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LIST OF SYMBOLS AND ABBREVIATIONS

The use of symbols and abbreviations in this thesis follows the recommendations of

the European Respiratory Society (1). The following out-line defines the key

symbols and abbreviations used throughout the thesis.

Lung Volumes and Forced Expiration

FVC

FEV,

FRC

Forced vital capacity. the volume of gas which is exhaled during forced
expiration starting from a position of full inspiration and ending at complete

expiration.

Forced expiratory volume in one second- the volume of gas exhaled in the

first second of the FVC manoeuvre.

Functional residual capacity: the volume of gas present in the lung and

airways at the average end-expiratory level.

RV  Residual volume: the volume of gas remaining in the lung at the end of a
full expiration.

TLC Total lung capacity: the volume of gas in the lung at the end of full
inspiration.

Diffusion

TLco Pulmonary transfer factor for carbon monoxide (CO) - also called
pulmonary diffusing capacity: the rate of carbon monoxide uptake from
alveolar gas to pulmonary capillary blood; expressed in mmol.min™ kPa™.

Kco Transfer coefficient - also referred to as Ti/V a: TLco per unit alveolar

volume (V.); expressed in mmol.min” kPa™ L.



Dum

Vc

0

1/TLco

18

Diffusing capacity of the alveolar-capillary membrane; expressed

in mmol.min kPa™.

Pulmonary capillary blood volume available for gas exchange
(also expressed as Qc).

Reaction rate of CO with oxyhaemoglobin.

Reciprocal of TLco;, the total resistance to CO transfer from the

alveolar spaces to pulmonary capillary blood.

1/Dm  Resistance of the alveolar-capillary membrane.

1/6V¢ Resistance of the total mass of erythrocytes in the pulmonary capillary

blood “intra-capillary resistance”.

Exercise and Gas Exchange

Voa
V’coz

Ve
V'e/V'cor

Pa-a)0,

Oxygen (O,) consumption; expressed in ml.min™.

Carbon dioxide (CO,) production; expressed in ml.min™.
Expiratory minute ventilation (L.min™ ).

Ventilatory equivalent for CO, - also called the ventilatory response.

Alveolar-arterial O, gradient in kPa.



DEDICATION

To my family

19



20

SUMMARY

A number of studies have shown a consistent reduction in pulmonary transfer factor
(TLco) after heart transplantation despite improvement in lung volumes and cardio-
pulmonary haemodynamics. The mechanism and causes of this decline have not
been determined and the clinical significance of TLco reduction in heart transplant
recipients is unknown. The aims of the studies comprising this thesis were to
describe prospectively the longitudinal changes in TLco after heart transplantation,
determine the mechanisms and causes of its decline and to evaluate the effect of

TLco reduction on gas exchange and exercise performance.

During 2.5 years of follow-up, pulmonary function tests including the single breath
TLco were performed in 81 patients before and at specific intervals after heart
transplantation. Fifty seven of these had results before and at least once after
transplantation, 61 had 4 serial post-transplant assessments and 37 had both pre-
transplant and 4 post-transplant assessments. Results were compared with data
from 28 normal subjects. Before transplantation there was a mild restrictive
ventilatory defect with reduction in both TLco (72.1% of predicted) and TLco per
unit alveolar volume; Kco (90.1% of predicted). At 6 weeks after transplantation,
there was a further reduction in all lung function parameters with greater reductions
in TLco and Kco (declined by 18% and 26% of predicted, respectively). However,
lung volumes and flow rates increased in the subsequent measurements, to exceed

their pre-transplant values at about one year after transplantation. In contrast, TLco
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and Kco did not change after the initial decline up to three years after

transplantation.

TLco and its components (the diffusing capacity of the alveolar-capillary
membrane, Dy and the pulmonary capillary blood volume, V) were measured in
75 heart transplant recipients using the Roughton and Forster method. The
procedure of estimating TLco components was used after performing several
validation studies which showed that the applied technique yielded reproducible
estimation of TLco components with values comparable to previous reports.
Results were compared with data from 38 heart transplant candidates and 26
normal subjects. The % predicted TLco and Vc were significantly lower in
recipients (56.9% and 52.8%) compared to candidates (69.9% and 80.2%) which
were themselves significantly lower than normal (97.7% and 102.3%). Dy was
similarly reduced in recipients (77.7%) and candidates (81.4%) compared to normal
controls (100.1%). Correction for haemoglobin increased TLco in recipients to
63.5% of predicted, but this was still significantly lower than that of candidates
(71.1%). In recipients, the intra-capillary resistance (1/6V¢) formed 60% of 1/TLco
compared to 50% in candidates and normal subjects. In 9 patients assessed before
and at 6 weeks after heart transplantation, the changes in TLco, Dy and V¢ were
similar to those of 7 patients with mitral stenosis assessed before and at 6 weeks

after mitral valve replacement.

The potential responsible factors for TLco decline were analysed in 57 heart
transplant recipients. The change in TLco adjusted for haemoglobin was inversely

correlated with the pre-transplant TLco (r = -0.55) and mean pulmonary capillary



22

wedge pressure (r = -0.27). There was no relationship between the change in TLco
and any of the other variables which included pre-transplant static and dynamic lung
volumes, pre-transplant cardiac status as assessed by the duration and severity of
symptoms and by left ventricular ejection fraction, cardio-pulmonary bypass time,
post-transplant pulmonary complications, cytomegalovirus infection, cardiac
allograft rejection and cyclosporin blood levels. The potential role of cardio-
pulmonary bypass was further evaluated by comparing the results in heart
transplant patients with those of 15 patients who had lung function tests before and
at 6 weeks after coronary artery bypass graft (CABG). There was a significant
reduction in lung volumes, flow rates, TLco and K¢o after CABG. However, the
decline in TL¢o and Ko was less marked in CABG patients than in recipients and it
was entirely explained by post-operative anaemia (corrected TLco was 84.3%

before surgery and 87.9% afterwards).

The relationship between haemoglobin-corrected TLco and exercise performance
after heart transplantation was determined in 53 recipients. Results were compared
with data from 53 heart transplant candidates and 28 normal subjects. Maximal
symptom-limited oxygen uptake (Voz) was higher in recipients than in candidates
(39.8% and 46.0% of predicted respectively, p<0.05), but it was substantially lower

than that of normal controls (92.9% of predicted, p<0.001). The ventilatory and
gas exchange responses (Ve/Vcoz, Vo/Vr, and Pga_a),02) at maximum exercise were

significantly improved in recipients compared to candidates, but were still
abnormal. In recipients, TLco was correlated positively with Vo, (r = 0.60) and

inversely with ventilatory and gas exchange responses; Ve/Vcoz (r = -0.43), Vp/Vr
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(r = -0.29) and P(z.2),0, (r = -0.38), but there was no relationship between TLco

and any of these variables in the other 2 groups.

In conclusion, the studies comprising this thesis have demonstrated that TLco
decline is very common after heart transplantation and is present by 6 weeks with
no further changes up to three years after transplantation. This decline was shown
to be due to an increase in the intra-capillary resistance caused by a combination of
anaemia and reduced Vc. After correcting for haemoglobin concentration, pre-
transplant TLco and mean pulmonary capillary wedge pressure were identified as
the only factors which predicted TLco decline after heart transplantation. Since
increases in these two factors reflect elevated pulmonary venous pressure and
because of the similarity in both TLco and pulmonary haemodynamic changes
before and after heart transplantation and mitral valve replacement a causal link
between TLco changes and pulmonary haemodynamics is suggest. The reduction in
pulmonary vascular pressures may be responsible for V¢ reduction and therefore
TLco decline after heart transplantation. The decline in V¢ with persistence of
reduced Dy, after heart transplantation are likely to be markers of persisting
pulmonary vascular dysfunction caused by pre-transplant chronic pulmonary
congestion rather than being due to a new damage to the lungs from heart
transplantation and its associated complications. The relationship between TLco
and gas exchange abnormalities on exercise is further evidence of pulmonary
vascular dysfunction which appears to contribute to exercise limitation in heart

transplant recipients.
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CHAPTER 1

INTRODUCTION AND AIMS

1.1 Introduction

Gas exchange, the primary function of the lung is carried out by the physical
process of diffusion between the alveolar spaces and the pulmonary capillary blood
across the alveolar-capillary membrane. The pulmonary transfer factor for carbon
monoxide (TLco) is a non-invasive physiological measurement which is used to
assess the integrity of the alveolar-capillary membrane and the pulmonary capillary
bed. It is quantitatively defined as the rate of carbon monoxide (CO) uptake into
the pulmonary capillary blood per unit of driving pressure across the alveolar-

capillary membrane (2).

TLco is determined by the thickness, physical properties and the surface area of the
tissue across which the diffusion takes place (3). The effective surface area depends
on the number and size of functioning alveoli and pulmonary capillaries in contact
with each other. TLco is also dependent on the rate of reaction of CO with
haemoglobin in the capillary blood (4). The usual methods used to determine TL¢o
do not differentiate between these factors. Since TLco is a measure of conductance
(flow/pressure), its reciprocal (1/TLco) represents the resistance to CO transfer
between the alveolar spaces and haemoglobin in the red blood cells of the
pulmonary capillary blood. 1/TL¢o can be partitioned into two major components
which can be estimated using the Roughton and Forster relationship(5). These are:

the alveolar-capillary membrane resistance (1/Dy) and the “intra-capillary”
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resistance (1/0Vc), where Dy is the diffusing capacity of the alveolar-capillary
membrane, V¢ is the pulmonary capillary blood volume and 0 is the reaction rate
between CO and haemoglobin. Theta () depends on the prevailing alveolar oxygen
tension and the concentration of haemoglobin in the pulmonary capillary blood. The
two components of TLco can be estimated by measuring TLco at two different
inspired oxygen concentrations (5). The relationship between TLco and its

components is described by the equation of Roughton and Forster (5);
1/ TLco=1/Dy+ 1/ 0 V¢

From the relationship between TLco and its components in Roughton and Forster
model, it is clear that TLco may be normal in diseases which cause abnormal
changes in both of its components in opposite directions. For example, in heart
disease with mild to moderate left heart failure, pulmonary venous hypertension
tends to increase V¢ whereas interstitial and alveolar oedema tends to decrease Dy.
As a result, the overall TLco, may be normal or only slightly decreased despite

significant abnormalities in both of its components (2).

The heart and lungs are connected in series by the pulmonary circulation. The
normal matching of pulmonary blood flow and ventilation in the lungs is essential
for efficient gas exchange. Because of the interdependence between the heart and

lung, a dysfunction in one frequently affects the function of the other (6).

Congestive heart failure, the primary indication for heart transplantation, is
characterised by a restrictive ventilatory defect with small lung volumes and

reduced lung compliance (7). TLco is usually normal or only slightly reduced in



30

mild to moderate chronic congestive heart failure (8,9), but TLco impairment is
common in heart transplant candidates with severe chronic heart failure (10,11).
Lung function abnormalities in patients with heart failure are commonly attributed
to the well-recognised derangement of the pulmonary circulation and the associated
lung water imbalance that cause pulmonary congestion and oedema (12). Heart
transplantation restores pulmonary haemodynamics, lung volumes and airway
function toward normal (13,14). In contrast, TLco and TLco per unit alveolar
volume (Kco) have been consistently shown either to deteriorate or remain sub-

normal following heart transplantation (15-21).

The cause of TLco decline following heart transplantation is unknown. Cyclosporin
pulmonary toxicity (15,16) and cytomegalovirus infection (21) have been proposed
as possible causes. Other potential causes in the setting of heart transplantation
include; pre-operative pulmonary dysfunction, sternotomy and cardio-pulmonary
bypass procedure, pulmonary haemodynamic changes following transplantation,
post-operative pulmonary complications and cardiac allograft rejection and

dysfunction.

The mechanism of decline in TLco following heart transplantation is obscure. It has
been postulated that it may result from a reduction in the Dy component, caused by
damage to the alveolar-capillary membrane (16). However, the effects of heart

transplantation on the components of TL¢o have not been studied.

The reported studies on the TLco changes following heart transplantation are

limited in being retrospective and based on cross-sectional analysis of patients
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assessed at different intervals after transplantation (15,17-21). They all lack control
groups for the possible effects of sternotomy, cardio-pulmonary bypass procedure
and pulmonary venous congestion on lung function. In the only longitudinal study
(16), the number of patients was small (21 patients), and the post-operative
assessments were performed yearly for three years. There are, therefore, no
longitudinal data available on lung function changes within the first year after heart
transplantation. In addition, the clinical significance of TLco impairment in these

patients has not been determined.

TLco studies in patients with congenital and valvular heart disease, before and after
surgery, provide important pointers to the potential causes and possible
mechanisms of TLco decline following heart transplantation. A detailed account of
these studies is presented in chapter 3 of this thesis. Patients with congenital heart
disease and increased pulmonary blood flow associated with mild to moderate
pulmonary arterial hypertension have a significant increase in TLco due to a
proportional increase in both of its components (D and V¢) (22). Surgical
correction of the malformations in these patients is associated with a reduction in

TLco, D and V¢ toward normal (23,24).

Mitral valve surgery is an excellent model for the analysis of the changes in TLco

after heart transplantation for the following reasons:

1. The effects of mitral valve disease on the lung have been extensively studied both
before and after surgery and there is a relatively well-defined natural history of

pulmonary dysfunction in this disorder (25-27).
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2. The changes of TL¢o and other indices of lung function in chronic heart failure
(the primary indication for heart transplantation) and in mitral valve disease are very

similar (28).

3. Pulmonary haemodynamic disturbance is also similar in both mitral valve disease
and congestive heart failure. Both conditions are associated with low cardiac
output and raised pulmonary venous pressure and both can lead to secondary
pulmonary arterial hypertension and high pulmonary vascular resistance as well as

pulmonary fibrosis (27).

4. Both mitral valve surgery and heart transplantation have been shown to restore

all pulmonary haemodynamics towards normal early after surgery (13,29).

TLco in mitral valve disease is variable and appears to parallel the functional
capacity and pulmonary haemodynamics (30). Except in severe cases, it is usually
normal or only slightly reduced and in a few cases it may be higher than predicted
(31). V¢ is often normal or elevated, but Dy is usually low (32). In advanced cases
with severe pulmonary hypertension TLco is reduced and this is usually associated
with a proportional decrease in Dy and V¢ (32,33). TLco changes after mitral valve
surgery are also variable and appear to be related to the preoperative severity of the
disease and the interval between surgery and lung function assessment and there are

three patterns:

1. No significant change; this is the most common pattern and has been explained
by the counterbalanced effects of relieving pulmonary congestion (increased Dy),

and the reduction in pulmonary vascular pressures (reduced V¢) (26,34-36)
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2. Decline; this was reported in studies performed early after surgery, and this
might be due to the adverse effects of thoracotomy and cardio-pulmonary bypass

(37,38).

3. Improvement; this is uncommon and mainly found in cases with the lowest TLco
before surgery (39,40). It might be due to a greater improvement in Dy due to

relief of pulmonary congestion.

The changes in TL¢o following surgery for congenital heart disease and mitral valve
disease serve to highlight two important points that should be considered in the

investigation of TLco changes following heart transplantation:

1. The measurement of TLco components may clarify the mechanisms underlying
the reported decline in TLco following heart transplantation. The relationship
between TLco and pulmonary haemodynamics in patients with congenital and
valvular heart disease suggests an important role for pulmonary haemodynamic
changes in the decline in TL¢o following heart transplantation. In heart transplant
candidates with advanced heart failure, the long-standing pulmonary congestion and
the associated chronic pulmonary vascular and parenchymal changes would be
expected to lead to a reduction in both Dy and V¢ accounting for the common
occurrence of TLco impairment (10). The normalisation of pulmonary
haemodynamics along with the relief of pulmonary oedema following heart
transplantation, would be expected to decrease V¢ and increase Dy, respectively. A
disproportionate decrease in V¢ secondary to the normalisation of pulmonary

pressures may be an important contributory factor in the observed decline in TLco
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following heart transplantation. In addition, a significant decrease in haemoglobin
levels after transplantation could lead to reduction in the measured TLco by

reducing 0 (41).

2. Lung function before transplantation and the time of assessment after
transplantation may be important. Most of the potential causes of TLco decline in
the setting of heart transplantation occur within the first few weeks after
transplantation (42). It is therefore important to define the time course of TLco
changes following heart transplantation by longitudinal measurements of TLco and
other lung function tests before and serially after transplantation at specific

intervals, including the early post-transplant period.

TLco is a sensitive index of alveolar-capillary membrane integrity (43), and its
impairment in asymptomatic patients may be due to a sub-clinical injury to the
pulmonary capillaries, alveolar membrane or both (43). TLco impairment has been
shown to predict arterial oxygen desaturation and exercise limitation in various lung
disorders (44). In pulmonary sarcoidosis, isolated TLco impairment in patients with
normal chest x-rays and no respiratory symptoms is associated with abnormal
ventilatory and gas exchange responses to exercise (45). It is, therefore, clinically
important to define the time course of TLco changes following heart
transplantation, and to determine the cause of its decline. In addition, the clinical

significance of TLco impairment in these patients needs to be evaluated.
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1.2 Aims

The objectives of the studies comprising this thesis were to:

1. Measure prospectively the longitudinal changes in TLco following heart
transplantation.

2. Determine the mechanism of TLco impairment in heart transplant recipients in
terms of the relative contribution of its components.

3. Analyse the factors that could potentially cause TLco reduction following heart
transplantation

4. Determine the effects of reduced TLco on exercise capacity and pulmonary gas

exchange in heart transplant recipients.

1.3 Layout of the thesis
The work of this thesis is presented in 11 chapters grouped in three parts.

Part 1: Consists of three chapters including this introductory chapter. Chapter 2
reviews the physiological principles underlying TLco measurement and provides a
brief outline of the various factors affecting it. A review of the limitations and
clinical applications of TLco measurements is also included. Chapter 3 is devoted to
a literature review of lung function in heart disease with particular emphasis on
TLco changes following cardiac surgery in general and heart transplantation in

particular.

Part 2: This part presents the general methods used in the studies comprising this
thesis in three chapters. These include: general design and protocols (chapter 4),

material and methods of various lung function tests including the broncho-alveolar
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lavage study (chapter 5) and validation studies of TLco and its components

measurements (chapter 6) .

Part 3: Consists of the last 5 chapters which investigate TLco changes in heart
transplant patients. The longitudinal changes in TL¢o and other lung function tests
following heart transplantation during a follow-up period of 2.5 years are described
in chapter 7. Chapter 8 evaluates the mechanisms of TLco reduction in heart
transplant recipients in terms of the relative contribution of each of its components
and chapter 9 investigates the various factors that could theoretically be responsible
for TLco decline in the setting of heart transplantation. Chapter 10 evaluates the
significance of reduced TLco in heart transplant recipients in terms of its effects on
exercise capacity and on pulmonary gas exchange on exertion. Finally, the results of
the studies comprising this thesis are summarised in chapter 11. The significance
and contribution of these studies to previous knowledge in the field are discussed.

The chapter concludes by highlighting the research opportunities in the topic.
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CHAPTER 2

THE PULMONARY TRANSFER FACTOR: REVIEW OF

METHODS AND PHYSIOLOGICAL PRINCIPLES

2.1 Fundamentals of gas diffusion in the lungs

In the early years of this century there was a vigorous debate surrounding the
mechanisms of gas transfer across the alveolar-capiilary membrane. Bohr and
Haldane believed that pulmonary gas transfer occurred by active secretion as well
as by passive diffusion, whereas the Kroghs and Bancroft argued that gas transfer
occurred by pure diffusion alone. It is now accepted that gas transfer across the
alveolar-capillary membrane occurs by passive diffusion according to physical laws

(46).

The factors that determine the diffusion of gases through tissues are described by
Fick’s law (3). This states that the rate of transfer of a gas (V) through a sheet of
tissue is directly proportional to the surface area of that tissue (A), and the
difference in the partial pressures of the gas across the two sides of the tissue
(P;-P;). It is also proportional to a diffusion constant (D), and inversely

proportional to the tissue thickness (T). Mathematically, Fick’s law is expressed as:

V, = (AXD/T)/( Py- Py) =—mme 1
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For the lung, P, corresponds to the alveolar partial pressure of the gas (Pa), P> is
equivalent to the pulmonary capillary partial pressure of the gas (Pc) and (Pa-Pc) is
the effective driving pressure across the alveolar-capillary membrane. The diffusion
constant (D) for a gas is directly proportional to its solubility in the diffusion barrier
and inversely proportional to the square root of the molecular weight of the gas
(47). In a complex structure such as the lung it is not possible to measure
parameters A, D, or T individually and therefore the value (AxD/T) in equation 1
was collectively termed the “diffusing capacity of the lung” and was given the
symbol (DL) with a subscript to denote the gas under consideration. In Europe the
preferred term is the “Lung transfer factor (TL)”. By substituting TL for (AxD/T),

equation (1) becomes: Vg = TL4/Pa-Pc), and by rearrangement,
TLg = Vg/(PA-P C) ----- -2

This equation forms the basis for all the physiological methods used to evaluate the
diffusion characteristics of the lung, and it shows that the value of the lung transfer
factor for a gas (g) can be readily determined from a knowledge of the rate of the
gas uptake (V) and the partial pressure difference of the gas across the alveolar-

capillary membrane (Ps-Pc).

The lung transfer factor can be measured for oxygen (TLo;), carbon monoxide
(TLco), and nitric oxide (TLyo). TLoz is the most relevant physiological
measurement, but the methods used to derive it are very complex and have very
poor reproducibility. This is mainly due to the difficulties in estimating the mean

partial pressure of oxygen in the pulmonary capillaries, and TLo, measurements
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have been abandoned (3). TLyxo measurement has been recently introduced and its
clinical application is still being evaluated (48). TLco measurement is the method of

choice used to evaluate the pulmonary gas transfer factor (3).

Carbon monoxide (CO) has the advantage of being similar to oxygen in its reaction
with haemoglobin. In addition, it has very high affinity for haemoglobin - about 230
times that of oxygen (3). As a result, when a small quantity of CO is used, virtually
all of it is taken up by the haemoglobin of the red blood cells in the pulmonary
capillaries, and the P.co remains constant and negligible. In the calculations of

TLco, Pcco is assumed to be zero, and equation 2 is therefore simplified to:

TLco = Veo/Paco —~—---—- 3

where:

e TLco is the lung transfer factor for CO,
e Vo is the rate of CO uptake and

® Paco is the alveolar CO tension.

The traditional units for TL of any gas are millilitres of gas per minute per
millimetre of mercury (ml.min”.mmHg™). The corresponding international units
(SD) are millimoles of the gas per minute per kiloPascal (mmol.min™ kPa™). The

relationship between the two systems is given by the following equation (49):
TLco (ml.min™.mmHg™.) = 2.986 x TLco (mmol.min™ kPa™.).

The elimination of the need to estimate P.co which was first suggested by Bohr and

applied by Marie Krogh has greatly simplified the physiological methods of
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assessing the diffusion characteristics of the lung and CO tests became the usual

way of assessing this index of gas exchange (3,47).
2.2 The single-breath transfer factor for carbon monoxide (TLco)

In the process of disproving the theory of active secretion, Marie Krogh described
the single breath-holding method for the measurement of TLco in 1914 using
equation 3 (50). In this original method, the subject first exhaled to residual
volume, then inhaled a test gas containing 1% CO in air to near total lung capacity,
then exhaled part away, held the breath for six seconds followed by complete
expiration to residual volume. The alveolar gas was sampled twice during this two-
stage expiration technique and these samples were used by M. Krogh to estimate
the alveolar CO concentrations before and after the breath-hold period (46). In this
original work, M. Krogh used the test in normal subjects and in patients with
various respiratory diseases: But, this method did not become clinically applicable
until the 1950s when Forster et al. (51), Ogilvie et al. (52), and others (53)
developed modifications for its use in clinical practice. The most important
modification was the addition of helium to the inspired test gas which allowed the
easy determination of the initial alveolar concentration of CO, as well as the lung

volume during the breath-holding time (54).

In 1954, Forster and associates introduced the first modification of Krogh's method
by adding helium to the test gas (51). Helium is an inert gas and does not diffuse
across the alveolar-capillary membrane, and the change in its concentration before

and after the breath-holding period was used as a factor for CO dilution in the
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residual volume. This allowed the estimation of the alveolar CO concentration at
the start of the breath-holding manoeuvre. The technique was therefore, simplified

to a single alveolar gas collection at the end of breath-holding period.

In 1957, Ogilvie et al. (52) used the modified Krogh single breath technique
described by Forster to produce a standardised single breath-holding method for the
clinical measurement of TLco. In this work, many of the factors that affect TLco
measurement were presented, and a standardised technique to account for these
factors was described. TL¢o values in normal subjects and in patients with various
respiratory disorders were also presented. In this technique, the subject was asked
to make a full expiration after which, he made a maximal inspiration of a test gas
mixture containing 0.3% CO and 21% O; in nitrogen. The subject then held his
breath for about ten seconds and then rapidly expired. The first litre of the expired
gas was discarded and the remainder was collected for analysis. The initial CO
concentration, before any CO had been transferred across the alveolar-capillary
membrane was calculated from the dilution of the inspired helium according to the

following equation:
Initial alveolar [CO] = inspired [CO] X (expired [He] / inspired [He])

From the change in CO concentration in the alveolar sample over the breath-
holding time, TLco was calculated using Krogh's equation which is based on the
assumption that the rate of CO uptake across the alveolar-capillary membrane is

exponential;

TLco = (VA X 60/t x PACO) X In (initial [CO] / final [CO])
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where:
e V4 was the alveolar volume,
e t was the breath-hold time in seconds and

e 60 was used to convert from seconds to minutes.
Ogilvie and associates measured V, separately using either the helium closed circuit

technique or the nitrogen wash-out method according to the following equation,;

Va=Vi+RV

where:
e V;was the inspired volume and

e RV was the residual volume.
The duration of breath-holding was timed from the start of inspiration to the start

of the alveolar sample collection.

In 1959 McGrath and Thomson (53) introduced the use of helium dilution
simultaneously to estimate V, as suggested by Forster (51). The two methods of
V4 estimation give similar values in normal subjects and in patients with interstitial
lung disease. In patients with chronic airway disease associated with

maldistribution, the simultaneous method may be unreliable (52).

In 1961, Jones and Meade (55) suggested to inclusion of two thirds of the
inspiratory time and one half of the alveolar sampling time as parts of the breath-
holding period. This modification was based on a mathematical model and
supported experimentally and subsequently recommended by Cotes (56), and by

both the European Respiratory Society and the American Thoracic Society (41,57).
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2.3 TLco components

The value of TLco derived from equation (3) was originally thought to represent
the entire process of diffusion from the alveolar spaces to the haemoglobin of the
red blood cells in the capillary blood. In 1945, Roughton demonstrated that the
lung transfer for CO was limited not only by the resistance of the alveolar-capillary
membrane, but also significantly by the relatively slow reaction of CO with
haemoglobin (4). In 1957, Forster and Roughton further advanced this concept and
derived a mathematical model to describe the relationship between the determinants
of the pulmonary transfer factor (5). This model is described by the following

equation:

1/TLco = 1/Dy+ 1/ 0 x Ve ==~- -— 4

where:

e 1/ TL¢o is the total resistance to gas transfer for CO between the alveolar gas
and haemoglobin in the pulmonary capillaries,

e 1/Dy is the resistance to gas transfer across the alveolar-capillary membrane,

e 1/ 0x V¢ is the resistance of the instantaneous total volume of red blood cells in
the pulmonary capillaries “intra-capillary resistance”,

e V¢ is the volume of the pulmonary capillary blood in millilitres and

0 is the standard rate at which 1 ml of whole blood combines with CO in

millilitres STPD per minute per millimetre of mercury of partial pressure.
In this model, TLco was called “the apparent diffusing capacity” of the entire lung,
and the term “Dy” was called the “true diffusing capacity” of the alveolar-capillary
membrane (58). It was also demonstrated that TLco was inversely proportional to

the prevailing alveolar oxygen partial pressure and that was shown to be due to



44

changes in 0. The values of 0 at different oxygen partial pressures were obtained by
the same investigators from in vitro CO uptake in a suspension of human

erythrocytes at 37C (59).

The mathematical derivation of equation 4, and the principles underlying the
estimation of Dy; and V¢ have been fully described by Roughton and Forster (5,58).
The values of Dy and V¢ can be derived by measuring TLco using single breath-
holding method or any other method, at two different alveolar oxygen tensions and
using the two corresponding values for 0 to obtain two equations which are then
solved simultaneously for Dy and Vc. Alternatively, the values of Dy and V¢ may
be obtained graphically by plotting the two values of 1/TLco against the
corresponding 1/0 as shown in Figure 5.1. The slope of the line equals 1/V¢ and its

intercept with 1/ TLco axis equals 1/Dy.

In this model, Dy and V¢ are assumed to be independent of the alveolar oxygen
tension. It is also assumed that the haemoglobin concentration in the pulmonary
capillary blood is identical to that of venous blood and the rate of reaction of CO
with haemoglobin (0) in vitro is identical to that occurring in the pulmonary

capillary blood (5).

The Roughton and Forster model has been supported by many recent clinical and
experimental studies, and it has become the standard physiological model which
describes the transfer of CO and O, between the alveolar gas and the haemoglobin
of the red blood cells in the pulmonary capillaries (59). The clinical application of

this model has contributed to the understanding of the changes in pulmonary gas
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transfer under different physiological and pathological conditions (41). In
particular, it has been used extensively in clinical research as a non-invasive index
of pulmonary capillary bed function in health and disease with consistent results

(2,60).
2.4 Determinants of TLco

From the equations used to calculate the lung transfer factor for CO and its
components, there are five major determinants. These are: 1) the length of diffusion
path, 2) the surface area available for diffusion, 3) the characteristics of the
alveolar-capillary membrane, 4) the driving pressure across the alveolar-capillary

membrane, and 5) the “diffusion” within the pulmonary capillary blood.
1. Length of diffusion path

Before entering blood, oxygen and other gases such as CO must first cross all the
tissues interposed between the alveolar spaces and the erythrocytes in the
pulmonary capillary blood. These tissues are collectively referred to as the alveolar-
capillary membrane and include: the alveolar surface lining (surfactant), the alveolar
wall and its basement membrane, the pulmonary capillary wall and its basement
membrane, and the interstitial space between the alveoli and the capillaries (61).
Normally, the thickness of the alveolar-capillary membrane is about 0.5
micrometers, but it can become much thicker when there is pulmonary fibrosis,
oedema or an inflammatory exudate into the interstitial space (61). Thickened
alveolar-capillary membrane causes a characteristic reduction in TLco (43).

However, isolated increase in the thickness of the alveolar-capillary membrane is
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believed to be very rare and indeed some investigators believe that this state does
not exist in isolation as most pulmonary disorders affect more than one determinant

of gas exchange (43).
2. Effective surface area

As stated before, the pulmonary gas transfer factor is directly proportional to the
effective surface area of diffusion. This area is estimated to be about 50-100 m” in a
healthy adult at rest (43). The effective surface area is determined by the lung
volume and by the distribution of alveolar ventilation and pulmonary perfusion. A
decrease in the number of ventilated alveoli, or the number of patent capillaries, as
in ventilation-perfusion mismatch, reduces the effective surface area for diffusion

and can reduce the measured TLco even when the diffusion distance is normal (62).
3. Characteristics of the alveolar-capillary membrane

The rate of gas transfer across the alveolar-capillary membrane is proportional to
the solubility of the gas in the pulmonary tissue, but there are no information about
the influence of this factor on the measured TLco in either health or disease. It is
possible that fibrotic lung tissue might resist gas transfer more than normal tissue of

similar thickness and surface area.
4. Driving pressure across the alveolar-capillary membrane

The effective driving pressure for gas transfer across the alveolar-capillary
membrane is the difference between the alveolar partial pressure of the gas and its
partial pressure in the pulmonary capillaries. For carbon monoxide, the pulmonary

capillary partial pressure is assumed to be zero. In heavy smokers, the pulmonary
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capillary partial pressure for carbon monoxide increases significantly and if it is not

taken into account, it leads to underestimation TL¢o (41,63).
S. “Diffusion” within the pulmonary capillary blood

The diffusion path through plasma is believed to be very short as the diameters of
erythrocytes and the pulmonary capillaries are similar (about 7 um each) (59,61).
The overall “intra-capillary resistance, 1/6x V¢ is determined by two factors; 1) the
total haemoglobin in the pulmonary capillaries which depends on the haematocrit
and the instantaneous pulmonary capillary blood volume (V¢), and 2) the rate of
reaction (0) between CO and haemoglobin (5,43). Any factor that reduces the total
haemoglobin concentration in the pulmonary capillary bed causes a fall in the
measured TLco (59). In normal subjects, the “intra-capillary resistance” has been

shown to be equivalent to the resistance caused by the alveolar-capillary membrane
5).

Thus, the measured value of TLco may be altered by abnormalities in the
ventilation-perfusion relationship, in the alveolar-capillary membrane, or in the
pulmonary capillary blood. Most disorders of gas exchange involve more than one

of these, sometimes with opposing effects on TLco (43).
2.5 Factors affecting TLco measurement

Several physiological and technical factors have been identified as influencing the
measurement of TLco and its components (59). Understanding the effects of these
factors is not only important for the accurate interpretation of TLco changes, but

also essential for standardising the methods of TLco measurement (41). These
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factors include: 1) age, sex, and body size, 2) body position during the
measurement, 3) lung volume at which TLco is measured, 4) haemoglobin
concentration, 5) carboxyhaemoglobin blood level, and cigarette smoking, 6)
alveolar oxygen tension, 7) exercise and 8) ventilation-perfusion relationship. In
addition, there are several important technical factors specifically related to the
single breath-holding method. The influence of these factors on TLco measurements
has been extensively evaluated by many investigators (5,52,53,64), and the results
of these studies form the basis of the recent recommendations of the American
Thoracic Society and the European Respiratory Society for the standardisation of
TLco measurements (41,65). The following is an outline of the influence of these

factors on TLco measurement and interpretation.
1. Age, sex, and body size

TLco increases with growth in children. In adults it decreases with age and is
proportional to body size. The TLco is less in normal females than in normal males.
This is believed to be due the difference in body size and the alveolar volume
between the two sexes (66,67). Body weight appears to have no significant effect

on TLco. Prediction equations are used to correct for age and height (41).
2. Body position

TLco increases by about 10-20% in the supine compared to sitting position. Dy and
V¢ show similar trends with V¢ increasing more than Dy on assuming the supine
position. These changes are believed to be secondary to the gravitational effect on

lung volumes and pulmonary ventilation-perfusion distribution (68).
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3. Lung volume

TLco increases with increasing lung volume. This observation lead Marie Krogh to
consider the TLco per unit lung volume (TLco/V4), which she called the diffusion
constant (Kco), to be a more useful index of diffusion because she found it constant
at various lung volumes (50). Further studies have confirmed that TL¢o increases
with increasing lung volumes. However, Kco is not constant; when single breath
TLco was measured at various lung volumes, Kco decreased as lung volume
increased until the lung volume reached 80 % of the total lung capacity (TLC) and

above this Kco became constant (41,69).

The changes in Dy with increasing lung volume parallel that of TLco, but in normal
subjects V¢ decreases at high lung volumes (70); the expansion of the lungs is
believed to increase the surface area for diffusion, reduce the thickness of the
alveolar-capillary membrane, and flatten the pulmonary capillaries and as a result

TLco and Dy increase, while V¢ and Kco decrease with increasing lung volumes
41).
4. Haemoglobin concentration

TLco decreases in anaemia and increases in polycythaemia. This is a function of the
rate CO reaction with haemoglobin which is directly proportional to haemoglobin
concentration (66). The measured TLco can be normalised for actual haemoglobin
using standard equations and this is recommended when haemoglobin levels are

outwith the normal range (41).
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5. Carboxyhaemoglobin (Co-Hb) and cigarette smoking

TLco is inversely proportional to the level of Co-Hb (41,63). Co-Hb reduces the
measured TLco by two different mechanisms. Firstly, the increase in the venous
partial pressure of CO creates a back pressure in the pulmonary capillary blood and
because the pulmonary capillary CO partial pressure (P.co) is assumed to be zero,
the increase in P.co reduces the effective driving pressure for CO across the
alveolar-capillary membrane thereby causing a reduction in the measured TLco
(65). Secondly, Co-Hb reduces the number of the available haemoglobin binding
sites causing a reduction in the functional haemoglobin concentration (the anaemic
effect) (71). The magnitude of Co-Hb effect on the measured TLco is about 1%
decrease in TLco for every 1 % increase in Co-Hb (72). Repeated measurements of

TLco increase the level Co-Hb, but this is usually not clinically significant (59,63).

TLco is reduced by both acute and chronic cigarette smoking (73), and in heavy
smokers Co-Hb can reach significant levels and adjustment for this may be
necessary (41). Cigarette smoking is also associated with accelerated decline in
TLco even after allowing for the effects of Co-Hb (71). Smoking cessation is
associated with rapid improvement in TLco (74). Reference equations that include
adjustment for Co-Hb and smoking are available (41). The acute effects of smoking
are best avoided by asking the patients to stop smoking overnight before to being

tested (63)
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6. Alveolar oxygen tension (PAo;)

TLco is inversely proportional to Pao; and this varies with the inspired oxygen
making standardisation of Po, essential (41,75). The European Respiratory Society
recommended the use of a gas mixture containing 17 to 18% oxygen, because at
this range Po; is nearly constant (41). The American Thoracic Society, on the
other hand recommended the use of gas mixtures containing 21% oxygen (57,65).
At other inspired oxygen concentrations, correction to the standard Pao, should be

done using Roughton and Forster equation (5).
7. Exercise

TLco, Dy, and V¢ increase with exercise. This increase is believed to be due
increases in the surface area for diffusion and the pulmonary capillary blood volume
either by the distension of patent vessels, or by the opening of previously closed

vessels (recruitment) or by both (66).
8. Ventilation-perfusion relationship

All methods of estimating TLco consider the lungs as a homogeneous system with a
uniform distribution of ventilation and perfusion. However, the normal lungs have
an uneven distribution of ventilation and perfusion and this usually worsens in
disease (2,76). The effects of ventilation-perfusion mismatch on the measured TLco
depends on the method used; it has relatively little effect on TLco measured by
either single breath-holding or rebreathing techniques, but significantly influence the
steady-state estimation of TLco especially at rest (77). The discrepancy between

single breath-holding and steady state TLco in different diseases is believed to be
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due to the greater effect of ventilation-perfusion mismatch on steady state

measurements (62).
9. Technical factors specific to single breath-holding method

There are several technical factors specifically related to the single breath-holding
method which could alter the measured TLco (78). These include the inspiratory
and expiratory manoeuvres, the timing and duration of breath-holding, the timing
and volume of washout and alveolar samples, the variability in the alveolar pressure
during the breath-holding manoeuvre and the time interval between and the number
of repeated measurements in a single session (52,55). Standardisation and good
control of these factors have been shown to decrease the variability of single breath

TLco (79).
2.6 Comparison between the principal methods of TLco measurement

TLco can be measured using several techniques, but the principal methods in use
are: a) single breath-holding method, b) steady-state method, and c) rebreathing

method (79). All of these physiological methods are based on the general equation:

TLco = Vco/Paco

Therefore each method involves two basic steps: 1) measuring the rate of CO

uptake (Vco), and 2) estimating the mean alveolar partial pressure of CO (Paco).

The details of these methods have been well described (2,77,80). The single breath-
holding technique as described by Ogilvie and associates (52) is the most commonly

used method, and is the method used in studies comprising this thesis. However,
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some of the previous studies relevant to the work of this thesis were performed
using other methods, especially steady state and rebreathing methods. The
following is a brief account of the advantages and disadvantages of the three

principal methods (2).
1. Single breath-holding method

The advantages of the single breath-holding method are that it is widely available,
relatively simple to perform, less affected by ventilation-perfusion abnormalities and
relatively insensitive to CO back pressure in blood. In addition, it is the most
standardised method and has been computerised and widely studied in normal
subjects and patients with reproducible results (41). The disadvantages of single
breath TLco include the criticism that the breath-holding manoeuvre is not a
physiological state and therefore the obtained TLco values do not reflect the gas
exchange function during tidal breathing. The requirement to hold their breath for
about ten seconds may be difficult for some patients with severe breathlessness and
a vital capacity of at least 1.3 litres is necessary to allow adequate dead space wash

out and adequate alveolar samples. It is also difficult to apply during exercise (80).
2, Steady state methods

In all steady state methods, the subject breathes a low concentration of carbon
monoxide (0.1-0.3) for several minutes to reach a steady state of CO exchange. A
mixed expired gas sample is collected over several more minutes and the rate of CO

uptake is estimated from the difference between the quantities of the inspired and
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expired CO per unit time. The alveolar partial pressure for CO (Paco) is estimated

using one of the following different ways:

e Filley’s Technique : This method requires an arterial blood sample to measure
the arterial carbon dioxide tension (P.co2) which is then used to estimate Paco

using Bohr equation.

e End-tidal CO determination technique : The Paco is determined by taking an
average end-tidal CO tension from the instantaneous analysis of multiple

breaths. The average end-tidal value is taken to equal the mean Psco.

e Dead space technique: This technique uses an assumed dead space ventilation
(Vp) and the measured tidal volume (Vr) to derive Paco using the Bohr

equation.

e Mixed venous Pco, technique: In this method, the P,co; is derived indirectly by
estimating the partial pressure of mixed venous CO2 using an equilibrium
technique. The derived P,coz is then used to calculate Paco using the Bohr

equation as in Filley’s technique.

The advantages of steady state-methods include measurement during tidal breathing
which is physiological and can be applied at rest, during sleep, exercise, and general
anaesthesia. They also require less equipment, less calculations, and less patient co-
operation. One of the most important limitations of these methods is their
sensitivity to ventilation-perfusion abnormalities. This is mainly due to the use of
the Vp/Vr ratio, and P,co, in the calculation of Paco, and small errors in the

estimation of these parameters can lead to wide variations in the measured TLco.
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The requirement for arterial blood sample in Filley’s technique is another
disadvantage. In general, the different steady-state methods for estimating TLco
give similar results (81), although values for TLco are consistently less than those
obtained using single breath-holding method. This is believed to be related to the
greater lung volume at which the single breath-holding TLco is made (80). In
normal subjects, there is good agreement between single breath-holding and steady-
state methods, but in patients the disparity between the two methods can be

considerable (82).
3. Rebreathing Technique

In this method the subject rebreathes from a bag containing a gas mixture (0.3%
CO, 10% He, 21% O2 with the remainder being nitrogen) for 30 to 60 seconds at a
rate of 24 to 30 breaths per minutes. The rapid rebreathing allows continuous
mixing of the test gas so that the bag gas concentrations can be considered
equivalent to the alveolar gas concentrations. Gas concentrations are continuously
monitored during the test using rapidly responding gas analysers. The uptake of CO
is calculated from the system volume and from the rate of carbon monoxide
disappearance from the bag. TLo is calculated using the modified Krogh equation,
except that the alveolar volume is replaced by the system volume which includes

the alveolar volume and the gas volume in the bag and the apparatus (83).

The advantage of this method is that it can be performed during exercise and in
patients with vital capacities of less than 1.3 litres. In addition, it is the method least

affected by ventilation-perfusion abnormalities. However, some patients find it
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difficult to rebreathe rapidly at a fixed rate (80). This method is not recommended
for routine use (41), but it is considered to be the method of choice when the single

breath-holding method cannot be used (84).
2.7 Predicted normal values and reproducibility of TLco measurement

The single breath-holding method is the most reproducible technique and it is the
method of choice (41,57,65). The reported normal intra-individual coefficient of
variation for single breath TLco is 3.7 % (range; 2.6% - 10.7 %) (79,80). Under
good control of measurement conditions, the reported coefficients of variation for

D and Vc are 12 % and 7 % respectively (79).

Predicted normal values for TLco have been derived from many population studies
and there are many prediction equations for TLco which are corrected for age,
height, and gender (49,85). Like most other lung function tests, there is a wide
range of variability in these equations (85). This variability is primarily attributed to
differences in the techniques and different criteria for population selection (63,80).
The importance of all the possible technical and physiological factors affecting the
measurement of TL¢o has been emphasised by both the American Thoracic Society
and the European Respiratory Society in their recommendations for the
standardisation of TLco measurements (41,57,65). The adherence to these
recommendations is hoped to improve the reproducibility of TLco measurements

and reduce the variability between the published results (41,57).

Like most other lung function tests, the normal range of normal TL¢o is commonly

defined as the predicted TLco +/- 20% (86). However, this arbitrary definition is



57

only valid when the scatter about the regression line of the prediction equation is
proportional to the value of the predicted index (86). In common with most lung
function tests in adults, the scatter about the prediction equation for TLco is
independent of its value (86,87). Therefore, the practice of using a fixed percentage
of predicted as a lower limit of normal TLco in adult is not recommended
(41,57,63,65). The recommended approach is to define the lower limit of normal by

the lower 5™ percentile of the reference population (41,63,65,88).
2.8 Clinical applications

The measurement of TLco gives information about the mass of functioning
pulmonary capillaries in contact with ventilated alveoli and reflects dysfunction of
gas exchange mechanisms in certain pulmonary vascular and parenchymal diseases.
TLco measurement has become an established routine test in most respiratory
laboratories and is used in the screening, monitoring and differential diagnosis of

many lung disorders (89).

Impaired TLco is one of the earliest objective indices in extrinsic allergic alveolitis
(54). It is also used for early detection of pulmonary drug toxicity (e.g. amiodarone
(90,91)). Serial measurements of TLco have been used to monitor progress and

response to treatment in many interstitial lung diseases with variable results (54).

Like all other non-invasive lung function tests, TLco is not diagnostic of any
disease, but it may be useful in the differential diagnosis. TLco estimation is
particularly helpful in the differential diagnosis of chronic obstructive pulmonary

disease; usually being normal and sometimes elevated in asthma, normal in chronic
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bronchitis and reduced in emphysema (63,92). TLco is frequently abnormal in
pulmonary vascular diseases, but it has very little value in the differential diagnosis
of these disorders (54). The values of TL¢o and its components have been shown to
correlate with severity of pulmonary vascular disease including congenital and

acquired heart disease (30).
2.9 Limitations of TLco measurements

From the previous sections, it is clear that TLco tests have important limitations.
These include lack of specificity, the wide range of normal values and the lack of
correlation with the severity of disease (80). In addition, the use of different
methods and different types of equipment along with the lack of standard values
make it difficult to compare results obtained in different laboratories. The adoption
of standardised methods is expected to reduce the differences in the TLco values
obtained in different centres (41,65). The estimation of Dy and V¢ requires very
precise control of measurement conditions as these parameters are very sensitive to
changes in the breath-holding time and the alveolar pressure during this time which

must kept constant and close to the atmospheric pressure (79).

In spite of all of its limitations, TL¢o estimation remains a valuable index of the gas
exchange function. It is simple, sensitive and non-invasive and may become
abnormal before dysfunction is reflected by changes in arterial blood gases or by the

other non-invasive lung function tests (93).
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CHAPTER 3

LUNG FUNCTION IN HEART DISEASE - REVIEW

The lungs are interposed between the right and left sides of the heart and are
connected to the heart in series by the pulmonary circulation. The matching of
pulmonary blood flow and ventilation in the lungs is of prime importance to the
efficiency of gas exchange. Because of the interdependence between the heart and
lung in both structure and function, compromise in one adversely affects the

function of the other (6).

The overall process of gas exchange at the alveolar-capillary interface consists of 4
interdependent processes (28). These processes are: ventilation of the alveol,
perfusion of the pulmonary capillaries, matching of ventilation and perfusion, and
diffusion of oxygen and carbon dioxide across the alveolar-capillary membrane.
Impairment of all of these processes has been reported in various forms of heart
disease (6,12,26). The purpose of this section is to review lung function changes in
heart disease with particular emphasis on the diffusing characteristics of the lung

before and after various forms of cardiac surgery.
3.1 Mechanisms of pulmonary dysfunction in heart disease

Heart disease disturbs lung function through one or more of the following

mechanisms (12): 1) increased pulmonary venous pressure, 2) lung compression, 3)
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low cardiac output, 4) altered pulmonary to systemic blood flow ratios, and 5)

pulmonary complications of heart disease treatment, e.g. drugs and cardiac surgery.
1. Increased pulmonary venous pressure

Pulmonary venous hypertension is the most common cause of altered lung function
in heart disease (12). Regardless of the cause of left heart failure, the resulting
increase in left ventricular end-diastolic pressure is transmitted backwards into the
left atrium and is in turn transmitted to the pulmonary venous system. The effects
of increased pulmonary venous pressure on lung function are well documented and
the extent of pulmonary dysfunction appears to depend on the severity and the
duration of the pulmonary venous hypertension (94-96). The increased pulmonary
venous pressure causes transudation of fluid out of the capillaries which appears
first as an increase in the pulmonary lymph flow. Then it accumulates in the
interstitial space surrounding the peripheral vessels and airways and later in the
alveolar walls. In severe cases it floods the alveoli (95). Mildly elevated pulmonary
venous pressure is associated with a corresponding increase in the pulmonary
arterial pressure to maintain a normal pressure gradient along the pulmonary
capillaries. With increasing severity, pulmonary artery pressure increases out of
proportion to the increase in the pulmonary venous pressure indicating the
development of established active pulmonary hypertension (97). Histological
studies have shown that severe chronic pulmonary venous hypertension is
complicated by medial and intimal hyperplasia in the small pulmonary arteries and
veins and by interstitial fibrosis (30,98,99). These pathological processes are

reflected by characteristic abnormalities of lung function (30).
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2. Lung compression

Cardiomegaly, pleural effusions, and elevated diaphragm resulting from
hepatomegaly and ascites are common in congestive heart failure of any cause and
are believed to contribute to the restrictive ventilatory defect that is commonly

observed in patients with this condition (12,14).
3. Low cardiac output

Low cardiac output leads to uneven distribution of perfusion and ventilation
resulting in impairment of pulmonary gas exchange (28). Respiratory muscle fatigue
is also common in heart failure and has been attributed to low perfusion secondary

to low cardiac output (100-102).
4. Altered pulmonary blood flow

In congenital heart disease with a left to right shunt, persistent massive pulmonary
blood flow leads to structural changes in the pulmonary vascular bed which can be
irreversible resulting in arterial pulmonary hypertension and raised pulmonary
vascular resistance (27). On the other hand, congenital heart disease with right to
left shunt is characterised by low pulmonary blood flow, hypoxaemia, and cyanosis

(103).
5. Pulmonary complications of heart disease treatment

Some of the drugs used in the treatment of heart disease have been shown to cause
or exacerbate lung disease (12). Beta-adrenergic blockers such as propranolol

exacerbate bronchoconstriction in patients with asthma and chronic obstructive
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pulmonary disease (104). Amiodarone-induced pulmonary toxicity has been
documented clinically and pathologically in patients taking this anti-arrhythmic
drug, and include pneumonitis, pulmonary fibrosis, and sub-clinical abnormalities of
lung function (91). Lung function is also altered by cardiac surgery, including heart

transplantation (10,38).
3.2 The pulmonary circulation in heart disease

As has been noted above, the pulmonary vascular bed is frequently disturbed by
disorders of cardiac output such as congestive heart failure and congenital heart
disease. Initially, there are changes in the pulmonary vascular pressures, the
pulmonary blood flow or both, followed by pathological changes in lung structure
(30,95). The functional consequences of these change include: abnormal
ventilation-perfusion relationships (26,94), altered diffusing properties of the lungs
(31,105) and abnormal lung volumes and mechanics (25). A review of the normal
structure and function of the human pulmonary circulation is essential for the
understanding of lung function changes in heart disease. A detailed account of the
functional anatomy of the pulmonary circulation is beyond the scope of this thesis.
The following is a brief out-line of the structure and function of the human

pulmonary circulation both in health and in heart disease (27,61,106,107).

The lungs receive blood from both the bronchial and the pulmonary circulations.
The bronchial blood flow constitutes a very small portion of the output of left
ventricle (about 2%) and it supplies parts of the tracheo-bronchial tree with

systemic arterial blood. The pulmonary blood flow constitutes the entire output of
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the right ventricle and supplies the lungs with mixed venous blood draining the
tissues of the entire body in order to undergo gas exchange at the alveolar-capillary
interface. The walls of large pulmonary arteries are thin and consist mainly of
elastic tissue. The media of the pulmonary arteries is about half as thick as in the
systemic arteries of corresponding size. At a diameter of about 1000 um, the
pulmonary arteries become muscular with a distinct media muscularis. These
muscular arteries are believed to be the resistance vessels of the pulmonary
circulation and they branch down to a diameter of 100 um giving rise to the
pulmonary arterioles. In contrast to systemic arterioles, pulmonary arterioles have
no muscular layer. They terminate by supplying the pulmonary capillaries which
arise beyond the terminal bronchioles. The pulmonary capillaries have an average
luminal diameter of about 7 um and form a dense network which is enclosed by the
alveoli to form the functional unit of pulmonary gas exchange. It is estimated that
there are about 280 billion pulmonary capillaries supplying about 300 million
alveoli, leading to an estimated surface area for gas exchange between 50 and 100
m’ . The pulmonary capillaries have no smooth muscle or any contractile elements
surrounding them. The change in their calibre is believed to be achieved by
mechanical means, such as the changes in the surrounding alveolar pressure, the
pulmonary arterial and venous pressures and the movement of adjacent structures.
The pulmonary capillary blood is collected into the pulmonary venules which have
similar structure to the arterioles and as they increase in size they take up the
appearance of veins which unite to form the pulmonary veins which eventually

drain oxygenated blood into the left atrium.
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Because of the structural differences, pulmonary arteries have greater compliance
and provide less resistance to blood flow than do the systemic arteries. The
pulmonary vascular resistance (PVR) is about a tenth of the systemic resistance (20
to 130 and 700 to 1600 dynes.sec.cm™, respectively). Under normal resting
conditions, some of the pulmonary capillaries are under-perfused, and as pressure
rises, they take up more blood (vascular recruitment). With further increases in
pulmonary vascular pressures the patent capillaries increase their diameter (vascular
distension). Vascular recruitment and distension act together to reduce the overall

PVR in the face of increasing blood flow and pressures.

The pulmonary blood flow is equivalent to that of the systemic blood flow (about
3.5 L.min".m” of body surface area at rest). It is estimated that about 250 to 300
ml/m’ of body surface area is in the pulmonary circulation at any instant, and 60 to
70 ml.m™ of this blood is in the pulmonary capillaries. A red blood cell takes about
4 to 5 seconds to travel through the pulmonary circulation at rest and 0.75 seconds
of this is spent in the pulmonary capillaries where gas exchange takes place. In
normal resting conditions gas exchanging reaches equilibrium in about 0.25
seconds. This gives the gas exchange unit of the lung a large physiological reserve

at rest.

Chronic left heart failure from any cause can potentially raise the pulmonary artery
pressure with reactive changes in the pulmonary capillary bed (12). However, most
of the knowledge concerning the pulmonary consequences of left heart failure has
come from studies on patients with mitral valve disease, especially those with mitral

stenosis (27). In mitral stenosis, the rise in left atrial pressure is transmitted to the
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pulmonary veins, capillaries and arteries. Initially the increased pulmonary artery
pressure is passive, and at this stage, patients usually develop symptoms and signs
of left heart failure. With long standing mitral stenosis, the pulmonary vascular
resistance increases along with pathological changes in the vascular and
parenchymal lung tissue, and patients develop symptoms and signs of right heart
failure (30,94). Isotope studies have revealed a characteristic early redistribution of
pulmonary blood flow in mitral stenosis (26,94). Initially there is an abolition of the
normal pulmonary blood flow gradient from upper to lower lobes with subsequent
reversal of the normal pattern as the severity of mitral stenosis increases. Mitral
valve surgery is associated with rapid relief of symptoms and resolution of most of
the cardio-pulmonary haemodynamic abnormalities (27). Left atrial pressure and
pulmonary artery pressure fall immediately after surgery and pulmonary congestion
is also relieved. The cardiac output improves and the PVR decreases to near normal

(25,29).

Histological studies have demonstrated frequent pulmonary vascular and
parenchymal abnormalities in patients with mitral valve disease (30,98,99). These
include medial and intimal thickening of the muscular arteries and arterialisation of
the veins. In advanced cases, there is marked fibrosis and thickening of the alveolar
walls and interstitium. The structural changes in patients with increased pulmonary
blood flow due to congenital heart disease are more severe and are also related to
the duration and severity of the cardio-pulmonary haemodynamic disturbance. In
addition to the structural changes seen in patients with chronic pulmonary venous

hypertension, the pulmonary vasculature of patients with severe pulmonary
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hypertension secondary to congenital heart disease is also characterised by loss of
smooth muscle cell nuclei and fibrin deposition in the arterial walls (fibrinoid

necrosis) and by aneurysmal dilatation of the arteries (plexiform lesions) (27,107).
3.3 TLco changes in heart disease

The introduction and development of different forms of corrective surgery for heart
disease in the late 1950s and early 1960s, was accompanied by a substantial interest
in the pulmonary consequences of chronic heart disease (27). In this respect,
particular attention was given to the possible reversibility of lung function
abnormalities commonly attributed to heart disease, especially those found in
congenital and valvular heart disease. This resulted in many reports on the
relationship between the non-invasive measurements of lung function, including
TLco, and the functional status and pulmonary haemodynamics in patients with
these disorders both before and after surgery (30). A review of these studies
provides an insight into the possible mechanisms underlying the reported decline in

TLco following heart transplantation.
3.3.1 Valvular heart disease

Lung function changes in mitral valve disease have been extensively studied both
before and after surgery. Severe lung dysfunction is uncommon, but mild to
moderate abnormalities of various lung function indices have been reported (6,26).
The most common abnormality is a restrictive ventilatory defect with small lung
volumes and reduced pulmonary compliance (25,30). Variable degrees of airway

obstruction and increased bronchial hyper-reactivity have also been reported (108).
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Mitral valve surgery leads to resolution of most of these abnormalities

(26,108,109).

TLco in mitral valve disease is variable and ranges from higher than predicted
normal to very low values depending on the haemodynamic and functional severity
of the disease (30,32,38,110,111). In 1960, Bates and associates (112) using a
steady state TLco method (TLcoss) during exercise in 6 patients with mitral
stenosis showed that V¢ was significantly increased with a concomitant reduction in
Dy, but TLco was within normal limits. Two years later, Flatley et al. (93) reported
TLco changes in 59 patients with different heart diseases using the single-breath
method (TLcosg). There was no significant difference in mean TLco in normal
subjects and in patients with aortic valve disease, mitral incompetence and
functional class IT mitral stenosis. In contrast, TLco was significantly reduced in
patients with severe mitral stenosis (New York Heart Association functional classes
III and IV). V¢ was within normal limits in patients with aortic valve disease and
mitral incompetence, but was elevated in patients with functional class II and II
mitral stenosis. There was no consistent relationship between the diffusion

parameters and the pulmonary vascular pressures.

In 1963, Ried et al. (113) reported TLco changes in 53 patients with mitral valve
disease studied at rest and during exercise using TLcoss. TLco was normal both at
rest and during exercise in patients with normal pulmonary arterial pressure. In
patients with mild to moderate pulmonary hypertension, TLco was normal at rest,
but failed to rise normally on exercise. In patients with severe pulmonary

hypertension, TLco was reduced at rest and did not rise on exercise. Using the
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same method at rest, McCredie (33) found a significant reduction in mean TLco in
18 patients with mitral valve disease compared to normal controls (4.34 and 8.34
mmol. kPa”.min™. respectively), and this difference was mainly due to a reduction
in Dy (6.5 and 16.7 mmol.kPa”.min™ respectively). In contrast, there was no
significant difference in V¢ between the 2 groups (V¢ was 69.7 ml in patients and
89.6 ml in normal controls). V¢ reduction was only found in patients with increased

PVR.

In 1965, Aber and co-workers (30) reported the changes in TLcosp in 79 patients
with predominant mitral stenosis. TLco changes were analysed in relation to the
degree of functional capacity, the pulmonary haemodynamic disturbance, and the
pathological lesions in the pulmonary arteries as assessed by lingular biopsies taken
during mitral valve replacement surgery. Their findings indicated that TLco
impairment parallels both the functional capacity and the pulmonary vascular
changes. Mean TLco was less than 60% of predicted in patients with high
pulmonary vascular resistance and this was associated with considerable thickening

of the intima of the small peripheral pulmonary arteries.

Two years later, Gazioglu and associates (32) reported the changes in total
pulmonary blood volume (PBV), TLo and its components in relation to pulmonary
haemodynamics in 62 patients with mitral valve disease and in 44 patients with
aortic valve disease using TLcosp in the supine position. In patients with mitral
valve disease, mean TLco, Dy and Ve were 7.7, 16.7 and 80.1, compared to 11.3,
22.6, and 96.1 in normal controls, respectively. There was a progressive decline in

Dy and TLco from functional class II to IV. There was no significant difference
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between the mean values of V¢ for functional classes II and III and normal controls
(84.5, 87.2, and 96.1 ml, respectively). In contrast, V¢ was markedly reduced in
patients in functional class IV (48.1 ml). The diffusing characteristics of the lung in
aortic valve disease were similar to those of the normal controls irrespective of

severity.

In 1974, Burgess reported TLco changes in various pulmonary vascular diseases
(31). In this study, TLcosp and pulmonary haemodynamics were determined in 48
patients with pulmonary vascular disease associated with either abnormal
pulmonary vascular pressures, abnormal pulmonary blood flow or both. Patients
were subdivided into 4 groups based on their pulmonary haemodynamics: 1) in-
flow obstruction (9 patients with isolated pulmonary hypertension), 2) in-flow and
out-flow obstruction (17 patients with long-standing mitral valve disease), 3) out-
flow obstruction (12 patients with mitral valve disease and heart failure with normal
pulmonary artery pressure) and 4) increased pulmonary blood flow (10 patients
with intra-cardiac septal defects). In all groups there was an inverse relationship
between TLco and the pulmonary vascular resistance (PVR). Patients with mitral
valve disease and normal PVR had a normal mean TLco (96% of predicted). In

contrast, TLco was significantly impaired (68%) in those with increased PVR.

In 1978, Jebavy and associates (114) reported the relationship between supine
TLcoss and the pulmonary haemodynamics in 12 patients with severe mitral
stenosis (NYHA functional class IV). Mean TLco was normal both at rest and
during exercise. In the entire group, there was no correlation between TLco and the

pulmonary vascular pressures. However, there was a significant positive correlation
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between TLco and mean left atrial pressure up to a value of 22.5 mmHg (r = 0.71).
With further increases in the left atrial pressure, the correlation between these 2
variables became negative (r = - 0.44). These findings were later confirmed by
Yernault and associate (111). In this study, TLco was normal in patients with mitral
valve disease (MVD) and pulmonary capillary wedge pressure (PCWP) less than 12
mmHg whereas it was significantly reduced in those with elevated PCWP. The
results of these 2 studies are consistent with a biphasic relationship between TLco
and pulmonary vascular pressures and might explain the lack of a consistent linear
correlation between TLco and the pulmonary haemodynamics in previous studies. It
was suggested that in mild pulmonary venous hypertension, without any significant
pulmonary arterial hypertension, there is recruitment and distension of the
pulmonary capillaries, which increases V¢, and this acts to maintain a normal TLco
which would otherwise decreases due to reductions in Dy caused by pulmonary
oedema. In advanced cases with severe pulmonary venous hypertension and
established pulmonary arterial hypertension, there is progressive pulmonary
vascular and parenchymal fibrosis resulting in progressive destruction and
narrowing of the pulmonary capillary bed resulting in increased PVR. At this stage,
V¢ starts to decrease along with a progressive decline in Dy causing a reduction in

the overall TLco (33).

In 1982, Rhodes and co-workers (115) further explored the relationship between
TLcoss and cardio-pulmonary haemodynamics in 25 patients with MVD. Mean
TLco was reduced (74% of predicted), but mean Ko was normal (93%). TLco was

negatively correlated with PCWP (r = - 0.44) and PVR (r = - 0.53), and positively
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correlated with the cardiac index (r = 0.46). Kco was also negatively correlated
with the PCWP (r = - 0.45), but it had no consistent relationship with any of the

other cardio-pulmonary haemodynamics.

The changes in TLco and components following mitral valve surgery have been
reported by many investigators (34-40,105,112,116-118). Earlier studies involved
patient with various cardio-pulmonary disorders, with only small numbers with
valvular heart disease (37,112). In the study of Bates and associates (112), TLco
and its components were measured in one patients with mitral stenosis before and 3
weeks after valvotomy. At similar levels of exercise V¢ decreased from 275 to 85
ml, whereas Dy increased from 6.7 to 10.4 mmolkPa'.min”. These opposite
changes resulted in a relatively unchanged TLco before and after surgery (6.3 and
7.1 mmol.kPa™ .min™.). In one patient with mitral incompetence studied by Howatt
and co-workers (37), TLco values were 6.0, 3.1, 4.3, and 4.8 mmol kPa'.min'.,
before and at 5 days, 10 days, and 5 months after mitral valve replacements

respectively.

In 1964, Reid et al. (39) reported TLco changes in 40 patients with mitral stenosis
before and at 6 to 9 months after valvotomy. In mild cases with normal pulmonary
arterial pressure, TLco was normal at rest and during exercise before surgery and
remained unchanged afterwards. In severe cases with significant pulmonary arterial
hypertension, TLco was reduced pre-operatively, and failed to increase despite
improvement in pulmonary haemodynamics, lung volumes, and symptoms after
surgery. Analysis of the data presented for 6 of these patients who had symptoms

of chronic bronchitis, revealed that the mean TLo before surgery was reduced both
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at rest and during exercise (4.9 and 6.3 mmolkPa’ min’. respectively) and
decreased further after surgery (4.0 and 5.1 mmol.kPa’ min”. respectively).
Whereas TLco declined in 4 out of the 6, it increased in one only. This patients had
the lowest pre-operative TLco (TLco was 3.2 and increased to 4.0 mmolkPa™.

min”. post-operatively).

The effects of valvotomy on TLco was also reported by McCredie in 1966 (105).
Eleven patients were studied before and at varying intervals (2 weeks to 18
months) after surgery. The was no. significant difference between the pre- and post-
operative results, but there was a tendency for mean Dy to increase (Dy increased
from 6.7 to 7.1 mmolkPa’min') and for mean TLco and Vc to decrease
following surgery (TLco decreased from 4.9 to 4.3 mmol kPa™ min , and V¢ from
84 to 71 ml). Analysis of individual results showed that V¢ decreased in 9 patients,
did not change in one and increased in one. The latter 2 patients had the lowest pre-
operative Vc. There were no consistent changes in the individual results of Dy and

TLco.

In 1970, Singh and associates (34) reported the effects of valvotomy on TLco in a
larger group of patients. Eighty patients with mitral stenosis were studied a few
days before and at 3 to 24 months following closed mitral valvotomy. Before
surgery, mean TLco was reduced (4.8 mmol.kPa”.min™)). After surgery, patients
were subdivided into 3 groups based on the time of post-operative assessment.
Although, TL¢o declined in 14 patients at 3 to 5 months and in 43 patients at 6 to
11 months after surgery, this decline did not reach statistical significance. In the 24

patients who were assessed at 12 to 24 months after surgery TLco decreased by 1.6
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mmol.kPa™ min™., and this was statistically significant. These findings were taken

to suggest progressive lung damage even after valvotomy.

In 1973, Gazioglu (35) measured TLco and its components in 12 patients with
mitral valve disease before and at an average of 17 months after surgery. Mean
TLco and Dy were 8.5 and 17.1 mmol.kPa™ min™. before, and 8.5 and 13.4
mmol . kPa™.min™. after surgery. Mean V¢ was unchanged by surgery (82 ml before

and after surgery). Individual TLco changes were mostly in the direction of V.

In 1984, the longitudinal changes in TLco following mitral valve surgery were first
reported by Mustafa and associates (38) in 40 patients with mitral valve disease
studied before and serially after surgery. Mean pre-operative TLco was 65% of
predicted and was inversely correlated with PVR (r = - 0.46). Post-operatively
mean TLco declined to 56% of predicted at 10 weeks, but progressively improved
in the subsequent intervals reaching 71% at 25 weeks, 72% at 50 weeks, and 79%

of predicted at 125 weeks after surgery.

Despite improvement in symptoms, exercise performance, and lung volumes in 50
patients studied by Rhodes et al. (36) before and 6 months after mitral valve
surgery, TLco and Kco failed to increase (mean TLco and Kco were respectively
64% and 86% before and 63% and 84% of predicted after surgery). It was
suggested that these changes may indicate irreversible damage to the pulmonary
capillary bed. Alternatively, it was argued that the relief of pulmonary vascular
engorgement with corresponding decrease in Vc might have masked any expected

post-operative improvement in Dy resulting from relief of pulmonary oedema.
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In 1987, Ohno and associates (40) showed that TLco changes following mitral
valve surgery (open mitral valve commissurotomy or mitral valve replacement)
were related to the pre-operative severity of the disease as judged by the degree of
pulmonary arterial pressure and the presence of tricuspid valve regurgitation (TR).
Twenty three patients were studied before and 14 to 20 months after surgery. In 7
patients with normal pulmonary arterial pressure, pre-operative lung function was
normal and did show any significant change after surgery (mean TLco was 104%
and decreased slightly to 95% of predicted). In 11 patients with pulmonary arterial
hypertension (PAH) without TR, pre-operative TLco was 87% of predicted and
despite improvement of the mild ventilatory dysfunction following surgery, it
remained relatively unchanged (85% of predicted). In the 5 patients with PAH and
TR, the ventilatory dysfunction was more severe and was unchanged by surgery.
TLco impairment was also more severe (62% of predicted), but increased slightly

(67% of predicted) after surgery.

In 1990, in attempt to determine the effects of pulmonary haemodynamics on lung
function without the confounding effect of thoracotomy, Yoshioka and associates
(116) studied 25 patients with mitral stenosis before and one week after
percutaneous transvenous mitral commissurotomy (PTMC). Despite marked
improvement of lung volumes and airway function, mean TLco declined
significantly from 105% to 96% of predicted. It was suggested that this was
probably due to the normalisation of the pulmonary vascular pressures which
occurred immediately after the procedure (mean left atrial pressure decreased from

14.7 to 7.9 mmHg).
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The effect of PTMC on TLco was further evaluated by 2 groups of investigators in
1994 (117,118). In 46 patients studied by Kim and associates (117), mean TLco
decreased significantly from 95% of predicted before to 86 % of predicted 10 days
after the procedure. In a study of 9 patients, Ray and co-workers (118) reported
that mean TLco was 78% of predicted before PTMC, and did not change following
the procedure (TLco was 75% of predicted both at 48 hours and at 3 months
following PTMC). Similarly, Dy was reduced before surgery (56% of predicted)
and remained unchanged afterwards (59%). In contrast, Vc was elevated before
(118% of predicted) and decreased significantly to 111% of predicted at 48 hours
and to 98% at 3 months after the procedure. It was concluded that in patients with
mitral stenosis associated with moderate PAH, the reduction in TLco is primarily
due to a reduction in Dy, and that successful PTMC reduces V¢ , but does not

improve Dy implying persistent abnormalities of the pulmonary vascular bed.

In summary, TLco in mitral valve disease is variable and appears to parallel the
functional capacity and pulmonary haemodynamics. In mild disease, there is a
tendency to an increase in Vc. At this stage Dy is usually slightly reduced, with an
overall normal or slightly elevated TLco. With increasing severity, secondary
pulmonary hypertension develops and the pulmonary vascular resistance increases
leading to a reduction in V¢, Dy and TLco. The failure to demonstrate a consistent
relationship between TLco and pulmonary haemodynamics may be due to the
biphasic nature of this relationship; in mild disease they are positively correlated
whereas in severe disease the correlation is negative (111,114). The effects of heart

surgery on TLco are also variable and appear to be influenced by the pre-operative
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severity of the disease and the interval between surgery and TLco measurement.
Most patients show no significant change in TL