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I also extended this work by relating regional lung expansion and growth assessed
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under light and electron microscopy. This study illustrates for the first time a powerful
and novel use of in vivo imaging to quantify regional lung distortion and changes in local
volume, lung compliance as well as soft tissue density. These changes can be followed
non-invasively and serially in a wide range of clinical and investigational applications,
such as a) assessing the extent and progression of regional heterogeneity in lung disease
or injury; b) assessing local response to treatment or surgical intervention; or c) assessing

normal or abnormal patterns of lung growth.

viil



TABLE OF CONTENTS

SIGNAUIE PAE  .ooeeiiiiieiiece e ettt et aeeeaae s i
ACKNOWIEAZEMENLS  .....eieiiieiiieiiecie ettt ettt et e et e et eebeesseeenbeensaeenseas il
TIHIE PAGE .. oeeieeiieiie ettt ettt et et e bt e eab e naeeebeenaeenne v
(070707 5 14 1 | AR U USSP PSP RPRRRUPO vi
ADSITACE oottt ettt h et et b bbbt a et b vii
Table Of CONENLS .oeeiiiiieie ettt sttt et st ix
Prior PUDIICAtIONS  .oeiiiiiiiieiieieee ettt Xiii
LISt Of FIGUIES oottt ettt ettt et e st e e sbeessaeensaeeneeenne XVi
List Of TAbIES oottt et sttt Xviil
List Of ADDIEVIAtiONS  ..ooiiiiiiiiiieiieieeee ettt st Xix
Chapter 1 OVEIVIEW coiieiieeiieiie ettt ettt ettt et e teeesbeesseeeateesateenbeessaesnseenseeennas 1

LT INtrOdUCHION oottt st 1

1.1.1 Mechanical Signals of Postnatal and Compensatory

Lung Growth oo 1

1.1.2 Canine Model  ..oooiiiiiiiei e 2

1.1.3 Lung Imaging Using High Resolution Computed Tomography ......... 2

1.1.4 Significance of Research  .......cccoiiiiiiiiiii e, 3

1.1.5 Hypothesis and Specific AIMS  ..oooceeeiiieriieiiieieeieeee e 4

1.2 OTZANIZATION  .eooiiieiieeiiieiieete ettt ettt ettt e et e esate et e e sseesabeesaeeenseensneenseens 6
Chapter 2 Background and Significance  .........cccccoevieriiieriiiniieiecie e 7
2.1 ANALOINY  ooieiiieeiiie ettt ettt et et et et e e e et e et eeenbeeenbeeenaaee s 7

2.1.1 Anatomy of thoracic Cavity  ....ccccoovieiieriieiieeieeee et 9

2.2 Pulmonary Imaging ModalitiesS — .......ccceeiiiiiiieiieeieeeeeeee e 10

X



2.2.1 Use of HRCT to Study Pulmonary Anatomy and Physiology  ...... 12

2.3 Mechanical Signals and Mechanisms of Lung Growth ... 13
2.3.1 Recruitment of Microvascular Reserves — ....cccoceveeviniencenicniene. 17

2.3.2 Growth of New Alveolar Capillary TiSSU€  ....ccccocevevveenieriieieennen. 17

2.3.3 Remodeling of the Remaining Alveolar-Capillary Network  ........ 18
Chapter 3 Methods and MaterialsS  .......oociieiiiiiiieiecie et 20
3.1 INtrOAUCION oottt 20
3.2 ANIMALS oottt 20
3.3 PNEMONECIOMY .ooviiieiiiieiiiee ettt e ettt eit et ste e et e et e et eesateeeaseeesreeenneeeas 21
3.4 CT Scanner Calibration  .....oocieviiiiinieieeieseteeee e 21
3.4.1 CTP401 — Slice Geometry and Sensitometry Module  ................. 23

3.4.1.1 Scan Slice Geometry (Slice width)  .......cccoeiiiiiiiienin. 24

3.4.1.2 Scan Incrementation  ......cccceeceevienieiiienieneee e 24

3.4.1.3 Spatial Linearity of Pixel Size Verification  ................... 26

3.4.1.4 Sensitometry (CT Number Linearity)  ......cccccevierieennne 26

3.4.2 CTP486 — Uniformity Module  ......ccooieiiiiiiiiieieeeeeeeeee, 28

3.5 High Resolution CT Image ACqUISItION  ...ccceeviieriieniieiieeieeiee e 30
3.6 Analysis Of CT IMAaeS  ..oooieeiieiieeiieie ettt 31
3.7 Terminal Procedure  ......c.ccocioiiiiiiiiiniiierteeeeeeee e 34
3.8 Lung Volume MeaSuUIremMeNnt  ......cccceeviieriieriieniieeieeniie e eieeeveesieeereeneaeeneeas 35
3.9 Morphometric ANALYSIS  .iocieeiieiieeieeie ettt 35
Chapter 4 Regional Lung Growth Following Left and Right Pnemonectomy  .............. 42
4.1 TNtrOAUCHION 1ottt ettt ettt 42
4.2 Methods and Materials — .....oocoeviriiiiiiiieeee e 43
4.2.1 Experimental GTOUPS — cooooiieiiieiiieiieeie et 43

4.2.2 Statistical AnalySiS — ...ocoieriieiieie e 43



A3 RESUILS oo 44

4.3.1 Lobar Geometry After Right or Left PNX ... 44

4.3.2 Lobar Volumes After Right PNX ... 47

4.3.3 Lobar Volumes After Left PNX ..o 50

4.3.4 Changes in Overall Lung Volumes  .......c.cocieiiiiniiiiieniecieeeee, 53

4.4 DISCUSSION .eoruiiieeiiiitieteeit ettt ettt ettt et et satesb et e bt e sbe et sbte bt enteebeenbeeaee e 53

4.4.1 Summary of FINdings — ....ccccoeviiiiiieieeeeee e 53

4.4.2 Regional Post-PNX Compensatory Response  ......ccceevvieiiennennne. 54

4.5 CONCIUSION 1ottt ettt st 56

Chapter 5 Effect of Non-Uniform Post-PNX Signals on Postnatal Lung Growth ........... 57

S.TINrOAUCION oottt s 57

5.2 Methods and Materials — .....ocooieiiiiiiieieeee e 59

5.2.1 Experimental GIOUPS — ..oooieeiieiieeieecieeieeee et 59

5.2.2 Statistical ANaAlYSIS  ..oooiieiiieiieeiiee e 59

S.3RESUIS et 60

5.4 DISCUSSION  .eouiiiiiiiieiieeiteste ettt ettt ettt ettt et be et sttt b e e st e sbeebeeaee e 70

5.4.1 Normal Lung Development — ........cccoociieiiieniieiiieiecieeee e 70

5.4.2 Post-PNX Compensatory Response  ........cccocceevviieeniiienniiennieennnen. 71

543 ConClUSION oottt 73
Chapter 6 Correlation of lung growth assessed by computed tomography to that

OF MOTPROMEIIY oottt s 75

6.1 INtrOAUCLION .ottt 75

0.2 RESUILS oottt 76

0.3 DISCUSSION  .eouiiiiiiieieeiieste ettt sttt ettt ettt b e et esbeebe e 82

6.3.1 Summary of FINdings — ...cccoeiiiiiiieiiecieceee e 82

6.3.2 Critique of the Methods  ......ccoooiiiiiiiiiicee e 82

x1



6.3.3 Limitations of Morphometric Analysis  .......ccccceveiierieriiienieeieeen, 88

6.3.4 CoNCIUSION oottt 89

Chapter 7 Summary and Future DIirections — .....cccoeviieiiiiiiieiiieieeceeeee e 90
7.1 SUIMMATY oottt et e ettt e et e e st eesabeeesabeeesabeesnabeesnaseenas 90

7.2 FUture DIFECHIONS .oovieiiiieiiieitieieeit ettt sttt et 91
REFERENCES ottt sttt sttt s et e it ees 93
VT AE ettt st ettt e h b ettt st 102

Xii



PRIOR PUBLICATIONS

THESES

Ravikumar P., “Lung diffusing capacity measured by a rebreathing technique in
guinea pigs raised at high altitude”, Master of Science Thesis, Department of
Biomedical Engineering, The University of Texas at Arlington, TX, August 2003.
Ravikumar P., “The design and implementation of the pulse rate monitor”,
Bachelor of Engineering Thesis, Department of Electronics and Instrumentation

Engineering, The University of Madras, India, July 2001.

JOURNAL ARTICLES

Ravikumar P., Yilmaz C., Dane D.M., Johnson. R.L. Jr., Estrera A.S., and Hsia
C.C.W., “Regional lung growth following pneumonectomy assessed by
computerized tomography”, J. Appl. Physiol. 97:1567-1574; 2004.

Yilmaz C., Hogg D.C., Ravikumar P., and Hsia C.C.W., “Ventilatory
acclimatization in awake guinea pigs raised at high altitude”, J. Respiratory
Physiology & Neurobiology. 145:235-242; 2005

Ravikumar P., Yilmaz C., Dane D.M., Johnson R.L. Jr., Estrera A.S. and Hsia
C.C.W., “Developmental signals do not further accentuate nonuniform
postpneumonectomy compensatory lung growth”, J. Appl. Physiol. 102(3):1170-7;
2007.

Zhang Q., Bellotto D.J., Ravikumar P., Moe O.W., Hogg R.T., Hogg D.C.,

Estrera A.S., Johnson R.L. Jr., Hsia C.C.W., “Postpneumonectomy lung

xiil


http://www.ncbi.nlm.nih.gov/sites/entrez?Db=pubmed&Cmd=Search&Term=%22Zhang%20Q%22%5BAuthor%5D&itool=EntrezSystem2.PEntrez.Pubmed.Pubmed_ResultsPanel.Pubmed_RVAbstractPlus
http://www.ncbi.nlm.nih.gov/sites/entrez?Db=pubmed&Cmd=Search&Term=%22Bellotto%20DJ%22%5BAuthor%5D&itool=EntrezSystem2.PEntrez.Pubmed.Pubmed_ResultsPanel.Pubmed_RVAbstractPlus
http://www.ncbi.nlm.nih.gov/sites/entrez?Db=pubmed&Cmd=Search&Term=%22Ravikumar%20P%22%5BAuthor%5D&itool=EntrezSystem2.PEntrez.Pubmed.Pubmed_ResultsPanel.Pubmed_RVAbstractPlus
http://www.ncbi.nlm.nih.gov/sites/entrez?Db=pubmed&Cmd=Search&Term=%22Moe%20OW%22%5BAuthor%5D&itool=EntrezSystem2.PEntrez.Pubmed.Pubmed_ResultsPanel.Pubmed_RVAbstractPlus
http://www.ncbi.nlm.nih.gov/sites/entrez?Db=pubmed&Cmd=Search&Term=%22Hogg%20RT%22%5BAuthor%5D&itool=EntrezSystem2.PEntrez.Pubmed.Pubmed_ResultsPanel.Pubmed_RVAbstractPlus
http://www.ncbi.nlm.nih.gov/sites/entrez?Db=pubmed&Cmd=Search&Term=%22Hogg%20DC%22%5BAuthor%5D&itool=EntrezSystem2.PEntrez.Pubmed.Pubmed_ResultsPanel.Pubmed_RVAbstractPlus
http://www.ncbi.nlm.nih.gov/sites/entrez?Db=pubmed&Cmd=Search&Term=%22Estrera%20AS%22%5BAuthor%5D&itool=EntrezSystem2.PEntrez.Pubmed.Pubmed_ResultsPanel.Pubmed_RVAbstractPlus
http://www.ncbi.nlm.nih.gov/sites/entrez?Db=pubmed&Cmd=Search&Term=%22Johnson%20RL%20Jr%22%5BAuthor%5D&itool=EntrezSystem2.PEntrez.Pubmed.Pubmed_ResultsPanel.Pubmed_RVAbstractPlus
http://www.ncbi.nlm.nih.gov/sites/entrez?Db=pubmed&Cmd=Search&Term=%22Hsia%20CC%22%5BAuthor%5D&itool=EntrezSystem2.PEntrez.Pubmed.Pubmed_ResultsPanel.Pubmed_RVAbstractPlus

expansion elicits hypoxia-inducible factor-lalpha signaling”, Am. J. Physiol.

Lung Cell Mol. Physiol. 293(2):L497-504; 2007.

PEER-REVIEWED CONFERENCE ABSTRACTS

Ravikumar P., Bellotto D.J., Johnson, R.L. Jr. and Hsia C.C.W., “Non-uniform
compensatory alveolar growth following extensive lung resection”, 4m. J. Resp.
Crit. Care Med., 177:A316, 2008.

Ravikumar P., Bellotto D.J., Foster D.J. and Hsia C.C.W., “Adaptation of lung
structure to high altitude residence is partially reversed following return to low
altitude”, Am. J. Resp. Crit. Care Med., 177:A545, 2008.

Ravikumar P., Bellotto D.J., Johnson R.L. Jr. and Hsia C.C.W., “Permanent
alveolar remodeling induced by high altitude residence during maturation”,
FASEB J., 21(6):A949, 2007

Ravikumar P., Yilmaz C., Dane D.M., Hsia C.C.W., Hurst M.D., Fehmel J.L.,
Thorson C.L. and Johnson R.L. Jr., “Delayed Imposition of Mechanical Lung
Strain Improves Adaptive Response Following Pneumonectomy”, Proc. Am.
Thorac. Soc., 3:A873, 2006.

Ravikumar P., Yilmaz C., Dane D.M., and Hsia C.C.W., “Non-Uniform Lobar
Expansion Following Extensive Lung Resection”, Proc. Am. Thorac. Soc.,
2:A835, 2005.

Ravikumar P., Yilmaz C., Dane D.M., and Hsia C.C.W., “Non- Uniform Lobar
expansion following left pneumonectomy”, Am. J. Resp. Crit. Care Med.,

169(7):A496, 2004.

X1V



Yilmaz C., Ravikumar P., and Hsia C.C.W., “Lung diffusing capacity in high
altitude raised guinea pigs following acclimatization to low altitude”, Am. J. Resp.
Crit. Care Med., 169(7):A199, 2004

Ravikumar P., Yilmaz C., Dane D.M., Hogg R.T., Hogg D.C., and Hsia
C.C.W., “Lobar lung growth following pneumonectomy assessed by CT Scan”,
Am. J. Resp. Crit. Care Med., 167(7):A847, 2003.

Yilmaz C., Ravikumar P., Hogg D.C., and Hsia C.C.W., “Increased Lung
Diffusing Capacity Measured by Rebreathing Technique in Guinea Pigs Raised at
High Altitude”, Am. J. Resp. Crit. Care Med., 167(7):A706, 2003.

Yilmaz C., Ravikumar P., and Hsia C.C.W., “Ventilatory response to hypoxia in
guinea pigs after chronic exposure to high altitude”, Am. J. Resp. Crit. Care Med.,

165(8):A133, 2002.

XV



Figure

2.1

2.2

23
24
2.5
2.6
3.1
3.2
33
34

3.5
3.6
3.7
3.8
4.1
4.2

43
44
5.1

5.2
53

LIST OF FIGURES

Page
Structure of the human airway tre€ .........cccveviiiiiiiiecieece e 8
Terminal portion of the resSpIratory tre€ ......cceevveeeiieeeiiiecie e e evee e 9
Lobar anatomy of dOg TUNZ ......ceeiiiieiiieeeeeeeeee e e 10
A thin slice spiral CT image on a tranSVerSe VIEW ........cccveeecvveerveeenveeesveessnveeennes 13
Mechanical interaction between the thorax and lung .........ccccooeeiieiiiiiiieiieeee, 14
Thoracic CT scan of a foxhound after right pneumonectomy ...........ccccceevevveenneen. 15
Catphan 500 model phantom ...........cccueieiiiieiiieeieeee e e 22
Scan image from the CTP 401 module. .........coocvviiriiiiiiiiieiie e 23
Measurement of slice width with the 23° wire ramps. .......ccccceeevcieeiciieeriie e, 25
Relationship between the nominal CT number of the sensitometric targets and the

absolute difference between actual and measured values............coccceevieiiiinienennne 28
Scan image from the CTP 486 module .........ccceveeiiieiiiieiieeeeeeeee e 29
CT image from a dog after right pneumonectomy............cccecuveeriieiriiieeniiieeeiee e 34
Schematic representation of the sampling protocol .........c.cccecveeriiiieniieenieeeieeee, 37
Stratified quantification of lung Structure ..........cccceevvieeeiiienciie e 40
Thoracic CT scan after left and right pneumonectomy ..........ccccceeveveeviveencieennnnn. 45

Three dimensional lobar reconstruction from Sham groups and after left and

right pneumonectomy in four anatomiC VIEWS  .......ccceeevvieeriieeiiieeiieeeieeeeveeeeneees 46
Relative change in air and tissue volume after right pneumonectomy ................... 49
Relative change in air and tissue volume after left pneumonectomy ..................... 52

Three dimensional lobar reconstruction from pneumonectomy and Sham

groups at 4 and 10 MO after SUIZETY.....ueviriieeiiieeieeeciee et 61
Air and tissue volumes 4 and 10 mo after right pneumonectomy .........ccccccuveennee. 65
Lobar tissue density 4 and 10 mo after right pneumonectomy ..........cccceeevvveenenn. 66

Xvi



54

6.1

6.2.

6.3

Relative change in air and tissue volumes 4 and 10 mo after
right PNEUMONECIOMY  ..eiiiiiieiiieiieie ettt sttt ettt e nae e 67

Correlation of lung volumes measured by CT scan and morphometry .................. 76

Relative change in air and tissue volume after left pneumonectomy
assessed by HRCT and morphometry .........cccoeceieiiieniiiiiienieeeecieeieeeie e 80

Relative change in air and tissue volume after right pneumonectomy
assessed by HRCT and morphometry .........cccoeceieiieniiiiiienieeiecieeieeeie e 82

Xvil



Table

3-1
3-2

3-3

LIST OF TABLES

Page
Slice Width MEASUTEMENLS. .......coiiiiiiiiiiiiie et et 25
Distance accuracy MEASUICITIENES .....cc.ueeeruveeeruireerreeeireeessreeesreesssseeessseesssseesssseessseeans 26
CT number linearity MEASUIEIMENLS ........ccuveeriuireriieerrerenieeesiaeeesseeesseeesseeesseeessseeens 27
Uniformity and n0is€ MEASUTEMENLS ........c.ceervieeriieeeiiieerireesieeesreeesreeessreeessneesssneenns 30
Lobar volumes in the normal left lung and following right pneumonectomy ......... 48
Lobar volumes in the normal right lung and following left pneumonectomy ......... 51
Lobar tissue and air volume in the normal left lung and after right
Pneumonectomy before and after reaching somatic maturity ..........cccecceeeveveennennnns 64
Relative post-pneumonectomy compensation assessed by HRCT before
Or after SOMALIC MATUTIEY  ..eoiveieiiieeiieeecieeesiee e et e e et e e ser e e e e e e s aeeessaeeeenreeessneeens 69
Comparison of compensation after left pneumonectomy by
HRCT and MOTPROMELIY  .ooceveieiiieiie ettt ettt e e e evee e e enree e 79
Relative compensation after right pneumonectomy assessed by
HRCT and MOTPROMELIY  .ooceeeieiiieiie ettt ettt e e e e e e e saee e 81

Xviil



LIST OF ABBREVIATIONS

ANOVA  Analysis of Variance
CT Computed Tomography
FRC Functional Residual Capacity

HRCT High Resolution Computed Tomography

HU Hounsfield number
LLL Left Lower (caudal) Lobe
LML Left Middle Lobe

L-PNX Left Pneumonectomy

LUL Left Upper (cranial) Lobe
PNX Pneumonectomy

RA Retinoic acid

RCL Right Cardiac Lobe

RLL Right Lower (caudal) Lobe

RML Right Middle Lobe
R-PNX Right Pneumonectomy
RUL Right Upper (cranial) lobe

TLC Total Lung Capacity

X1X



Chapter 1 Overview

1.1 Introduction

The lung’s internal structures were once considered non-malleable following the
completion of alveolar development, and treatment for chronic parenchymal disease has
focused primarily on preventing further tissue destruction. This approach is being revised
in light of recent findings that illustrate the possibility of accelerating the rate of lung
growth during and beyond the period of postnatal maturation. Extensive published data
suggest that mechanical forces play a major role in the regulation of different aspects of

lung growth and maturation.
1.1.1 Mechanical Signals of Postnatal and Compensatory Lung Growth

Mechanical forces imposed on lung tissue from a growing rib cage constitutes a
major stimulus for postnatal lung growth and maturation (34). During maturation, recoil
generated by an enlarging thorax exerts a negative intra-thoracic pressure that opposes
lung elastic recoil. The resulting mechanical stress and strain trigger cell proliferation and
lung tissue growth that continues until somatic maturity, when the bony epiphyses close
and the ribcage and the lungs become fixed in size and shape. A highly robust model of
lung growth induced by mechanical forces is that which occurs following surgical
resection of one lung (pneumonectomy, PNX), a procedure that mimics the loss of
functional lung units in chronic parenchymal disease, and a reproducible model for

studying the extent and mechanisms of the adaptive response in the remaining lung. PNX



has been shown to initiate rapid compensatory growth of the remaining lung in mice, rats,

rabbits, ferrets, and dogs (2, 5, 11, 28, 56, 59, 74, 75, and 90).

1.1.2 Canine Model

In small rodents the rib cage and lungs continue to grow throughout life. In
contrast, in large mammals the bony epiphyses close upon reaching somatic maturity,
thereby setting an upper limit to the dimensions of both the rib cage and the lungs at
adulthood. Lung architecture and growth pattern are similar between dogs and humans
(33); hence the dog is an appropriate animal model for mimicking the human response.
The canine lungs are divided into seven distinct anatomic compartments called lobes.
Though they are physically separated by the lobar fissures, the lung lobes are inter-
dependent with regard to respiratory function. Therefore, it is important to consider
inter-lobar differences as well as left vs. right asymmetry when studying the distribution
of regional lung volumes, ventilation and expansion (10, 46, 47, 48, and 53), analyzing
regional changes in lung strain (69 and 82), and measuring the variability of parenchymal

expansion and deformation (52 and 80).

1.1.3 Lung Imaging Using High Resolution Computed Tomography

High-resolution computed tomography (HRCT) imaging, which can acquire high
spatial and temporal resolution volumetric pulmonary images within a short breath hold
period and provide detailed information regarding the pulmonary structures (79), has
been widely used both for routine clinical applications as well as basic investigation of
pulmonary structure-function relationships (30). Unlike the techniques that study

aggregate structures or global functions, CT imaging can be used to study pulmonary



anatomy and physiology on a regional level, thereby providing the possibility to detect
early pathologies, to follow disease development, and to monitor the response to
treatment. However, despite its proven clinical importance, HRCT is plagued by certain
shortcomings. For instance, HRCT uses a mathematical equation to partition total lung
volume into air and tissue volume (since the CT attenuation value of the lung is directly
proportional to the ratio of tissue and air). Though this equation has been widely used by
other investigators (13, 29, 49) and by us (50, 87, 88 and 100), it still needs to be
validated against the existing gold standard of lung tissue volume measurement i.e.
quantitative histology to ensure that the CT derived measurements are physiologically

relevant.

1.1.4 Significance of Research

My dissertation project will demonstrate the novel use of HRCT for the non-
invasive assessment of normal and compensatory lung growth at the regional level. The
significance of this research is two-fold. Firstly, this research will establish the feasibility
of quantitative HRCT image analysis for studying the gas exchange region of the lung.
Most evaluation of lung parenchyma by HRCT is qualitative. Lung volume and
anatomical reference points can shift due to local tissue distortion, making it difficult to
match the same areas on serial scans. My dissertation will identify the lung lobes via their
natural boundaries, thereby permitting unambiguous quantitative comparison of the same
lung regions over repeated scans and under different conditions. Lobar partition has not
been done before, and this technique will substantially broaden the potential applications

of HRCT to the lung.



Secondly, these studies will establish the practical application of HRCT as a non-
invasive investigative tool for following the magnitude and distribution of lung growth.
Conventional assessment of lung growth requires invasive or terminal procedures to
obtain tissue for analysis. To define temporal evolution of growth requires comparison of
different experimental cohorts at different ages. Using HRCT, in vivo lung growth can be
tracked in the same subject, thereby facilitating longitudinal correlation of anatomy to
function. This will be an important application to lung biology as well as pulmonary

medicine.

1.1.5 Hypothesis and Specific Aims

In adult dogs the initiation of compensatory lung growth following PNX
correlates with the expansion, and presumably the level of mechanical strain, experienced
by the remaining lung, i.e., growth is initiated after resection of ~58% of total lung mass
by right PNX but not after ~42% resection by left PNX (37 and 38); minimization of lung
expansion blunts compensatory cellular and physiological responses (42, 44, and 100). At
postmortem, we routinely observed uneven shape changes among the lobes that remain
after PNX. Based on our preliminary findings that post-PNX compensatory responses
are determined by the magnitude and distribution of mechanical strain, this dissertation
aims to quantify in vivo changes in regional lung distortion, volume, and density of gas
exchange tissue using high resolution computed tomography, and to correlate the

results to detailed quantitative histology.



Our hypotheses are:

1) Compensatory growth in the remaining lobes following PNX is non-uniform,
owing to the relative rigidity and asymmetry of the heart and major mediastinal

vessels and ligaments. Non-uniformity limits the overall adaptive response.

2) In actively growing animals, mechanical signals during normal lung development
interact with those following PNX to exaggerate the non-uniformity of regional

lung growth.

3) X-ray attenuation gradients obtained from HRCT may be used to follow regional

lung growth in vivo.

We will characterize the magnitude and distribution of compensatory growth
among lobes using HRCT in adult dogs after 42% and 58% lung resection. In separate
animals, we will also access regional distribution of lung volume before and after somatic
maturity. Lobar air and tissue volumes will be assessed from CT attenuation gradients.
We will relate lobar growth and expansion to parenchymal growth measured by
quantitative histology. These studies define mechanical signal-response relationships in
an established model of strain-induced compensatory lung growth and this understanding
should facilitate the design of strategies to enhance lung growth not just after PNX but

also in other restrictive lung diseases.



1.2 Organization

Chapter 2 introduces some basic concepts of respiratory anatomy; pulmonary
imaging modalities and the role of mechanical signals in normal and compensatory lung

growth are discussed in detail.

Chapter 3 provides a detailed description of the methodology including those
pertaining to lung resection surgeries, construction and implantation of prosthesis, CT
scanner calibration, image acquisition and analysis, terminal procedures and

morphometric analysis.

Chapter 4 describes how regional lung volume is assessed after left and right PNX

using HRCT.

Chapter 5 delves into the assessment of regional distribution of lung volume
before and after somatic maturity to determine the impact of superimposing

developmental signals on post-PNX signals.

Chapter 6 probes to validate the regional lung volume measures by HRCT against
quantitative histology to determine the utility of HRCT in following parenchyma growth

1n vivo.

Chapter 7 summarizes the work presented in the previous chapters with
recommendations for future directions. References and vitae are included at the end of

this document.



Chapter 2 Background and Significance

2.1 Anatomy

The respiratory system is comprised of the nose, nasal cavity, pharynx, larynx,
trachea, bronchi and smaller passageways and respiratory muscles to bring air to the
alveoli, the sites of gas exchange. The nasal cavity warms and moistens air and also
removes foreign material. The pharynx serves as a passageway for both the respiratory
and the digestive systems. The larynx guards the entrance to the trachea, vocalizes, and
regulates the inflow and outflow of air. The trachea is a flexible, cartilaginous and
membranous tube, extending from the cricoid cartilage of the larynx to its bifurcation
dorsal to the cranial part of the base of the heart. The crest of the partition at the side

where the trachea divides into the two principal bronchi is called the carina.

The bronchial tree begins at the bifurcation of the trachea with the formation of a
right and a left main stem bronchus. Each main stem bronchus divides into secondary
(lobar) bronchi. Within each lobe the lobar bronchi further divide into tertiary
(segmental) bronchi. The segmental bronchi branch dichotomously into smaller bronchi
through successive generation until the respiratory bronchioles are formed. On average
the first 16 generations of human airways are conducting airways that do not participate
in gas exchange. The last generation of conducting airway is termed a terminal
bronchiole, which supplies an acinus. The human acinus consists of on average 3
generations of partially alveolated respiratory bronchioles followed by 2 to 3 generations
of alveolar ducts that end in alveolar sacs where diffusive gas exchange takes place. As

the front of inspired air moves distally down the airways, the pattern of oxygen transport



and mixing within this front changes from a combination of turbulent and laminar
convection in the conducting airways to predominantly diffusive mixing as it moves into
the acini and finally into the alveoli where alveolar capillary gas exchange occurs.

Anatomy of the airway tree is shown in figures 2.1 and 2.2 below.

g‘iTrachea

Conducting
Zone

Bronchioles

Terminal bronchicles

~
~

+—Respiratory bronchioles

Transitional and

Respiratory Zones Alveolar ducts and sacs

-

Figure 2.1 Structure of the human airway tree. On average the first 16 generations are conducting
airways that do not participate in gas exchange. The last conducting airway is called a terminal
bronchiole, which supplies an acinus. In the acinus there are 3 generations of partially alveolated
respiratory bronchioles followed by alveolar ducts that end in alveolar sacs. [Adapted from (6)]



Figure 2.2 Terminal portion of the respiratory tree. Terminal bronchioles T are the smallest
diameter passages of the conducting portion of the respiratory tree. Each terminal bronchiole
divides to form short, thinner-walled branches called respiratory bronchioles R. Each respiratory
bronchiole divides further into long, winding passages called alveolar ducts AD which open
along their length into numerous alveolar sacs AS and alveoli A. Surrounding each alveolus is a
rich network of pulmonary capillaries supplied by pulmonary vessels V. [Adapted from (6)]

2.1.1 Anatomy of the thoracic cavity

The thoracic cavity is bounded by the muscles and bones of the ribcage and
diaphragm. The thoracic cavity contains the lungs, heart, great vessels, thymus gland, and
lymph nodes. The mediastinum is the space between the right and left pleural sacs that is
occupied by the thymus, heart, aorta, trachea, esophagus, the vagus nerves, and other

nerves and vessels.

The lung takes up oxygen from the atmosphere and eliminates carbon dioxide

from the blood. The dog lung is composed of 7 lobes. The left lung has three distinct
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lobes, namely, the cranial (upper), middle and caudal (lower) lobes. The oblique fissure
divides the left lung into two nearly equal parts, namely, the upper and middle and the
lower lobe. The left upper lobe is separated from the middle lobe by the minor fissure.
The right lung is divided into four lobes cranial (upper), middle, caudal (lower) and
accessory (infra-cardiac) lobes. The right oblique fissure separates the upper and middle
lobes from the cardiac and lower lobes. The upper lobe of the right lung is separated from
the middle lobe by the curved horizontal fissure. The lower and cardiac lobes are

separated by the deep fissure, illustrated in figure 2.3 (19 and 20).
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Figure 2.3 Lobar anatomy of dog lung. Position of inter lobar fissures are indicated.

-

\
\:

2.2 Pulmonary Imaging Modalities

In a chest radiograph, an X-ray beam is directed through the thorax onto an X-ray
detector to form a 2D projection image of 3D anatomy. As a beam of X-ray is incident

upon a block of material, the X-ray intensity decreases because of the interaction of the



11

photons and the material. Assume that an X-ray beam has incident intensity /o. When the
beam passes through a homogenous material of thickness X, the intensity of the X-ray
beam becomes

I =1,exp(—uX) Equation 2.1
where u is the linear attenuation coefficient. The value of u depends on the density,
atomic number, electron density of the material, and the energy of the applied X-ray
photons. Thus, the attenuation coefficients can be used to characterize different materials.
In the thorax, bone absorbs more X-ray energy than lung tissue, and lung tissue absorbs
more X-rays than air. HRCT, introduced in the early 1970s, overcomes the overlapping
and geometric ambiguity problems in chest radiography, and provides better contrast
resolution for soft tissues. Projection images, in the case of the conventional radiograph,
render the sum of all signal contributions along a ray from the X-ray tube to each picture
element. In such a superposition image, only structures which exhibit very high
differences in attenuation with respect to their surroundings can be recognized. On the
other hand, HRCT images display the attenuation resulting from each volume element
directly assigned to the respective single picture element. Contrast is determined locally
by the composition of the tissues, while neighboring or superimposed structures have no
or only very little influence and hence, small differences in the density or composition of
tissues can therefore be rendered with sufficient contrast. In addition, HRCT provides a
calibrated estimate of x-ray attenuation, which can be used for image-based
quantification. By generating a series of 2D cross-sectional slices, HRCT can show the
internal structure of a 3D object and provide the basis for quantitative image analysis. For

each 2D cross-section in the CT data, multiple projections at different angles are
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collected by the detectors and sent to a computer for image reconstruction. The multiple
projections are mathematically reconstructed to give the attenuation distribution. Then,
different tissue types on the cross-section can be characterized by the different
attenuation coefficients. However, the attenuation coefficient u is not very descriptive
and is strongly dependent on the spectral energy used. A display of ¢ would make
quantitative statements cumbersome; a direct comparison of images obtained on scanners
with different voltages and filtration would be limited. Therefore the computed
attenuation coefficient is displayed as a CT value relative to the attenuation of pure water
(51). CT attenuation values are often referred to as CT numbers, specified in Hounsfield
units (HU). For an arbitrary tissue T with attenuation coefficient ury the CT value is

defined as

CT value = £ #v s 1000HU Equation 2.2
Hy

where uw is the attenuation coefficient of pure water. The CT value is arbitrarily set at

zero HU for water, and —1000 HU for air.
2.2.1 Using HRCT to Study Pulmonary Anatomy and Physiology

HRCT can yield detailed images of pulmonary anatomy with a high data
acquisition speed. Figure 2.4 illustrates a thin-slice CT image of normal dog lungs. The

lungs, lobar fissures, airways, and vessels can be clearly distinguished.
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horizontal fissure

Figure 2.4 A thin slice spiral CT image on a transverse view

2.3 Mechanical Signals and Mechanisms of Lung Growth

Mechanical forces play an important role in modulating the growth and function
of tissues and organs (92). Clinical and experimental observations suggest that
mechanical forces are necessary for the growth and maturation of fetal and postnatal
lung. For instance, in vitro studies have demonstrated that the proliferation and

metabolic activity of fetal lung cells are stimulated by mechanical strain (103).
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Mechanical stress imposed on lung tissue from a growing rib cage constitutes a
major stimulus for postnatal lung growth and maturation (34). During somatic
maturation, recoil generated by an enlarging thorax exerts a negative intra-thoracic
pressure that opposes lung elastic recoil. The resulting mechanical stress and strain
trigger cell proliferation and lung tissue growth which in turn alleviates the septal stress
and strain, creating a negative feedback loop that continues until somatic maturity, when
the bony epiphyses close and the ribcage attains its adult size and shape. From then on,
mechanical signals diminish; tissue growth ceases and the lungs become fixed in size and
shape (Figure 2.5)
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Figure 2.5 Mechanical interaction between the thorax and lung.
[Adapted by permission from Hsia et al. (34)]

When mechanical stress imposed on the growing lung tissue is compromised as in
the case of congenital diaphragmatic hernia, pulmonary growth is severely impaired due

to prolonged under-expansion of the lungs during fetal development (89). Diaphragmatic
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hernia is often associated with lung hypoplasia (89), reduced alveolar surface area and
reduced alveolar number as well as impaired development of pulmonary vascular bed
(54) and deficiency of pulmonary surfactant production (91). Experimental tracheal
ligation has been shown to accelerate fetal lung growth in response to an increase in
intratracheal pressure caused by retention of fetal lung fluid, reversing some aspects of
alveolar cellular and vascular hypoplasia associated with diaphragmatic hernia (1, 26, 32,
and 63). When mechanical strain is accentuated during development, alveolar cellular
growth is accelerated, as seen with sustained lung distension during perflurocarbon liquid

ventilation in lambs (64).

~

Figure 2.6 Thoracic CT scan of a foxhound showing mediastinal shift and enlargement of the
remaining lung after right pneumonectomy (right) compared with controls (left).

After experimental resection of one lung or PNX, the chest wall closed and
residual air absorbed, a negative intrathoracic pressure causes the remaining lung to
expand, i.e. imparting three-dimensional strain. It has been shown that mechanical strain

is a primary stimulus for post-PNX lung growth and remodeling (11, 76). PNX elicits a
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number of anatomical changes within the thoracic cavity as illustrated in figure 2.6.
Following PNX the remaining lung doubles its original volume and expands across the
midline into the empty hemithorax. The entire cardiac output is directed into the
remaining lung tissue and the mediastinal structures are shifted towards the vacated

thoracic compartment. The ipsilateral rib cage and hemi-diaphragm are distorted.

The immediate increase in lung distension following PNX can be prevented by
pleural plombage (replacement of the resected lung with a space occupying material). In
our previous studies ( 42, 44 and 100), we demonstrated that minimizing lung strain after
right PNX by a space-occupying inflatable silicone prosthesis is associated with blunted
compensatory lung growth estimated by CT and morphometry as well as a lower
diffusing capacity for CO and O, at rest and during exercise. Though unable to expand
across the midline due to the presence of inflated prosthesis, the remaining left lower lobe
still enlarged ~20%. The inflated prosthesis preferentially limited the expansion and
growth of the remaining upper and middle lobes; but the lower lobe continued to expand
by the caudal and outward displacement, respectively, of the ipsilateral hemidiaphragm
and lower rib cage (100 and 77). These studies reinforce the fact the mechanical lung
strain is a major signal for post-pneumonectomy compensation in vivo but minimizing
lung strain diminishes but does not completely abolish post-PNX growth and expansion
of the remaining lung. Other signals such as increased endothelial shear (stemming from
increased perfusion), hypoxia, and non-specific responses to surgical stress, inflammation

and wound healing might also play a role.
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Post-pneumonectomy lung distention and increase in blood flow provide
mechanical signals for compensation in the remaining lung through several mechanisms

discussed below:

2.3.1 Recruitment of Microvascular Reserves

Normally a significant fraction of alveolar capillary surfaces and capillaries are
not utilized at rest but they could be recruited with increased blood flow and ventilation
as seen during peak exercise or with loss of lung units. At rest, only half the total
numbers of alveoli and capillaries participate in gas exchange, and capillary erythrocytes
are unevenly distributed; many capillaries particularly at the apex are perfused only with
plasma but not erythrocyte (55). After PNX, if ventilation and cardiac output remain the
same, airflow and perfusion through the remaining lung increase by a factor of one
divided by the fraction of lung remaining, leading to recruitment of existing alveolar-
capillary reserves in the remaining lung via unfolding of epithelial surfaces, opening and
distension of alveolar microvessels, and redistribution of capillary erythrocyte flow (67),
all of which increase the effective surfaces for gas exchange without any intrinsic change

in alveolar structure.

2.3.2 Growth of New Alveolar Capillary Tissue

Several mammalian species are known to exhibit the capacity for regenerative
growth of the lung. This ability appears to correlate with the growth characteristics of the
species. In rodents where body growth continues throughout life, the ability to completely
replace the mass of lung removed by partial PNX is retained (4, 5, 7, 21, 75, and 82). In

larger mammals such as the dog, the rib cage reaches maximum dimensions at maturity
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and hence the lung also stops growing. In adult animals where the regenerative potential
is limited, the sources of post-PNX compensation vary depending upon the magnitude
and uniformity of mechanical strain imposed on the remaining lung units (86).
Compensatory lung growth is stimulated only following right PNX (58% resection) but
not left PNX (42% resection) suggesting that strain of the remaining lung must exceed a
threshold before cellular growth is re-initiated (37 and 38). In contrast, growing young
dogs show vigorous compensatory growth of acinar tissue following PNX that
completely normalizes alveolar tissue volume, gas exchange and aerobic capacity (85).
These findings suggest a possible additive effect of independent stimuli arising from

different sources: maturation and PNX.

2.3.3 Remodeling of the Remaining Alveolar-Capillary Network

The resection of lung tissue triggers adaptive reactions in the remaining
pulmonary parenchyma. Burri and colleagues (8) showed that in rats after
pneumonectomy, initially the airspaces widen affecting the alveolar ducts and shifting
later to the alveolar level followed by the rearrangement of the inter-alveolar septa which
in turn restores the original volume proportions between alveolar ducts and alveoli. In
our previous studies, we also demonstrated that in adult dogs after left PNX (42%
resection), compensation in the remaining lung occurs without growth of new alveolar
septal tissue (35 and 37). However there were marked changes in the existing structures
of the remaining lung including capillary distention, which increases alveolar capillary
volume as well as surface area leading to an enhanced diffusing capacity; alveolar septal
epithelial cell morphology shifts towards a higher volume fraction of type 2 epithelial

cells, with a slight increase in total epithelial cell volume but no net increase in septal
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tissue volume (35). The selective epithelial cell response to left PNX represents an early
sign of re-initiated cellular growth; as more lung units are resected other septal
components are also activated leading to an overt gain in septal tissue volume as seen

after right PNX (55% resection) (38).



Chapter 3 Methods and Materials

3.1 Introduction

Methodology including those pertaining to lung resection surgeries, CT scanner
calibration, image acquisition and analysis, terminal procedures and morphometric
analysis are described in detail in this chapter. All procedures described below were
approved by the Institutional Animal Care and Use Committee at the University of Texas
Southwestern Medical Center at Dallas. The description of number of animals used,
statistical analysis and procedures specific to a particular group are outlined in the

relevant chapters.
3.2. Animals

Foxhounds were chosen because regional heterogeneity in lung growth is more
pronounced and hence easier to characterize in larger mammals compared to smaller
animals. Lobar fissures are also more easily identified by HRCT in dogs than in smaller
animals. The lung architecture, growth pattern and time course of response in dogs are
similar to those in humans (33). Unlike small rodents that continue to grow throughout
their life span, in dogs and large mammals normal lung growth stops upon reaching
somatic maturity when the bony epiphyses close, enabling us to examine the mechanisms

that re-initiate growth and compensation in the fully mature lung.

20
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3.3 Pneumonectomy

The animals were fasted overnight and premedicated with acepromazine,
glycopyrrolate and buprenorphine; anesthetized with isoflurane and intubated with a
cuffed endotracheal tube. In a sterile manner the right or left lung was exposed via a
lateral thoracotomy in the 5th intercostal space. Blood vessels of each lobe were dissected
free and double ligated. The main-stem bronchus was stapled and cut. The lung was then
removed and the bronchial stump was oversewn with loose mediastinal tissue for added
protection and then immersed under saline to check for leaks. After hemostasis was
ensured, the chest wall was closed in five layers. After thorax closure, residual air in the
hemithorax was aspirated. Analgesics and antibiotics were given to prevent infection.
Sutures were removed in 10 to 14 days (85). Sham animals underwent thoracotomy

without lung resection.

3.4 CT scanner calibration

In order to assess the technical performance of the GE high speed CTI scanner at
the Aston ambulatory center at UT Southwestern, two kinds of phantoms were used
namely, a CATPHAN 500 model (The Phantom Laboratory, Salem NY) and also an
American College of Radiology CT Accreditation Phantom. Historically, the CATPHAN
had been used for our in house quality assurance program even before UT Southwestern
received its accreditation from the American College of Radiology and continues to be in

use to this day.

In the following paragraphs I will briefly describe how image quality was

assessed using a CATPHAN 500 model phantom (figure 3.1). I chose to describe the
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results stemming from the CATPHAN because only CATPHAN had been available a few
years ago when some of our data were analyzed. The Catphan phantoms are constructed
from modules that fit snugly into a durable 20cm housing. Catphan modules are made
from solid-cast materials, eliminating material absorption of water and leaks associated
with water bath phantoms, as well as problems related to varied water sources. The
Catphan modular design allows test modules to be interchanged based on needs with one

of the following modules 1. CTP 401 module used in the assessment of slice width, pixel

size and sensitometry (CT number accuracy) 2. CTP 486 image uniformity module.

Catphan 500

Figure 3.1 Catphan 500 model phantom
(photographs provided generously by Dr. G. Arbique)

The Catphan 500 performs several measurements and tests for scan slice geometry
(slice width and sensitivity profile), high resolution (up to 21 line pairs per cm),phantom
position verification, subject alignment system verification, supra-slice low contrast

sensitivity, subslice low contrast sensitivity, spatial uniformity, scan incrementation,
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noise (precision) of CT systems, circular symmetry, sensitometry (linearity), pixel
(matrix) size, point spread function and modulation transfer function (MTF) for the x, y,

and z axes.

3.4.1 CTP401- Slice Geometry and Sensitometry Module

The CTP 401 module has a diameter of 15cm and is 2.5cm thick. Two sets of
opposing wire ramps aligned with the x and y axes are cast into this module. These ramps
are used to measure scan slice geometry, verify phantom position, and check the subject
alignment system and the scanner table incrementation. The CTP401 module (shown in

figure 3.2) uses a 23° ramp angle instead of the 45° angle commonly used in phantoms.
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Figure 3.2 Scan image from the CTP 401 (sensitometry module) illustrating the measurement of
spatial linearity in x and y axes and CT number assessment by drawing a circular region of
interest in center of each material.
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As a result, its ramp images are about 2.4 times longer than the images produced
with a 45° ramp. This amplified ramp image reduces the effects of imprecise image
measurements. The two opposing pairs of ramps allow operators to easily verify whether
the phantom is correctly aligned with the scanner axis. By measuring the ratio between
opposed ramps, gantry angles up to 10° can be verified, avoiding erroneous

measurements.

3.4.1.1 Scan Slice Geometry (Slice width)

To evaluate the slice width (Z mm), the Full Width at Half Maximum (FWHM)
length of any of the four wire ramps is measured. The length is then multiplied by a
correction factor of 0.42. Figure 3.3 below illustrates the measurement of FWHM for
assessing slice width. Table 3-1 shows the slice width measured over a period of 7 years.

The difference between the nominal and the measured values of slice width is within

+5%.

3.4.1.2 Scan Incrementation

The wire ramps can be used to test for proper scanner incrementation between
slices, and for table movement. A scan is done at a given slice width and then a second
scan is completed after incrementing the table by one slice width. The x and y
coordinates for the center of each ramp image is established. The distance between these

points multiplied by the correction factor of 0.42 measures the scan incrementation.
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Figure 3.3 Measurement of slice width with the 23° wire ramps. The ramp angle is chosen to
offer trigonometric enlargement in the x-y image plane. [Image adapted from Catphan Manual
(45)]

Table 3-1 Slice width measurements

Year 2001 2002 2003 2004 2005 2006 2007
Nominal
width (mm) 3 3 3 3 3 3 3
Average
Width (mm) 3.07 3.14 3.14 3.09 3.07 3.02 3.07
Delta (%) -2.15% -4.34% -4.34%

-2.82% -215% -0.79%  -2.15%
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3.4.1.3 Spatial Linearity of Pixel Size Verification

Four cylindrical test objects (each 3mm in diameter) are positioned to form a 50
mm square at the center of the module. By measuring from center to center the spatial
linearity of the CT scanner can be verified (figure 3.2). Pixel size can be calculated by
counting the number of pixels between the cylinders in the x and y directions. Table 3-2
below illustrates the accuracy of the distance measured from the year 2001 through 2007.

The difference between the nominal and the measured values of distance is within +1%.

Table 3-2 Distance accuracy measurements

Year 2001 2002 2003 2004 2005 2006 2007
. Nominal 50 50 50 50 50 50 50
distance (mm)
Measured 4980 4990 4980  50.13 4993 4998  49.95
distance(mm)
Delta (%) 040%  -020%  -040%  025%  -0.15%  -0.05%  -0.10%

3.4.1.4 Sensitometry (CT Number Linearity)

Four high contrast sensitometric targets surround the wire slice thickness ramps.
These targets include materials of differing attenuation namely: air (75% Nitrogen,
23.2% Oxygen, and 1.3% Argon), Low-density polyethylene (LDPE; C,H4), Teflon
(CF,) and acrylic (CsHgO,), each 1.2cm in diameter and positioned symmetrically at
1.8cm from edge of the phantom. These targets range from approximately +1000 HU to -
1000 HU. Axial images were generated and analyzed. A circular region of interest was
drawn in centre of each material (Figure 3.2) and the area, mean pixel value and standard

deviation (in pixel value) for region of interest were generated. The CT number of each
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material was taken to be the mean pixel value. The final result was obtained by averaging
the data over seven years from 2001 to 2007 (Table3-3). A plot illustrating the
relationship between the nominal CT numbers of the sensitometric targets and the

absolute difference between the actual and measured values is shown below (figure 3.4).

Table 3-3 CT number linearity measurements

Material Air LDPE Water Acrylic Teflon
Nominal values (In HU units) -1000 -90 0 120 1000
2001 -957 -97 7.01 112 899
2002 -958.1 -94.4 6.09 114.6 901.4
2003 -948.4 -94.3 9.32 113.2 854.1
2004 -962.4 -95.8 5.59 112.8 904.2
2005 -962.4 -96.9 4.81 113.5 902.4
2006 -963 -97.2 5.83 114 902.5
2007 -960.3 -95.9 4.81 114.5 903
Mean +SD (In HU units) -958.8+£5.1 -959+1.2 6.2+1.6 113.5+0.9 895.2+18.2

Absolute difference between
actual and nominal values (In -41.2 5.9 -6.4 6.5 104.8
HU units)
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Figure 3.4 Relationship between the nominal CT number of the sensitometric targets and the
absolute difference between the actual and measured values.

3.4.2 CTP486 - Uniformity Module

Image noise, spatial uniformity and CT number of water were determined from
images of the CATPHAN CTP 486 module. While water is generally considered the
ultimate calibration material, many physicists prefer using the CTP 486 solid image
uniformity module, because it provides consistent results and is more convenient to use
than water. The image uniformity module is cast from a uniform material. The material’s
CT number is designed to be within 2% (0-20HU) of water’s density at standard scanning
protocols. The typically recorded CT numbers range from 5H to 18H. This solid
material’s high radial and axial uniformity makes it an ideal substitute for water as it
eliminates variations due to different water sources. The precision of a CT system is
evaluated by the measurement of the mean value and the corresponding standard

deviations in CT numbers within a region of interest (ROI, Figure 3.5). The mean CT
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number and standard deviation of a large number of points in a given ROI of the scan, is
determined for central and peripheral locations within the scan image for each type of
scanning protocol. Data is inspected for changes from previous scans and for correlation
between neighboring slices. CT number measured over a period of six years is within 2%

(0-20HU) of water’s density (Table 3-4).

ROI

Figure 3.5 Scan image from the CTP486 (image uniformity) module depicting the region of
interest in the central and peripheral locations.



30

Table 3-4 Uniformity and noise measurements

YEAR
ROI 2001 2002 2003 2004 2005 2006
Mean 7.01 6.09 9.32 5.59 4.81 5.83
TOP
SD 7.01 5.75 3.87 3.93 3.93 4.02
Mean 6.21 6.43 9.15 5.23 491 5.6
LEFT
SD 6.07 6.01 34 3.49 3.7 3.7
Mean 7.54 6.81 9.7 5.54 4.7 5.35
BOTTOM
SD 5.98 5.38 3.64 3.63 4.42 3.29
Mean 7.52 6.03 9.46 543 4.59 5.7
RIGHT
SD 5.92 5.51 3.73 3.45 3.77 4.16
Mean 7.33 6.51 9.92 5.67 4.69 5.8
CENTER
SD 7.01 5.86 3.51 4.32 3.67 3.8
Average 7.12 6.37 9.51 5.49 4.74 5.66
Average SD 6.40 5.70 3.63 3.76 3.90 3.79

3.5 High Resolution CT Image Acquisition

Animals were fasted overnight, sedated with acepromazine (0.15 mg/kg
subcutaneously) and atropine (0.023 ml/kg subcutaneously), anesthetized with propofol
(4-8 mg/kg intravenous bolus for induction followed by infusion at 0.4mg/[min/kg]),
intubated with a cuffed endotracheal tube, placed in the supine position on the CT table
and mechanically ventilated (model 607, Harvard Apparatus, Holliston , MA) at a tidal
volume (12-15 ml/kg) and respiratory rate sufficient to eliminate spontaneous breathing
effort. Spiral CT scan was performed (GE high speed CTI scanner) at 3x3 mm
collimation, 120 kV, 250 mA, a pitch of 1.0 and a rotation time of 0.8 seconds. A scout
image was first obtained to ensure the field of scan included the entire lung from the apex

to the costophrenic angle. Prior to each imaging sequence, the lungs were hyper - inflated
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with 3 tidal breaths, followed by passive expiration to functional residual capacity (FRC).
Then the endotracheal tube was connected to a calibrated syringe set to deliver a volume
of air previously determined to inflate the lungs of each animal to a transpulmonary
pressure of 20cmH,0, equivalent to an inflation volume of ~45 ml/kg above FRC. All
animals had their static transpulmonary pressure -lung volume relationship measured in
duplicate on at least one, sometimes multiple occasions prior to CT scan. Pleural pressure
was measured with a balloon tipped catheter inserted into the distal 1/3 of the esophagus;
mouth pressure was simultaneously measured to obtain transpulmonary pressure. This
pressure was sufficient to prevent atelectasis and permit easy identification of interfaces
among lung, rib cage, mediastinal structures and the interlobar fissures; at the same time
it is not too high to risk air leak around the endotracheal tube during scanning since the
dog has a very wide trachea that becomes further dilated after PNX (15). The breath was
held for about 40s while CT images were obtained, after which the animal was
reconnected to the respirator. The images were reconstructed at consecutive 1 mm
intervals using a 512x512 “standard” kernel resulting in approximately 300 images per

animal.

3.6 Analysis of CT images

Images were analyzed using the public domain software Object-Image v.1.6.2 (a public-
domain program based on NIH Image by Norbert Vischer, University of Amsterdam,
Netherlands) with customized modification developed by us (78). The area occupied by
lung tissue was outlined on each image using density thresholding, which excluded
conducting structures larger than 1-2 mm diameter. Density thresholding was achieved by

selecting a threshold value (average of -317 HU, range -292 to -357 HU) that best
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separates the lung from rest of the thoracic components. These threshold values were
independently verified by another trained observer in five animals and found to be in
agreement with my values (average of -279 HU, range -253 to -310 HU). In our
experience, the average CT value of intra-thoracic air is -971 HU (range -961 to -997
HU). The CT value of air-free lung tissue and blood averages 56 HU (range 52 to 59
HU). The HRCT data was examined by two other trained observers in four animals and
their air and tissue volume estimates were within 5% of my measurements. Because the
air-tissue interface is clearly separated on HRCT, both the inter-observer and intra-
observer variability for this method of thresholding was low. The trachea and next 3
generations of large conducting airways were excluded manually by marking them with
the background color in each CT image in which they appear. Lung volume of each
image is equal to the product of its area and thickness (1 mm); total lung volume was
calculated from the sum of the volume of all images. Lobar fissures were identified by

following serial images and used to partition the lobes of each lung (figure 3.6).

The CT attenuation value (in Hounsfield Units) of tracheal air and the muscle
tissue was measured and the measurement used to partition the total lung volume into
volume of air and tissue, since the average CT value of the lung is directly proportional to
the ratio of tissue and air. Owing to beam-hardening artifacts and the dynamic range of
the scanner, the CT attenuation value for air sampled inside the thorax is slightly lower
than that sampled outside the thorax, therefore, the best index of CT value for air (CTa)
is at the center of the tracheal air column within the chest. We averaged 3 regions (Smm
above the carina, Smm below the end of the endotracheal tube and half way between the

two points) to obtain a mean CT,; in each animal. The so-called “tissue volume” (Viissue
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in ml) of a region estimated by HRCT includes the volume of alveolar septa as well as
extra-septal tissue of structures (airways and vessels) less than 1-2 mm in diameter as
well as the blood within these small vessels. We assumed the average CT value for air-
free lung tissue and blood (CTissue) to equal that of muscle and averaged 3 muscles in
each animal (infraspinatus, supraspinatus and pectoralis at the level just above the

carina).

Using the approach described by others (12, 13, 29, 49, and 93) as well as by us
(50, 78, 88 and 100), the total volume of each lobe (Viope in ml) was partitioned into

tissuet+blood volume (Viissue) and air volume (Vi) as follows:

— , Equation 3.1
\/tissue — C7-/obe CTalr X Mobe q
C7-tissue - CTair

Va/‘r - \//obe - \/tissue EquatiOIl 32

where CTjgpe = average CT number (in HU) within a lobe.
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Figure 3.6 CT image from a dog after right pneumonectomy (PNX) (4) showing identification of
the minor fissure between left upper (LUL) and middle (LML) lobes by cubic spline (B; indicated
by [ ) and separation of the areas occupied by LML from that of LUL.

3.7 Terminal Procedure

Animals were fasted overnight and premedicated with atropine; anesthetized with
pentobarbital sodium and intubated via a tracheostomy with a cuffed endotracheal tube
tied securely to the trachea with umbilical tape. The animal was mechanically ventilated
at a tidal volume of 15 ml/kg and a rate of 12 breaths/min. The abdomen was opened via
a midline incision. The ventilator was disconnected, and a rent was made through the
contra lateral hemidiaphragm to allow collapse of lung on that side. Then the lung was re-
inflated within the thorax by tracheal instillation of 2.5% buffered glutaraldehyde at 25
cmH,O above the highest point of the sternum. An overdose of Euthasol was
administered simultaneously. After the flow of fixatives was stopped, the endotracheal
tube was clamped, and after 30 minutes the lungs and heart were removed en bloc,
immersed in 2.5% buffered glutaraldehyde in a plastic bag, floated on a water bath, and

stored at 4°C for over a month before further processing.
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3.8 Lung Volume Measurement

The fixed lung was divided into upper and lower strata. The upper stratum
consisted of the upper and middle lobes, which were often incompletely separated. The
lower stratum consisted of the lower and cardiac lobes in the right lung or just the lower
lobe in the left lung. Volume of each intact stratum was measured by the immersion
method (95) with the clamps in place to maintain airway pressure. Each stratum was then
sliced serially at 2-cm intervals with an electric knife, with the first cut placed at a
random orientation. The face of each section was photographed by a 35-mm Nikon
camera using Kodak tungsten color film or with a Nikon Coolpix digital camera more
recently. A volume estimate of the sectioned lung was obtained from the photographs by
point counting using the Cavalieri principle (60), i.e., measuring the slice area by point
counting, multiplying by slice thickness, and summing over all slices. Only lung volume
estimated by the Cavalieri principle, when the tissue was free from tension, was used in

subsequent morphometric calculations.

3.9 Morphometric Analysis

Stereology characterizes physical properties of irregular three -dimensional
objects based on measurements made on two -dimensional sections. Sterological methods
do not require any assumption on shape or size of the objects under study but use
geometric probes to sample the structure and derive three —dimensional measurements in
a framework of unbiased sampling, thus relating estimates of structural parameters to the
entire organ. The principle of measuring with respect to a reference space is the basis of

all stereological methods: each parameter is obtained as the ratio of two measurements,
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one estimating the size of the objects under investigation, the other the size of the space
in which they are contained, i.e. the reference space. The sampling problem with lung is
that the structures of interest with respect to gas exchange are concentrated in the alveolar
walls whose dimensions are such as to require fairly high magnifications (~ 19,000 X) for
adequate resolution. This limits the sample available to microscopic analysis to a very
small size: since the spacing of the alveolar septa is larger than the size of the microscope
field the chance that a random field would fall into an empty space (or into a larger vessel
or airway) is rather high. Furthermore, the composition of the lung is rather
inhomogeneous since about 10-20 % of the lung space is made up of larger structures,
such as conducting airways or vessels. Thus, a multi-level or cascade sampling design
at different magnifications, wherein the reference space of one level becomes the space of

interest (object space) at the next lower level was adopted (96 and 61).

As illustrated in Figure 3.7, the lung is divided into stratum or lobes and each
strata or lobe are cut into slices of equal thickness (2 cm), using a random start. The
slices are subsequently laid on a flat area without overlapping and 4 blocks of tissue (1
cm’ in size) are selected from these slices by systematic sampling with a random start,
ensuring that all regions are sampled in proportion to their volume. From each block a
slice is cut into small dices about 2 mm in diameter (allowing for unbiased orientation),
of which 8 dices are picked and processed for embedding in Spurr for high power light
microscopy and electron microscopy analysis . Additional blocks are obtained by the

same procedure for low power microscopy and embedded in glycol methacrylate.

An established four-level stratified analytical scheme as illustrated in Figure 3.8

was employed for further microscopic analysis: gross (level I, about X2), low-power
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light microscopy (level 2, X275), high-power light microscopy (level 3, X550), and
electron microscopy (EM; level 4, X 19,000) (96). For level 1, photographs of the 2-cm
serial sections were analyzed by point counting using standard test grids to exclude
structures larger than 1 mm in diameter, to estimate the volume density of coarse
parenchyma per unit lung volume. For level 2, four blocks per stratum were sampled as
described above, embedded in glycol methacrylate for thick sections (5 um) stained with
toluidine blue. One section per block was overlaid with a test grid. From a random start,
at least 10 non-overlapping microscopic fields were systematically sampled at X275
magnification. By using point counting, structures between 20 um and 1 mm in diameter
were excluded to estimate the volume density of fine parenchyma per unit volume of

coarse parenchyma.

.ii'
. {, \'\ / ||.]|l|
\/. d

Fig. 3.7 Schematic representation of the sampling protocol. (a) Lung divided into strata or lobe.
(b) Stratum or lobe cut into slices, which are subsequently laid on a flat area without overlapping
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(see (¢)). (¢) Sampling of uniform random blocks of tissue by independent uniform random points
hitting the slices. (d) Block of tissue diced into smaller blocks. (e) Tissue samples embedded in
Spurr or glycol methacrylate for further analysis .Adapted from (61).

For levels 3 and 4, four blocks were sampled by a systematic random scheme as
described above, postfixed with 1% osmium tetroxide in 0.1 M cacodylate buffer, treated
with 2% uranyl acetate, dehydrated through graded alcohol, and then embedded in Spurr.
Each block was sectioned at 1um thickness and stained with toluidine blue. One section
per block was overlaid with a test grid at X550 magnification. From a random start, at
least 20 non-overlapping microscopic fields per block were systematically imaged (80
images per stratum) to estimate the volume density of alveolar septa per unit volume of
fine parenchyma by excluding all structures exceeding 20 um in diameter (/evel 3). The
fine parenchyma comprised the gas exchange region and served as reference space for
EM analysis (65). For level 4 analysis, two blocks per stratum were sectioned at 80-nm
thickness and mounted on copper grids. Each grid was examined with a JEOL EXII
transmission electron microscope at approximately X 19,000 magnifications. Thirty non-
overlapping EM fields per grid (60 images per stratum) were sampled systematically
from a random start, captured with a charge-coupled device camera (Gatan, model C73-
0200) and projected onto a Sony high-resolution monitor overlaid with a test grid. Images
were also digitized by computer. Septal cells were identified by conventional criteria of
typical morphological characteristics (22). The volume densities of epithelium (types I
and II), interstitium, and endothelium were estimated by point counting. The alveolar
epithelial and capillary surface densities were estimated by intersection counting. At least
300 points or intersections were counted per grid, yielding a coefficient of variation

below 10%. The length of test lines (/) that transect the barrier from the epithelial surface
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to the nearest red cell membrane were measured to calculate harmonic mean thickness of
the tissue-plasma barrier (thb). The level 4 analysis were performed by Mr. Dennis J.

Bellotto of our department.
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Figure 3.8 Stratified quantification of lung structure Lung structure is analyzed using a stratified morphometric technique; measurements at each
level serve as the reference space for the next level of higher magnification. Level I (2x): Serial sections through the whole lobe are photographed
to determine absolute lung volume and the volume fraction of large airways and blood vessels. Level II (275x): The volume fractions of arterioles,
venules, bronchioles, and the gas exchange regions are determined. Level III (550x): The volume fractions of alveolar walls and alveolar air are
determined. Level IV (19,000x): The volume fractions of cells and matrix components (epithelium, interstitium, endothelium), the surface-to-
volume ratio of epithelial and endothelial gas exchange surfaces, and the harmonic mean thickness of the diffusion barrier are separately measured
under electron microscopy.



Chapter 4 Regional lung growth following left and right
pneumonectomy

4.1 Introduction

Experimental lung resection (pneumonectomy, PNX) mimics the loss of
functional lung units in chronic parenchymal disease and is a reproducible model for
studying the extent and mechanisms of the adaptive response in the remaining normal
lung. After PNX, increased mechanical strain imposed on the remaining lung is a potent
stimulus for compensatory tissue responses, leading to lung expansion, recruitment of
physiological reserves, and partial to complete normalization of gas-exchange capacity
(36, 41, and 85). Initiation of compensatory lung growth in adult dogs depends on
exceeding a threshold of mechanical strain, as occurs after resection of ~58% of total
lung mass by right PNX but not after ~42% resection by left PNX (18 and 19);
minimization of lung strain blunts compensatory lung expansion as well as cellular and
physiological responses (42, 44, and 100). At postmortem, we routinely observed uneven
shape changes among the lobes that remain after PNX. We theorized that regional
distribution of post-PNX mechanical strain is heterogeneous, depending on the amount
and location of lung tissue removed and on the relative rigidity and asymmetry of
mediastinal structures, such as heart, major vessels, and ligaments, that could restrict the
direction and extent of regional expansion. Heterogeneous strain distribution could, in

turn, influence regional compensatory cellular growth (76 and 103).

To assess the in vivo heterogeneity of regional lung volume after PNX, we

performed HRCT scans at a constant transpulmonary pressure in adult foxhounds that

42
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had undergone either left or right PNX and reconstructed each remaining lobe to examine
anatomic patterns of lobar expansion. We compared air and tissue volumes of each
remaining lobe with that in the corresponding lobe of Sham control animals to determine

the in vivo distribution of air and tissue among lobes.

4.2 METHODS AND MATERIALS

4.2.1 Experimental Groups

The Institutional Animal Care and Use Committee at the University of Texas
Southwestern Medical Center approved all procedures. Male adult foxhounds (1 yr old)
underwent either right PNX (~58% resection, n =12) or left PNX (~42% resection, n =
11) under general anesthesia by previously described procedures (85). Of the animals
undergoing right PNX, six animals were scanned during the fourth postoperative month
and six additional animals were scanned ~1 yr after surgery. For animals undergoing left
PNX, CT scan was performed during the fourth postoperative month. Separate adult
control animals underwent thoracotomy without PNX (Sham group, n =7), and were

scanned ~10 mo after surgery.

4.2.2 Statistical Analysis

Measurements were normalized by body weight and expressed as means + SD.
Volumes of each lobe were expressed as a fraction of the total volume of each lung. In
addition, measurements from PNX animals were expressed as a fraction of the

corresponding lobar values in Sham controls. We performed comparisons between
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groups by one-way ANOVA and Fisher’s multiple comparisons test (StatView version

5.0; SAS Institute, Cary, NC). A P value of 0.05 or less was considered significant.

4.3 RESULTS

4.3.1 Lobar Geometry after Right or Left PNX

Figure 4.1 illustrates representative images of the thorax after right and left PNX
compared with Sham controls, showing mediastinal shift and enlargement of the
remaining lung. Figure 4.2 illustrates the three-dimensional reconstruction of each lobe in
different anatomic views. The normal dog has three lobes in the left lung [upper (cranial),
middle, and lower (caudal)] and four lobes in the right lung [upper (cranial), middle,
lower (caudal), and cardiac]. After right PNX, the left upper and middle lobes expanded
across the midline anterior to the heart, whereas the left lower lobe expanded across the
midline posterior to the heart. After left PNX, the remaining right upper and cardiac lobes
expanded above and below the heart, respectively, whereas the remaining right middle

and lower lobes showed relatively little expansion.
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Fig. 4.1 Representative CT images at the level of the carina showing mediastinal shift and enlargement of the remaining lung after left PNX (lef?)
or right PNX (right) compared with Sham controls (middle).
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Left PNX

SHAM

Right PNX

Fig. 4.2 Three-dimensional reconstruction of both Iungs in Sham animals, the right lung in animals after left PNX, and the left lung in animals
after right PNX, shown in 4 views oriented by their coordinate axes. 4: anterior view. B: posterior view. C: caudal view. D: anterior-oblique view.
Green: LUL or cranial lobe. Red: LML. Blue: left lower or caudal lobe (LLL). Gray: right upper or cranial lobe (RUL). Yellow: right middle lobe
(RML). Magenta: right lower or caudal lobe (RLL). Aqua: right cardiac lobe (RCL).
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4.3.2 Lobar Volumes after Right PNX

Table 4-1 shows partition of air and tissue volumes among different lobes in the
normal left lung (Sham) and in the remaining left lung of animals following right PNX.
Volumes of the left upper, middle, and lower lobes comprised 27, 18, and 55% of the
total volume of the left lung, respectively; these relative volumes were unchanged after
right PNX (29, 22, and 49%, respectively; P > 0.05 vs. Sham). After right PNX, lobar
volumes of the left lung expressed as a ratio relative to corresponding values from Sham
animals were 2.2-fold (upper lobe), 2.6-fold (middle lobe), and 1.9-fold (lower lobe);
volume increase was significantly greater for the middle lobe compared with the lower
lobe (P <0.05). Lobar air and tissue volumes showed similar patterns of change as total

lobar volume (Figure 4.3).

Volume density of lung tissue (ratio of tissue volume to total volume) estimated
by CT scan was significantly (19—29%) higher in the left lower lobe than in the upper or
middle lobes in all groups (Table 4-1). There was no significant difference in tissue

volume density between PNX and Sham groups.
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Table 4-1 Lobar volumes in the normal left lung and following right PNX

Group SHAM R-PNX
n 7 12
Body wt (kg) 252+1.4 252+ 1.1
Tissue volume (ml/kg)
Left upper lobe 1.0+£02 ™ 2.4+0.2 %M
Left middle lobe 0.6 +0.1 % 1.6+ 0.5 *%
Left lower lobe 23+03% 4.5+0.7*7
Total left lung 39+05 85+£14*
Air volume (ml/kg)
Left upper lobe 99+1.8M 23.0+ 1.8 *
Left middle lobe 6.5+1.0% 17.3 £3.8 *%
Left lower lobe 19.4+3.3 % 36.3 +£3.3 *%
Total left lung 358+4.7 76.6 6.4 *
Tissue volume/total volume
Left upper lobe 0.088£0.011% 0.095+0.012
Left middle lobe 0.082+0.010*  0.087+0.014°
Left lower lobe 0.105+0.009 %" 0.113+0.016 "
Total left lung 0.096 + 0.008 0.101 £0.020

Values are means = SD. n = no. of animals. PNX, pneumonectomy. p<0.05 * vs. Sham group; §
p<0.05 vs. left upper lobe; T p<0.05 vs. left middle lobe;  p<0.05 vs. left lower lobe (all by
ANOVA).
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Fig. 4.3 Relative change in lobar air volume (4) and tissue volume (B) in the remaining left lung
following right PNX (RPNX, n =12) expressed as a fraction of the mean value in corresponding
lobes of Sham animals (r =7). Values are means = SD. P < 0.05 * vs. 1.0 (dashed line;
corresponding lobe in Sham controls); § vs. LUL; ¥ vs. LML; i vs. LLL by ANOVA. All
remaining lobes expanded significantly but not uniformly after right PNX.
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4.3.3 Lobar Volumes after Left PNX

Table 4-2 shows partition of air and tissue volumes among different lobes in the
normal right lung (Sham group) and in the remaining right lung of animals after left PNX
(Fig. 4.4). In Sham animals, volume of the right upper, middle, lower, and cardiac lobes
comprised 20, 25, 40, and 15% of the total volume of the right lung, respectively;
corresponding values were not significantly different after left PNX (29, 15, 35, and 20%,
respectively; P > 0.05 left PNX vs. Sham group). After left PNX, lobar air and tissue
volumes of the right lung expressed as a ratio relative to corresponding Sham values (Fig.
4.4) were 2.2 (upper lobe), 0.9 (middle lobe), 1.3 (lower lobe), and 2.1 (cardiac lobe);
volume increased significantly in the upper and cardiac lobes (P < 0.05) but not in the

middle or lower lobes.

In all groups, volume density of tissue estimated by CT scan was significantly
(14-29%) higher in the right lower and cardiac lobes than in the right upper or middle
lobes (Table 4-2). In Sham animals, tissue volume densities in corresponding lobes of the
right and left lung are similar (Tables 4-1 and 4-2). However, tissue volume densities
were systematically lower in animals after left PNX than in corresponding lobes of Sham
animals, reaching statistical significance for the right middle, lower, and cardiac lobes

(~15-25% lower) but not for right upper lobe (~10-12% lower).
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Table 4-2 Lobar volumes in the normal right lung and following left PNX

Group SHAM L-PNX
n 7 11
Body wt (kg) 252+1.4 25.4+42
Tissue volume (ml/kg)
Right upper lobe 09+03"* 1.8 £0.2 *'
Right middle lobe 12+0.5% 0.9+0.2 %Y
Right lower lobe 23+0.3%Y 2.5+02°%Y
Right cardiac lobe 0.8+0.1" 1.4+0.3*"
Total right lung 52+0.8 6.6£0.7*
Air volume (ml/kg)
Right upper lobe 102+3.8% 23.2 4+ 2. 1%
Right middle lobe 125+4.11% 128+3.5%
Right lower lobe 19.9 +3.7 % 27.8+£0.9 %V
Right cardiac lobe 72+12 ™ 16.0 £2.5 *%
Total right lung 49.8+7.5 79.8+54*
Tissue volume/total volume
Right upper lobe 0.080 +0.008 ¥  0.072 £0.007 *V
Right middle lobe 0.087+0.011 % 0.067 £ 0.005 **¥
Right lower lobe 0.103+0.007 ¥ 0.083 £ 0.005 **f
Right cardiac lobe 0.099 +0.006 ' 0.083 £ 0.006 **'
Total right lung 0.094 + 0.005 0.077 £ 0.005 *

Values are means + SD; n = no. of animals. P <0.05 * vs. Sham group; T vs. right middle lobe; i
vs. right lower lobe; § vs. right upper lobe; v vs. right cardiac lobe (all by ANOVA). There were
no significant differences between retinoic acid and placebo groups.
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Fig. 4.4 Relative change in lobar air volume (4) and tissue volume (B) in the remaining right lung
after left PNX (LPNX, n = 11) expressed as a fraction of the mean value in corresponding lobes
of Sham animals (#z = 7). Values are means = SD. P < 0.05 * vs. 1.0 (dashed line, corresponding
lobe in Sham controls); § vs. right upper lobe (RUL); T vs. RML; f vs. RLL; y vs. right cardiac
lobe (RCL) by ANOVA. Volume of RUL and RCL doubled after LPNX, whereas that of RML
and RLL did not expand significantly.
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4.3.4 Changes in Overall Lung Volumes

In Sham animals, average tissue and air volumes of the right lung constituted
57% of the total respective volume of both lungs. After right PNX, average air and tissue
volumes of the remaining left lung increased proportionally (108 and 115%, respectively,
above Sham left lung); thus the overall volume density of tissue remained unchanged
(Table 4-1). After left PNX, the average air volume of the remaining right lung was 54%
higher than in the right lung of Sham animals, and tissue volume was only 21% higher;

therefore, the overall volume density of tissue was significantly (18%) lower (Table 4-2).

4.4 DISCUSSION

4.4.1 Summary of Findings

Divergent patterns of regional lung expansion were observed in adult dogs in
response to different forms of lung resection. After right PNX, mediastinal shift is
prominent and all remaining lobes expanded significantly (1.9- to 2.6- fold of that in
corresponding Sham lobes), with the greatest expansion occurring in the left upper and
middle lobes. In contrast, after left PNX, the remaining right upper and cardiac lobes
enlarged approximately twofold across the midline above and below the heart to
reconstitute a compliant cardiac fossa, whereas the remaining right middle and lower
lobes did not expand significantly. These anatomic changes reflect non-uniform in vivo
distribution of intrathoracic mechanical strain after PNX. Lobar expansion is greater in
magnitude and uniformity after right PNX than after left PNX, related to differential
anatomic restrictions imposed by the asymmetry and relative rigidity of the heart,

mediastinal great vessels, and cardiophrenic ligaments. Density gradients were analyzed
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to quantify regional volume density of tissue. After right PNX, lobar tissue volume
increased in proportion to air volume; hence, volume density of tissue was unchanged,
consistent with morphometric evidence of compensatory growth of acinar tissue (38).
After left PNX, lobar tissue volume either did not increase or the increase lagged behind
that in air volume, consistent with previous morphometric reports showing a lack of

compensatory growth of alveolar tissue (37 and 44).

4.4.2 Regional Post - PNX Compensatory Response

Sekhon and Thurlbeck (84) found in growing rats after left PNX that volume
expansion was greatest in the postcaval (cardiac) lobe followed by the middle lobe of the
remaining right lung. In post-PNX dogs, we routinely observed at postmortem irregular
shape changes in the remaining lung, particularly in the upper and cardiac lobes after left
PNX and in the upper and lower lobes after right PNX. These lobes show odd-looking
projections of tissue that herniate across the apical midline (upper lobe) or wrap around
the caudal esophagus (lower or cardiac lobe), where the lack of rigid ligaments allow
lung expansion in response to chronic mechanical stress. In our previous morphometric
analysis, we did not separately analyze each lobe. We routinely fixed the lung by tracheal
instillation of fixatives at a constant hydrostatic pressure (37 and 38). Each lung was then
divided into upper and lower strata while the airway pressure was maintained. The upper
stratum consisted of the upper and middle lobes. The lower stratum consisted of either
the lower lobe alone (left lung) or lower and cardiac lobes (right lung). This division was
employed because the upper and middle lobes are often incompletely separated; forced
separation causes loss of airway pressure and hence variability in lung volume

measurement by the saline immersion method (95). Using this sampling method, we
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reported that, in adult dogs after left PNX, volume of septal tissue measured by
morphometry was not different from that in the same lung of normal animals and average
volume density of alveolar septum per unit lung volume was significantly reduced (~0.12
in normal dogs and ~0.09 after left PNX) (37). Because blood volume in the remaining
lung increases post-PNX and CT derived tissue volume includes volume of blood in
small vessels, the 27% higher absolute tissue volume in the remaining lung after left PNX
is not surprising; however, average volume density of tissue remains 18% lower than that
in normal animals (~0.094 in Sham dogs and ~0.077 after left PNX) (Table 2), consistent
with morphometric results. Post- PNX reduction in tissue volume density was greater in
the middle and lower lobes (~20-25%) than in the upper and cardiac lobes (~10-15%)
(Fig. 4.3). Because the upper and lower stratum each contained one lobe that expanded
significantly and one that did not, grouping two lobes into one stratum may obscure
interlobar differences in structural adaptation even though no overall compensatory
alveolar growth was evident by either CT scan or morphometry. We now use a modified
postmortem sampling method to measure volume of each lobe separately by point

counting (101).

In adult dogs after right PNX, the remaining lobes expanded more uniformly and
to a greater extent than after left PNX; hence, grouping left upper and middle lobes into
the upper stratum would not bias morphometric analysis. The more vigorous lobar
expansion after right PNX is associated with proportional increases in alveolar septal cell
volumes in the remaining lobes, such that volume density of alveolar septa per unit lung
volume remained unchanged (average 0.11-0.12), leading to a 61% increase in lung

diffusing capacity estimated by both morphometric as well as physiological methods (38
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and 39). In parallel with these prior findings, CT-derived tissue volume density after right
PNX is also not different from that in Sham controls (average ~0.10) (Table 4-1). The
pattern of volume expansion to structural growth after different types of lung resection
suggests that compensatory tissue response is influenced not only by the magnitude of

regional mechanical strain but also by its distribution.

4.5 Conclusion

In conclusion, we report distinct patterns of lobar expansion after left and right
PNX, which reflect nonuniform regional distribution of mechanical lung strain stemming
from constraints imposed by rigid mediastinal structures such as the heart, great vessels,
and ligaments. The increase in mechanical lung strain is greater in magnitude and more
uniformly distributed after right than after left PNX. Heterogeneity in regional strain
distribution may influence local histological response and compensatory alveolar growth
after lung resection. Direct verification of regional pressures would require implantation

of multiple pleural and/or parenchymal markers that have not yet been done.



Chapter 5 Effect of Non-uniform Post-Pneumonectomy Signals
on Postnatal Lung Growth

5.1 Introduction

During development, mechanical force imposed on lung tissue by an enlarging rib
cage is a major stimulus for postnatal lung growth and maturation (34); this stimulus
ceases upon somatic maturity when the bony epiphyses close and both the rib cage and
lungs reach their final dimensions. Following resection of one lung by pneumonectomy
(PNX), the negative intrathoracic pressure causes the remaining lung to expand, deform
and eventually fill the empty hemithorax, creating a potent stimulus for triggering the

pathways of compensatory alveolar growth and airway remodeling.

Compensatory lung growth is more vigorous and functional restoration more
complete in dogs undergoing PNX as puppies than as adults (85 and 86). In adult dogs
compensatory lung growth is initiated only when more than ~50% of the lung is
removed, suggesting the existence of a threshold of mechanical signals that must be
exceeded before cellular growth is re-initiated (37 and 38) as well as the possibility of
additive effects of independent mechanical signals arising from different sources, i.e.,

maturation and PNX, on alveolar growth.

Mechanical signals from maturation and PNX are known to exert additive effects
on airway compensation. Normal growth and remodeling of airways lags behind that of
parenchyma (so called dysanaptic lung growth) and the lag is further exaggerated by

PNX. In growing puppies pneumonectomized at 2.5 mo of age, we observed lengthening
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of the remaining airways without dilatation 4 mo post-PNX; dilatation became evident

subsequently and significantly reduced airways resistance by 10 mo post-PNX (15).

Dysnaptic growth offsets some of the benefit expected from alveolar growth;
long-term compensatory increases in alveolar dimensions and diffusing capacity of the
remaining lung were greater in animals pneumonectomized as puppies than as adults
while the long-term compensatory reduction in work of breathing was similar in puppies

and adults (15 and 86).

In adult dogs after right or left PNX where lung resection imposed the only
stimulus for compensatory lung growth or remodeling, lobar expansion and parenchymal
growth of the remaining lung was non-uniform (78), likely reflecting the anatomical
asymmetry of mediastinal structures and ligaments that differentially restrained
expansion and growth of the remaining lobes. No previous study has longitudinally
followed the pattern or time course of post-PNX regional lung growth during somatic
maturation. We hypothesized that the additive effects from two sources of mechanical
signals, maturation and PNX, further exaggerates non-uniformity of compensatory
growth above and beyond that in post-PNX adult animals where there was only one
source of signals. We performed high-resolution computed tomography (HRCT) at a
constant transpulmonary pressure in growing foxhounds that had undergone right PNX at
2.5 mo of age in comparison with litter-matched control (SHAM) animals. Scans were
performed at two time points (4 and 10 mo after surgery corresponding to 6.5 and 12.5
mo of age, i.e., before and after somatic maturity). By identifying the lobar fissures we
reconstructed each lobe and compared lobar air and tissue volumes between experimental

groups and at the two ages. The main findings were as follows: a) Regional
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compensatory growth of lung parenchyma was uniform at 4mo but became non-uniform
by 10mo post-PNX; growth of the remaining left lower (caudal) lobe gradually lagged
behind the other lobes. b) At maturity the pattern of regional non-uniformity was similar
whether animals underwent PNX as puppies or as adults. We conclude that while
superimposing post-PNX signals on developmental signals alters some aspects of

compensatory lung growth it does not alter the non-uniform pattern of growth.
5.2 Methods and Materials
5.2.1 Experimental Groups

Foxhounds (2.5 mo of age) underwent either right PNX (55-58% lung removed,
n=9) or right thoracotomy without lung resection (SHAM, n=7) under general anesthesia
by procedures previously described in chapter 3. The CT scan was performed during the
4™ month following surgery (6.5 mo of age, n=5 PNX, n=6 SHAM) and repeated 10 mo

after surgery (~1 year of age, n=9 PNX, n=7 SHAM).
5.2.2 Statistical Analysis

Measurements were normalized by body weight and expressed as mean+SD.
Measurements from PNX animals were expressed as a fraction of the corresponding lobar
values in SHAM controls. Comparison between groups was by analysis of variance with
post-hoc Fisher’s multiple comparisons test. Longitudinal data between 4 and 10 mo
following surgery were compared by repeated measures ANOVA. We used a commercial
statistical package (STATVIEW v.5.0, SAS Institute, Cary, NC). A p value of 0.05 or

less was considered significant.
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5.3 Results

Representative images of three-dimensional lobar reconstruction from PNX and
Sham groups at 4 and 10 mo after surgery are shown in Fig. 5.1. Following right PNX,
mediastinal shift was prominent and all the remaining lobes expanded significantly but
nonuniformly. The left cranial or upper lobe (LUL) and the left middle lobe (LML)
expanded anteriorly across the midline; the left caudal or lower lobe (LLL) assumed a
highly irregular shape as it expanded posteriorly across the midline behind the heart,
esophagus, and great vessels. Within the grossly distorted LLL, the average CT
attenuation value of the portion that herniated across the midline posterior to the
esophagus (-810 + 17 HU, + SD) was slightly more positive but not significantly

different from the CT values of the rest of the lobe (-839 = 11 HU, P >0.05).
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Fig. 5.1 Three-dimensional reconstruction of both lungs (4) and the left lung (B) alone in 1 control animal (SHAM) and the left lung in 1 animal
after right pneumonectomy (PNX) at 4 and 10 months after surgery, each shown in 2 views oriented by their coordinate axes: dorsal view and
caudal view. Green, left cranial or upper lobe (LUL); red, left middle lobe (LML); blue, left caudal or lower lobe (LLL); gray, right cranial or
upper lobe (RUL); yellow, right middle lobe (RML); magenta, right caudal or lower lobe (RLL); aqua, right infra-cardiac lobe (RCL).
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The distribution of lobar volume 4 and 10 mo after surgery (6.5 and 12.5 mo of
age) is shown in Table 5-1. At each time point after PNX, total lung air and tissue
volumes were not different from that in lungs of both sham-operated controls. In control
animals, air and tissue volumes of the right upper, middle, lower, and infra-cardiac lobes
consisted of ~12%, 14%, 23%, and 9%, and the left upper, middle, and lower lobes 12%,
7% and 23%, respectively, of total air or tissue volume. These values compare reasonably
well with the corresponding canine lungs by Rahn and Ross (73): 17%, 9%, 25%, and 8%
for the right lung; 10%, 6%, and 26% for the left lung. In PNX animals, the remaining
left upper middle and lower lobes constitute ~30%, 21%, and 49% of total lung air
volume, and 27%, 18%, and 55% of total lung tissue volume, respectively. Body mass-
specific lobar air volume did not change between 4 and 10 mo postsurgery in either
group. Body mass-specific lobar tissue volume declined between 4 and 10 mo, reaching
statistical significance in all lobes of the left lung in the Sham group and in the left lower

lobe of the PNX group (Fig. 5.2).
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Table 5-1 Lobar tissue and air volume in the normal left lung and after right pneumonectomy before and after reaching somatic maturity

Lung Sham Right Lung Sham Left Lung Right PNX

Post- surgery 4 mo 10 mo 4 mo 10 mo 4 mo 10 mo

Number 6 7 6 7 5 9

Weight (kg) 229458 252+3.1 229458 252+3.1 225+43 27.4+46°
Air volume (ml/kg)

Upper Lobe g1+17% 102 3.9 10.1+£1.7% 99+18% 23.6+2.6 23.0+2.8 %

Middle Lobe 12712 125+4.1Y 72+1.0 6.5+ 1.0 165+58" 173+58"

Lower Lobe 19.7 £2.1 T 19.9+3.8 T+ 19.9+2.1 1 19.4+33 1 39.1+35 T 36.3+53 T

Cardiac Lobe 7.0+0.8 72+1.3 - - -

Total L Lung 47.6+3.9 498+ 7.5 37.2+3.7 35.9+4.8 792+54" 76.5+9.4"

Tissue volume (ml/kg)

Upper Lobe 0.8+0.1% 0.9+ 0.4 12+02% 1.0£02 % 2.7+0.7" 24+05"%
Middle Lobe 1.7+0.1" 1.2+05" 0.8+ 0.1 0.6+0.1° 1.8+0.7" 1.6+0.5"
Lower Lobe 2.6+03 23+04 T 2.6+03™ 23+03 "™ 5541271 45+0.7 "
Cardiac Lobe 0.9+0.1 0.8+0.1 - - - -

Total L Lung 6.1+0.3 52408 " 47403 3.840.5° 10.1+£24° 85+14"

Mean£SD, * p< 0.05 vs. SHAM; 7 p< 0.05 vs. upper lobe; § p< 0.05 vs. middle lobe; y p< 0.05 vs. cardiac lobe; § p< 0.05 vs. 4 months after
surgery (6 months of age) by ANOVA.
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Fig. 5.2 Air and tissue volume of the left lung (per/kg body wt) 4 and 10 months after surgery (SHAM: left; right PNX: right). Mean = SD. At
each time point lobar values are significantly higher in the PNX group than the SHAM group. Compared with corresponding lobar values 4 mo
after surgery, tissue volume is significantly lower at 10 months in all the lobes of SHAM control animals and in the left lower lobe of PNX
animals. P <0.05 by ANOVA: * vs. corresponding SHAM control, T vs. upper lobe and § vs. middle lobe at the same time point, § vs. 4 months
after surgery.
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Fig. 5.3 Tissue volume fraction (ratio of lobar tissue volume to total lobar volume) was higher in the left lower lobe than other lobes of the left
lung in both groups (SHAM, fop; right PNX, bottom), and declined between 4 and 10 months after surgery, reaching statistical significance in all
lobes of the SHAM control animals. Mean £ SD. P < 0.05 by ANOVA: T vs. upper lobe and } vs. middle lobe at the same time point; § vs. 4
months after surgery.
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Fig. 5.4 Relative change in lobar air and tissue volume of the remaining left lung following right PNX expressed as a ratio to the mean value in
corresponding lobes of SHAM control animals at 4 and 10 months after surgery (6 and 12 mo of age). Mean + SD. All the ratios are significantly
>1.0. At 10 months after PNX, the relative change in lung tissue and air volume of the remaining left lower lobe lagged significantly. § P < 0.05
vs. left middle lobe by ANOVA.
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Lobar tissue volume fraction (ratio of tissue volume to total volume) was
significantly higher in the lower lobe than the upper or middle lobe in both experimental
groups and both time points (Fig. 5.3). In both groups the ratio of tissue volume fractions
at the two time points (4 mo/10 mo) increased similarly in all lobes, i.e., air volume
fraction increased and tissue volume fraction declined as the animal matured (Fig. 5.3).
As a result, the longitudinal change in overall tissue volume fraction of the whole left

lung was similar between groups.

The relative compensatory changes in air and tissue volume of the remaining
lobes after PNX was expressed as ratios to the mean value of the corresponding control
lobe in sham-operated animals (Fig. 5.4). At 4 mo post-PNX, air and tissue volumes
increased to a similar extent (2.0- to 2.3-fold) among all remaining lobes, that is, no
significant regional differences in compensatory growth. By 10 mo after PNX, the
relative volume increase in the left lower lobe (2.0- fold) had significantly lagged behind
those in the upper and middle lobes (2.5- and 2.8- fold), indicating nonuniform rates of

lobar compensatory growth.
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Table 5- 2 Relative post-PNX compensation assessed by HRCT before or after somatic maturity.

. Air volume ratio . . *
Age at PNX Time fiﬁ;g}rgery PNX/SHAM * Tissue volume ratio PNX/SHAM
(mo) :
(mo) LUL LML LLL LUL LML LLL
2.5 4 23403 23409 20402 23406 22409 21404
2.5 10 23403 27409 19+03 % 25+05 28+0.8 20+03F
>12 7 12 23403 27408 19+02% 25405 28+0.7 20+03F

* Average ratio (mean+SD) of value in PNX group to the mean value in corresponding SHAM group. CT tissue volume includes volume of air-
free tissue and blood within acinar structures <Imm in diameter.

# Data are taken from Ravikumar et al (78).

1 p<0.05 vs. corresponding LML by ANOVA.
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5.4 Discussion

This is the first longitudinal examination of possible interactions between
developmental and post- PNX signals on regional lung growth. In young dogs, growth
rates among lobes were similar during maturation between 6.5 and 12.5 months of age.
Air volume increased faster than tissue volume in all regions, so that tissue volume
fraction, which was normally higher in the lower lobe than in upper and middle lobes,
declined similarly among lobes during this interval. In actively growing animals 4
months after right PNX, lung tissue volume was higher to a similar extent (2.1- to 2.3-
fold) in the remaining lobes relative to that in corresponding lobes of control animals.
After reaching somatic maturity, i.e., 10 months post-PNX, the relative compensatory
increase in tissue volume of the remaining left lower lobe (2.0- fold) lagged behind that
of the upper and middle lobes (2.5- and 2.8- fold, respectively). Therefore, non-uniform
regional parenchymal growth was absent 4 mo post-PNX but developed subsequently. At
maturity (10 months post-PNX) the pattern of interlobar non-uniformity was similar to

that previously reported in pneumonectomized adult dogs (78).

5.4.1 Normal Lung Development

Mechanical signals are believed to stimulate and sustain developmental as well as
post-PNX lung growth (76 and 98). During maturation, the enlarging thorax, mediastinal
structures, and lungs create opposing mechanical forces on lung tissue resulting in tissue
strain and feedback interactions that sustain a balanced rate of cell growth among these
components (34). The caudal lung region has higher vascular and interstitial conductance

(3), larger capillary size and volume (24), and smaller air spaces (25) compared with
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other regions and may explain its higher tissue volume fraction. In addition to expansion
of air spaces and generation of new gas exchange units, the growing lung undergoes
progressive remodeling with parenchymal involution, thinning of the blood-gas diffusion
barrier, and increase in alveolar surfaces (18). The double alveolar-capillary morphology
with its abundant septal interstitial cells and connective tissue of the immature lung is
gradually replaced by the adult morphology of single capillary profiles and pruned
interstitium (102). The longitudinal decline in tissue volume fraction assessed by HRCT
in control animals is consistent with the sequence of parenchymal remodeling that
continues for months after birth; the rate of decline was similar among lobes and
unaffected by prior lung resection. Thus HRCT accurately tracks the anatomical

consequences and spatial distribution of lobar expansion as well as parenchymal growth.

5.4.2 Post - PNX Compensatory Response

After PNX, the remaining lung becomes expanded and distorted. After
stabilization of the initial increase in blood flow to the remaining lobes, we observed
proportional changes in lobar air and tissue volumes by HRCT between 4 and 10 months
post-PNX consistent with parenchymal growth. The present results extend our earlier
observations using conventional thoracic CT in foxhounds raised to maturity after
undergoing right PNX as puppies, where compensatory increases in lung volume were
greatest in the mid-lung zones (88). In addition, the distribution of compensatory increase
in air and tissue volumes at maturity in the present study is almost identical to that
previously reported by us in dogs pneumonectomized as adults and studied by HRCT 12
months later (78), i.e., compensatory expansion and tissue growth was greater in the

upper and middle lobes than in the lower lobe (Table 5-2).
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In previous animals pneumonectomized as puppies and then raised to maturity,
alveolar septal volume (blood plus tissue) measured by morphometry in the remaining
lobes increased to ~2.6- to 2.9-fold of control value, associated with a corresponding
increase in lung diffusing capacity; the latter was estimated by both morphometric and
physiologic methods (85). In the present animals the in vivo increases estimated by
HRCT ranged from 2.1- to 2.8-fold. In animals pneumonectomized as adults the
corresponding compensatory volume increase assessed by morphometry and a
physiological method was more modest, ~1.8-fold of control values (38 and 39). In both
young and adult dogs, the fold change in alveolar septal tissue volume post-PNX
obtained by morphometry was higher in the remaining left upper lung zone (upper and
middle lobes combined) than in the left lower lobe (38 and 85), similar to the present
findings by HRCT. In separate studies where we minimized lung expansion in post-PNX
adult dogs using custom-shaped inflated silicone prosthesis to replace the right lung (98),
compensatory lung expansion was also reduced to a greater extent in the mid- and lower
lung zone, suggesting that this region is very sensitive to changes in intrathoracic

mechanical signals.

One likely explanation for the relatively restricted compensatory response in the
lower lobe post-PNX is the presence of the heart and elevated right hemidiaphragm,
which offered asymmetric resistance to the expansion of the adjacent lower lobe. The
heart causes greater distortion to the left than the right lung. In anesthetized dogs, weight
of the heart in the left lateral decubitus position imposed a greater reduction in volume of
the left lung than the corresponding reduction in volume of the right lung imposed by the

right lateral decubitus position (9). In addition, the right hemidiaphragm becomes
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elevated, stretched, and hypertrophied after right PNX (40), which increases the tension
and decreases the compliance of the left hemidiaphragm, further impeding post-PNX
expansion of the left lower lobe. Because the mediastinal ligaments are relatively thin in
the dog, the lower lobe was still able to grow across the midline posterior to the heart,
esophagus, and large vessels, leading to its irregular-shaped projection after PNX.
Peripheral airways and blood vessels in the remaining lower lobe sometimes assume a
direction 90° to 180° from the main stem bronchus and vessel. Such marked anatomical
distortion raises important functional issues regarding effective distribution of ventilation
and perfusion to the lower lobe as well as the contribution of regional anatomical
distortion to the exponential increase in work of breathing observed during exercise post-
PNX (43 and 86). We did not detect significant abnormalities in global ventilation-
perfusion distributions after PNX at rest or during exercise using the multiple inert gas
elimination technique (41 and 42) but have not examined regional ventilation perfusion
distributions. Additional studies using functional imaging techniques will be helpful in
mapping the regional correspondence between anatomical distortion and ventilation

perfusion relationships.

5.4.3 Conclusion

In summary, we report that in actively growing animals, nonuniform distribution
of lobar compensatory growth develops slowly between 4 and 10 months post-PNX, with
the remaining left lower lobe growing at a significantly slower rate compared with the
upper and middle lobes. At maturity, the pattern of lobar nonuniformity was not
significantly different from that seen in animals undergoing PNX as adults. Combined

with our previous report in these animals that dilatation of conducting airways also
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developed slowly between 4 and 10 months after PNX (15), these results show that
progressive interactions between developmental and post-PNX signals alter some aspects
of lung and airway growth and remodeling, such as enhancing the magnitude of
compensatory alveolar growth and exaggerating airway-parenchymal dissociation in
dysanaptic growth; however, superimposing these independent signals does not alter the

pattern of non uniform regional parenchymal growth.



Chapter 6 Correlation of lung growth assessed by computed
tomography to that by morphometry

6.1 Introduction

Although significant effort has been made over the past decades to develop
innovative CT image processing algorithms and to improve existing methods in terms of
precision, reproducibility and computational efficiency, relatively little research has been
undertaken to find out the validity of results obtained by these methods. My dissertation
aims to bridge this gap by validating the CT derived air and tissue volumes against the
existing gold standard of lung tissue volume measurement that by stereology applied on

histological sections.

We used HRCT scans to assess lobar growth and expansion in 20 foxhounds.
These foxhounds were subjected to either 42% (Left PNX) or 58% (Right PNX) lung
resection. I chose to use animals from various cohorts subjected to either type of lung
resection to validate the method across various compensatory models. Regional growth
and expansion was compared against quantitative histology in animals wherein
measurements by both methods were available (n=20). This comparison will be done in
two steps. 1) Correlation between total air and tissue volumes measured by HRCT and
morphometry methods will be analyzed. 2) Utility of HRCT in detecting regional
changes of lung expansion and growth will be scrutinized. The advantages, limitations
and various sources of error of both methods are discussed towards the end of this

chapter.
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6.2 Results

76

CT-derived total, tissue and air volumes were compared against the total, alveolar

septal volume (tissue +capillary blood) and air volumes estimated by morphometric

methods in postmortem fixed lungs. Figure 6-1 illustrates correlations between these two

independent estimations for post-PNX compensation (left and right PNX together) in 20

animals in which measurements by both methods were available. These two estimates

are significantly correlated in post-PNX dog lungs with a coefficient of determination (r-

squared; it is the square of the correlation coefficient) of 0.89 and 0.78 and a slope of

1.46 and 1.21 for air volume and tissue volume respectively.
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Figure 6.1 Correlation of lung volumes measured in vivo by CT scan at 20 cmH20
transpulmonary pressure and at postmortem by morphometry after tracheal instillation of
fixatives at 25 cmH2O airway pressure in 20 animals in which both measurements are available.
Fixed lungs were sectioned serially, and the total volume and alveolar septal volumes were
estimated by point counting; differences between these two volumes were taken as air volume.
Each data point represents volume of either a lobe or a stratum: upper stratum includes upper and
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middle lobes; lower stratum includes the left lower lobe alone. A: total volume. B: air volume. C:
tissue volume (by CT scan) and volume of alveolar septum (by morphometry). Solid line:
identity, Dashed line: regression through data range.

The fixed lung after left PNX (42 % resection, n=11) was separated into upper
and lower strata. The upper stratum consisted of the upper and middle lobes, while the
lower stratum consisted of the lower and cardiac lobes of the right lung. The relative
compensatory changes in air and tissue volume for each of the remaining stratums were
expressed as a ratio to the mean value of the corresponding stratum in control animals.
Since these studies were performed over a period of five years, the controls used for
normalizing the HRCT and the morphometry data belonged to separate cohorts (n=7 for
HRCT and n=6 for morphometry). Compensatory changes assessed by HRCT and
morphometric methods for the left-PNX group are shown in Figure 6-2 and Table 6-1.
Air and tissue volume estimates by both methods were similar, that is, no significant

differences between methods.

The fixed lung after right PNX (58% resection, n=9) was divided into upper and
lower strata. The upper stratum consisted of the upper and middle lobes, which were
often incompletely separated. The lower stratum consisted of the just the lower lobe in
the left lung. The relative compensatory changes in air and tissue volume of the
remaining stratums were expressed as a ratio to the mean value of the corresponding
stratum in control animals. The control animals were the same as the ones used for
normalizing the left PNX data. Figure 6-3 and Table 6-2 show the compensatory changes
assessed by HRCT and morphometric methods for the right PNX group. There were no

significant differences in air and tissue volume estimates by both methods.



Table 6-1 Comparison of compensation after left-PNX by HRCT and Morphometry

Lung HRCT Morphometry

Number 11 11

Tissue volume ratio (PNX/Control)

Upper Stratum 0.99 +£0.22 0.98 +£0.25
Lower Stratum 1.18 £0.24 1.23+0.43
Total R Lung 1.10+0.21 1.11+0.32

Air volume ratio (PNX/Control)

Upper Stratum 1.32£0.15* 1.34+0.22 *
Lower Stratum 1.74£0.14 * 1.68+0.22 *
Total R Lung 1.52+0.12 * 1.52+0.12 %

Mean+SD, p< 0.05; * vs. Control by ANOVA.
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Figure 6.2 Relative change in lobar air volume (4) and tissue volume (B) in the remaining right
lung after left PNX expressed as a fraction of the mean value in corresponding stratum of the
control animals. Open bars refers to volume assessed by HRCT, solid bars refers to volume
assessed by morphometry. Values are means = SD. *P < 0.05 vs. 1.0 (dashed line, corresponding
lobe in controls). There were no significant differences in air and tissue volume estimates by both
methods.



Table 6-2 Relative compensation after right PNX assessed by HRCT and morphometry

81

Air volume ratio PNX/Control

Tissue volume ratio PNX/Control

Left Upper stratum | Left Lower stratum | Total L lung | Left Upper stratum | Left Lower stratum | Total L lung
HRCT 2.68+0.71* 1.93+£0.26 * 2.06+0.24 * 2.31+0.39* 2.02+0.30 * 2.15+£0.32 %
Morphometry 2.89+0.83 * 2.19+0.38 * 2.12+0.54 * 237+0.25* 2.32+0.73 * 1.93+0.89 *

Mean+SD, p< 0.05; * vs. Control by ANOVA.
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Figure 6.3 Relative change in lobar air volume (4) and tissue volume (B) in the remaining left
lung after right PNX expressed as a fraction of the mean value in corresponding stratum of the
control animals. Open bars refers to volume assessed by HRCT, solid bars refers to volume
assessed by morphometry. Values are means = SD. Both the upper and lower stratums expanded
significantly after PNX compared to the corresponding stratum in the controls (i.e. P < 0.05 vs.
1.0 (dashed line)). There was no significant difference in air and tissue volume estimates by both
methods.
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6.3 Discussion

6.3.1 Summary of Findings

Although in vivo lung volume obtained by CT scan is systematically larger than
that measured postmortem after tracheal instillation of fixatives at 25 cmH,O of
hydrostatic pressure (Figure 6-1), strong correlations exists between these two
independent estimations of total air and tissue volumes in 20 animals in which
measurements by both methods are available. HRCT was also able to detect regional
compensatory changes in air and tissue volumes after left and right PNX (Figures 6-2 and
6-3) and was a good indicator of overall growth such as after right PNX or the lack of
lung growth after left PNX. These data taken together lend support to the use of CT scan

to track parenchyma growth in vivo.

6.3.2 Critique of the Methods

HRCT was the imaging modality of choice because of its speed, widespread
availability, high-resolution anatomic visualization, and unique ability to quantify
regional air and tissue volumes; it is a particularly powerful tool for the non-invasive
measurement of lung mechanics in experimental models. Although CT scan does not
eliminate cardiogenic motion artifacts (79), such artifacts occur in all animals and do not
alter systematic comparisons among groups. Compared to other imaging modalities such
as Magnetic Resonance Imaging (MRI), HRCT has certain short comings like decreased
soft tissue contrast, need for a contrast agent to assess blood flow and problems
associated with ionizing radiation. But MRI poses problems of its own such as inferior

spatial resolution, degradation of image with respiratory motion, and the necessity of
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eliminating metallic objects from the imaging environment, making the method

unsuitable for studies with metallic implants.

Density gradients from thoracic CT scan have been utilized to partition changes of
lung air and tissue volumes (13) in the assessment of emphysema (14), idiopathic
pulmonary fibrosis (12 and 27), growth of pulmonary nodules (99), and acute respiratory
distress syndrome (70, 71, 72, and 83). In patients studied by CT just before surgery for
small lung tumors, the proportion of tissue to air obtained with CT in the resected lobe
was similar to that obtained by morphometry (13). This technique has been used to
follow parenchymal growth in children (16 and 17). Changes in volume distribution
between upper and lower lobes have been reported in patients with acute lung injury (71).
However, few studies have utilized this method for assessing regional lung growth in

Vivo.

We previously utilized CT scan to assess regional lung volume in foxhounds that
had undergone right PNX as puppies and subsequently been raised to adulthood (88). We
had also utilized CT scan to study the effects of preventing post-PNX lateral lung
expansion in adult dogs by using space occupying inflated silicone prosthesis to replace
the resected lung (100). In the presence of an inflated prosthesis, post-PNX volume
expansion is preferentially blunted in the mid lung region compared with animals with a
deflated prosthesis. Our previous CT studies were done with an older generation scanner
at a lower resolution and without volumetric imaging and hence could not reliably

resolve lobar fissures; this technical limitation has been overcome in the present study.
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In these animals, we did not obtain CT scan before surgery and hence did not
have a good baseline to normalize the post PNX regional compensatory changes. We
used CT Scans from a cohort of control animals (sham, that underwent right thoracotomy
without lung resection) to assess regional compensatory changes after left and right PNX
(chapters 4 and 5). Since these studies were performed over a period of five years, the
controls used for normalizing the HRCT and the morphometry data belonged to separate
cohorts (n=7 for HRCT and n=6 for morphometry). Although the conclusions did not
change in spite of using different cohorts to normalize the HRCT and morphometry data,
it reinforces the need for better baseline measurement; ideally each animal should be used

as its own control.

In our morphometric analysis, we did not separately analyze each lobe. We fixed
the lung by tracheal instillation of fixatives at a constant hydrostatic pressure (37 and 38).
Each lung was then divided into upper and lower strata while the airway pressure was
maintained. The upper stratum consisted of the upper and middle lobes. The lower
stratum consisted of either the lower lobe alone (left lung) or lower and cardiac lobes
(right lung). This division was employed because the upper and middle lobes are often
incompletely separated; forced separation causes loss of airway pressure and hence
variability in lung volume measurement by the saline immersion method (95). After left
PNX because the upper and lower stratum each contained one lobe that expanded
significantly and one that did not, grouping two lobes into one stratum may obscure
interlobar differences in structural adaptation even though no overall compensatory
alveolar growth was evident by either CT scan or morphometry. In adult dogs after right

PNX, the remaining lobes expanded more uniformly and to a greater extent than after left
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PNX; hence, grouping left upper and middle lobes into the upper stratum would not bias

morphometric analysis.

Since tissue volume estimated by HRCT includes not just alveolar septa but also
small blood vessels and airway tissue up to ~1-2 mm in diameter, i.e., the resolution limit
of the scan, CT-derived tissue volume is systematically higher than alveolar septal
volume (tissuet+capillary blood) measured by morphometric methods in postmortem
fixed lungs. The mean CT values we used for lung tissue + blood are relatively stable
(average 56 HU, range 5259 HU). Other investigators have assumed a lung CT value of
65 HU (13, 31, and 49). If we recalculate our measurements based on their CT values, the

maximum change in estimated tissue and air volumes is 1.3%.

After resection of one lung, blood flow to the remaining lung increases
immediately and then stabilizes. Although we could not partition the higher tissue
volume in PNX animals into tissue or blood content, this limitation does not invalidate
the use of HRCT for following longitudinal parenchymal changes post- PNX for several
reasons. /) Septal tissue and capillary blood volume increase in equal proportions during
post-PNX compensation (85). 2) After the immediate post-PNX increase in blood flow
stabilizes, subsequent increases in both tissue and blood volumes contribute equally to
functional compensation, i.e., to an increased lung diffusing capacity that is attributable
to about equal increases in membrane diffusing capacity and pulmonary capillary blood
volume (85, 87 and 88). Thus HRCT allows longitudinal follow-up of functionally

relevant changes in lung parenchyma, which includes both tissue and blood.
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The limitation in accurately defining lung volumes by HRCT is also due to
difficulties in defining the edges or boundaries of the tissue (thresholding) which may be
blurred because of motion artifact and small density differences from adjacent tissue, or
partial volume effect. To contain this, we inflated the lung to a transpulmonary pressure
of 20cmH,0, (equivalent to an inflation volume of about 45 ml/kg above FRC). This
helps in discerning the boundaries correctly and hence reduce partial volume effect. Also
by selecting an appropriate threshold as the cutoff (details of density thresholding are
explained in section 3.6); we eliminated voxels at the lung edges, including
intrapulmonary vascular regions that have erroneous air content values due to partial

volume effect and we minimized the inclusion of reconstruction noise.

The difference between lung volumes measured by HRCT and morphometry can
be partially attributed to differences in thoracic compliance at the time of lung inflation.
We used an inflation volume that was known to yield 20cmH,O transpulmonary pressure
in each animal. All animals had their static transpulmonary pressure-lung volume
relationship measured in duplicate on at least one, sometimes multiple occasions prior to
CT scan. Pleural pressure was measured with a balloon tipped catheter inserted into the
distal 1/3 of the esophagus; mouth pressure was simultaneously measured to obtain
transpulmonary pressure. In spite of these precautions, the pressure does drop during a
breath hold due to stress relaxation, but the volume does not change during the course of

the scan.

Both stress and strain transduce mechanical signals for tissue growth and
remodeling. Our study was not designed to separate stress from strain signals. Our data

suggest that post-PNX strain and lung growth are correlated. After one lung is removed
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and the chest wall closed, a negative intrathoracic pressure causes the remaining lung to
expand immediately, i.e., imparting three-dimensional strain. Minimizing lateral
expansion of the remaining lung using a space-occupying inflatable silicone prosthesis is
associated with blunted post-PNX lung expansion and tissue growth estimated by CT and
morphometry as well as lower diffusing capacities for CO and O2 (54, 43, and 98).

However, post-PNX regional stress/strain has not been directly measured.

6.3.3 Limitations of Morphometric Analysis

Lung volume is a basic measurement used in the calculation of all other tissue
compartment volumes and surface areas from microscopic estimations of volume and
surface densities (96 and 97), it is essential that the sources of variability in this
measurement be understood. Because, the volume of an inflated lung comprises of mostly
air (~90%), the lung should be fixed in such a way as to preserve it at a physiologically

relevant state of inflation and to resist distortion by further processing for microscopy.

Lung is fixed under a standardized positive airway pressure of 25 cmH,0O, which
is maintained for several days to weeks until the tissue is stiffened. Then, the lung is cut
into slices and tissue blocks; at this time, any positive distending pressure that could keep
soft tissue parts under tension is eliminated and the septa assumes a relaxed shape. For
morphometric analysis, the optimal measurement of lung volume should be one obtained
as close to the sampling and embedding steps as possible. Volume measured after
sectioning by the Cavalieri method wherein the lung is in a state of relaxation, free of

residual tissue elasticity is therefore preferable to that measured by saline immersion.
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However, we found that the volume measured by the Cavalieri method is
systematically lower (~10 to 25%) than that of the intact fixed lung under positive
pressure (101). The differences probably arise from residual elastic recoil that was not
completely abolished by fixation as well as folding or crumpling of fixed alveolar septa.
Other investigators have also reported shrinkage in the order of ~10 to 15% in isolated
dog lung fixed by perfusion with glutaraldehyde (58, 62, and 68). The use of Cavalieri
volume in subsequent calculations could partially explain the higher CT derived lung

volume compared to morphometry.

In addition to the variability in lung volume measurement after fixation by the
immersion method, shrinkage occurs during subsequent histological processing (57). To
avoid problems associated with tissue shrinkage and the use of correction factors
thereafter we embedded the tissue in plastic (glycol methacrylate) (23). However,
differential shrinkage might still occur during the dehydration process for embedding (66
and 94). This might also explain the lower air and tissue volume estimates by

morphometry compared to HRCT.

6.3.4 Conclusion

In spite of its limitations, HRCT proves to be a powerful non-invasive technique
to track parenchyma growth in vivo. HRCT represents the actual physiological state of
the animal, is an excellent indicator of global growth in different compensatory models
and is sensitive enough to detect the regional changes of lung expansion and growth as
well. Suggestions to overcome some of the limitations of this technique are discussed in

chapter 7.



Chapter 7 Summary and Future Directions

7.1 Summary

The key concepts are summarized below:

Spatial distribution of compensatory growth and expansion in the remaining lobes
after PNX is non-uniform which reflect non-uniform regional distribution of
mechanical lung strain stemming from constraints imposed by rigid mediastinal
structures such as the heart, great vessels, and ligaments.

Distinct patterns of lobar expansion and growth emerge after left and right PNX.
Regional lung expansion in the remaining lobes after left PNX is non-uniform.
Regional lung growth and expansion is greater in magnitude and more uniformly
distributed after right than left PNX.

The non-uniform spatial distribution of compensatory growth is exaggerated by
the interaction of developmental and post-PNX signals of lung growth in actively
growing animals.

Strong correlations exist between estimates of regional air and tissue volumes by
HRCT and by detailed quantitative histology under light and electron microscopy
indicative of the fact that HRCT can be used to follow parenchymal growth in

Vivo.

The systematic quantitative analysis of regional density gradients used in this study has

potentially powerful applications in the assessment of regional heterogeneity in growth,

disease, injury as well as local response to treatment.

90
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7.2 Future Directions

Although the methodology has been validated, there is still room for further

improvements. The possible future directions are summarized in the following sections.

The positions of the lobar fissures are of considerable importance for image
based quantitative pulmonary structural and functional analysis, and the
increasingly large size of volumetric CT images makes the development of an
automatic or a semiautomatic lobe segmentation method desirable. A fuzzy
reasoning system can be developed to automatically detect the fissures using an
anatomic atlas. This system can be used to identify additional pulmonary
structures such as airways and vessels, or to report image based measurements on
a regional basis.

Tissue volume estimated by HRCT includes both tissue and blood volume within
the gas exchange region, it is systematically larger than septal tissue volume
estimated in the fixed lung by morphometry. This limitation can be overcome by
obtaining CT scans before and after injection of a contrast material and
evaluating the volume of blood and extravascular tissue separately.

The magnitude and distribution of lobar tissue growth can be related to direct
measures of regional mechanical lung strain. For instance, the distribution of
regional parenchymal strain can be assessed by measuring the displacement of
the radiopaque markers percutaneously implanted throughout the lung.

Regional mechanical strain can also be assessed by registering the 3D

coordinates of airway branch points. Any 4 non-coplanar branch points within
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the lobe defines a tetrahedron of parenchyma. Changes in tetrahedral volume and
strain in response to various interventions can be calculated. This technique will
also allow direct tissue sampling which in turn will demonstrate the correlation
between regional mechanical strain assessed by HRCT and structural indices and
molecular pathways of compensatory lung growth.

Lobar CT density gradients can be analyzed along the medial to lateral, posterior
to anterior and cephalad to caudal directions and this information could be used
in the quantification of regional disease or postural differences in the lung.

Future research will also relate the magnitude and distribution of lobar tissue
growth, to alveolar cell proliferation, to acinar, airway and vascular remodeling,

and to overall lung function in the whole animal.
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