032 46 + 9%
RUL 38.3+84 1203 + 254 0.032 47 £ 9%
RML 139+74 476 + 232 0.029 50 £ 12%
RLL 441+12.8 1299 + 432 0.034 43 £ 11%

Note: Pulmonary vascular volume and lung volume are reported mean + SD, with percent
of total vascular (or lung) volume in parentheses. TPVV is normalized per
corresponding lung or lobar volume.

Definition of Abbreviations: TPVV: total pulmonary vascular volume; LUL.: left upper
lobe; LLL: left lower lobe; RUL: right upper lobe; RML: right middle lobe; RLL:
right lower lobe.
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Table 24. Mean differences in FVC, FEV;, FEV1/FVC ratio, DLco, and CT percentage of
emphysema per 1 SD change in TPVV measurements in former smokers.

Difference in Lung P value Partial r
Measure per 1 SD
Change in TPVV
Post-bronchodilator FVC, ml
Model 1 31 (-2, 64) 0.06 0.19
Model 2 20 (-11, 51) 0.21 0.14
Post-bronchodilator FEV1, ml
Model 1 33 (2, 64) 0.04 0.22
Model 2 23 (-6, 52) 0.12 0.17
Post-bronchodilator FEV1/FVC
ratio, %
Model 1 4.2 (-0.6,9.1) 0.09 0.18
Model 2 3.4(-0.5,8.4) 0.17 0.15
DLco, ml/min/mm Hg
Model 1 1.88 (-0.22, 3.98) 0.08 0.18
Model 2 1.39 (-0.50, 3.28) 0.13 0.17
CT percentage of emphysema, %
Model 1 -4.7 (-7.6, -1.8) 0.002 -0.32
Model 2 -4.2 (-6.4, -2.0) 0.0003 -0.39

Note: Values in parenthesis denote the 95% confidence interval.

Model 1 is adjusted for total lung volume.

Model 2 is adjusted for total lung volume, age, height, weight, gender, race/ethnicity, and

pack years.

Definition of Abbreviations: FVC: forced vital capacity; FEV;: forced expiratory volume
in 1 second; CT: computed tomography; TPVV: total pulmonary vascular volume.
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Table 25. Mean differences in FMD parameters per 1 SD change in TPVV measurements
in former smokers.

Difference in Lung P value Partial r
Measure per 1 SD
Change in TPVV

FMD, diameter change %

Model 1 -1.22 (-2.81, 0.36) 0.13 -0.16

Model 2 -1.08 (-2.78, 0.63) 0.21 -0.14
FMD, absolute diameter change, mm

Model 1 -0.05 (-0.10, 0.01) 0.10 -0.17

Model 2 -0.04 (-0.10, 0.02) 0.15 -0.16
FMD, baseline diameter, mm

Model 1 0.31 (0, 0.62) 0.05 0.21

Model 2 0.19 (-0.08, 0.47) 0.16 0.15

Note: Values in parenthesis denote the 95% confidence interval.

Model 1 is adjusted for total lung volume.
Model 2 is adjusted for total lung volume, age, height, weight, gender, race/ethnicity, and
pack years.

Definition of Abbreviations: FMD: flow-mediated dilatation; TPVV: total pulmonary
vascular volume.
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CHAPTER 7: CONCLUSION

Since its introduction in the 1970s, CT has emerged as a powerful method for the
non-invasive assessment of the lung. Technology has drastically improved with scanners
capable of imaging the entire lung in a few seconds to provide high-resolution anatomical
information and functional techniques to provide perfusion and ventilation measures.
CT imaging is emerging as a means for phenotyping disease states of the lung. CT
measures have included mainly airway and parenchymal density based measures (73,
151). Many multicenter trials currently in progress focusing on characterizing asthma
(SARP), COPD (COPDgene), interstitial lung disease, or cancer lung screening programs
all focus at phenotyping lung disease with these structural measures. Structural
alterations are likely to be the end stage results to functional abnormalities occurring in
the lung. This body of work focuses on function as a primary phenotype and then relates
function to structural changes.

As a precursor to using perfusion imaging to phenotype lung disease, we
validated the technique using traditional methods of fluorescent microspheres and also
developed a new ex vivo model. In the swine experiments comparing FMS and MDCT
PBF measurements, we demonstrated good correlation at a FMS piece size resolution of
1.8 cm® and regional volume level of 8-10 cm®. In order to further validate the perfusion
technique, and for further cross-modality imaging technique validation and physiological
assessment of the lung, an ex vivo perfusion model was developed utilizing techniques
and fluids from the lung transplantation field. This model will prove valuable for
controlled lung experiments focusing on new imaging technique development or
obtaining a better understanding of lung physiology and pathology.

MDCT-based pulmonary vascular measures were then applied to two human
cohorts to test hypotheses focused on early vasculature changes in COPD. We

demonstrated increased heterogeneity in regional MTT and PBF measurements in
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smokers with preclinical emphysema compared with smokers with normal lung function
and imaging studies and nonsmokers. This work characterizes a vascular phenotype of
emphysema and supports the notion that inflammatory-based vascular responses to
hypoxia (HPV) are occurring in smokers susceptible to COPD, but are successfully
blocked in smokers without signs of emphysema. In parallel to our HPV hypothesis,
studies have demonstrated the presence of endothelial dysfunction. We sough to explore
the relationship between pulmonary vascular volume and endothelial function through a
new CT-based measure of the pulmonary vascular volume, TPVV. This measure was
determined from analysis of non-contrast TLC volumetric MDCT images of the lungs.
We established normative values of TPVV in a group of nonsmokers and smokers in the
BRP cohort. Total lung volume and measures of body size were found to be strongly
associated with TPVV measures. Spirometry was directly correlated with TPVV
measurements in the BRP cohort and EMCAP cohort (though with a full model, it did not
reach significance). CT EI was strongly inversely correlated with TPVV. Endothelial
function, assessed by FMD, in the EMCAP study demonstrated a non-significant, weak
indirect correlation suggesting that endothelial dysfunction was correlated with an
increased pulmonary blood volume. This work further characterized pathological
vasculature-related changes in COPD subjects. It also helped identify new directions for
better assessment. Vascular volumes may not be as sensitive to changes in the
pulmonary arterial bed such as those occurring in diseases such as pulmonary
hypertension. Techniques are now in development for the separation of arteries and veins
from vasculature segmentations obtained from non-contrast MDCT lung images, much
like the invasive pulmonary casts made by Ewald Weibel et al (199). Having a non-
invasive method to separate the pulmonary arterial and venous volumes will be important
as we further characterize and phenotype with imaging the vascular changes present in

pulmonary disease (164).
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As CT continues to play an important role in disease characterization, we will
gain a better understanding of the pathogenesis and progression of disease for COPD
subjects. New scanners allow for volumetric images of the lung in seconds and increased
axial coverage allowing for larger lung volumes to be examined with functional
technique requiring axial mode of scanning such as perfusion. Characterization of CT
measures from a full spectrum of COPD, as assessed by airway diameter and wall
thickness, and amount and distribution of emphysema should not be the only the key
elements used for phenotyping COPD. Functional information will be able to
complement structural, anatomical information to answer questions based on the
physiology and pathological changes of the lung due to disease. As we gain more insight
in lung disease, better treatments and new targets for pharmaceutical therapies which will
improve the mortality and morbidity associated with COPD. In summary, functional CT
vasculature measures including functional perfusion imaging and measures of the
pulmonary vasculature volume have been used to characterize a new phenotype which
may be of importance as imaging gains importance in the search for genotypes associated

with COPD and other potentially genetic-based lung disease.
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