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The objective of this thesis was to determine the impact of right to left
shunting (RLS) through patent foramen ovale (PFO) on oxygen saturation in
obstructive sleep apnoea (OSA) and chronic obstructive pulmonary disease
(COPD).

The first aim was to determine the prevalence of PFO in severe OSA and
whether PFO closure improves nocturnal oxygen saturation. The data showed
that PFO with large shunts were more prevalent, however overall prevalence
was not statistically different when compared to healthy controls. PFO closure
did not reduce nocturnal desaturation.

The second aim was to determine whether severe COPD patients with PaO2

≤ 7.3kPa had a higher prevalence of PFO compared to patients with PaO2 >
8kPa, additionally to compare the prevalence of PFO in COPD with healthy
controls. The data showed no difference in PFO prevalence in patients
with PaO2 ≤ 7.3kPa compared to patients with PaO2 > 8kPa, however,
intrapulmonary shunts were more prevalent in hypoxaemic patients. Similar
to OSA, PFO with large shunts were more prevalent in severe COPD, however
overall prevalence was not statistically different to healthy controls.

The final aim was to determine whether patients with COPD and PFO
developed RLS during exercise and whether this was associated with reduced
oxygen saturation, reduced exercise endurance and increased intrathoracic
pressure swings. The data showed that RLS through PFO increased from
baseline during exercise and this was associated with increased swings in
intrathoracic pressure. There was no difference in desaturation or exercise
endurance when compared to patients with no PFO.

In summary, this thesis shows that PFO with large shunts are more prevalent
in both OSA and COPD. PFO closure in OSA did not reduce nocturnal
desaturation. Furthermore, the presence of a PFO in COPD did not influence
resting or exercise oxygen saturation despite the observed increase in RLS
with exercise.
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MCA Middle cerebral artery
NPSG Nocturnal polysomnography
NREM Non rapid eye movement sleep
O2 Oxygen
ODI Oxygen desaturation index
OSA Obstructive sleep apnoea
OSLER The Oxford SLEep Resistance test
OR Odds ratio
PaCO2 Arterial carbon dioxide tension
PaO2 Arterial oxygen tension
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PAP Pulmonary artery pressure
Pdi Transdiaphragmatic pressure (Pgas – Poes)
PEEPi Intrinsic positive end expiratory pressure
PFO Patent foramen ovale
Pgas Gastric pressure
Poes Oesophageal pressure
RAP Right atrial pressure
REM Rapid eye movement sleep
RER Respiratory exchange ratio
RLS Right to left shunt/right to left shunting
RR Relative risk
RV Residual volume
RVSP Right ventricular systolic pressure
SaO2 Arterial oxygen saturation
SD Standard deviation
SF36v2 Short form 36 questionnaire version 2
TCD Transcranial Doppler
TIA Transient ischaemic attack
TLC Total lung capacity
TLCO Carbon monoxide transfer factor
TOE Transoesophageal echocardiography
TTE Transthoracic echocardiography
VCO2 Carbon dioxide production
VD Dead space
VE Minute ventilation
VO2 Oxygen consumption
VQ Ventilation perfusion
VT Tidal volume
6MWT Six minute walk test
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Chapter 1

Introduction

Chapter 1 introduces the themes and aims of the thesis. The first section

describes patent foramen ovale (PFO) embryology, developmental anatomy,

prevalence and detection. Relevant clinical associations are then discussed

followed by an evaluation of the current knowledge of the association of

PFO with hypoxaemia. This leads on to the second section that describes

obstructive sleep apnoea (OSA), a condition associated with nocturnal

hypoxaemia. Knowledge of studies investigating PFO in OSA are discussed

and questions raised from that research are given. The third section describes

chronic obstructive pulmonary disease (COPD). The causes of hypoxaemia

at rest are examined. The exercise physiology that may precipitate shunting

through a PFO is described and finally studies investigating PFO in COPD

are discussed. Again, possible research questions regarding PFO in COPD are

raised. The overall aims of the thesis are given and the hypotheses listed.
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1.1 Patent foramen ovale

1.1.1 Embryology

A patent foramen ovale is a common cardiac defect prevalent in over 25%

of healthy adults (Hagen et al., 1984). The foramen ovale is a unidirectional

valve formed from the septum primum and secundum in utero. It allows

oxygenated blood returning to the right atrium from the mothers placenta to

bypass the dormant foetal lungs and enter the left atrium.

The embryological sequence that results in the formation of the foramen ovale

is shown in Figure 1.1.

At approximately 4 weeks gestation the single atrium is divided by the

septum primum (Sadler, 1990). The septum primum grows from the atrial

roof towards the endocardial cushions (Figure 1.1A). The endocardial cush-

ions develop from the anterior and posterior aspects of the atrioventricular

canal and as they grow, both sides eventually fuse dividing the canal into

right and left halves. The foramen primum is formed (Figure 1.1B). As

the septum primum develops programmed cell death in the central area

forms multiple small perforations (Figure 1.1B). These enlarge and coalesce

eventually forming the foramen secundum (Figure 1.1C). The septum primum

continues to grow towards the endocardial cushions and fuses with them,

closing the foramen primum (Figure 1.1D). The septum secundum then

develops from the right ventrocranial atrial wall (Figure 1.1E). As it grows, it

overlaps the foramen secundum leaving a flap like opening between the right

and left atria (Figure 1.1F, G). This is the foramen ovale, an integral component

and vital route for oxygenated blood to traverse the foetal circulation (Figure

1.1H).
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Figure 1.1: Development of the foramen ovale, taken from Hara et al, 2005, Figure
1. Right sagittal and coronal views. LA: left atrium, RA: right atrium. A) The single
atrium is divided by the septum primum. B) The septum primum grows towards
the endocardial cushions which develop from the anterior and posterior aspects of
the atrioventricular canal. Both sides eventually fuse dividing the canal into right
and left halves. The foramen primum is formed. As the septum primum develops
multiple small perforations enlarge. C) The perforations eventually form the foramen
secundum. D) The septum primum fuses with the endocardial cushions closing the
foramen primum. At approximately day 37, the septum secundum then develops
from the right ventrocranial atrial wall. E, F, G) As it grows, it overlaps the foramen
secundum leaving a flap like opening between the right and left atria. H) By day 55,
the foramen ovale has formed which provides a vital route for oxygenated blood to
traverse the foetal circulation.

As oxygenated blood enters the umbilical vein, the inferior vena cavae and the

right atrium, high pulmonary pressures in the developing foetal lungs prevent

blood from entering the pulmonary circulation. Instead, it is shunted through

the foramen ovale which preferentially directs this oxygen rich blood to the

developing brain. Blood is also directed around the foetus and eventually

returns to the placenta via the umbilical arteries.
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At birth, lung inflation, decreasing pulmonary vascular resistance and

initialisation of a pulmonary circulation result in a decrease in right atrial and

increase in left atrial pressure. This reverses the pressure gradient and seals

the valve shut. Fibrosis with complete fusion of the foramen ovale occurs

within the first 2 years of life. Incomplete fusion creates a PFO, an interatrial

connection which is the most common cause of a systemic right to left shunt

(RLS).

1.1.2 Prevalence

The overall prevalence of PFO in an autopsy study of 965 normal adult hearts

was 27.3% (Hagen et al., 1984), of note, the frequency decreased from 34%

in the first 3 decades, to 20% in those aged over 80 years. Interestingly, as

the prevalence decreased, the mean size of the PFO tunnel increased from

3.8mm in the first 3 decades to 5.4mm over 80 years. A suggested theory is

that smaller PFO seal shut with increasing age.

A prospective, population based study of 581 adults using transoesophageal

echocardiography reported a similar PFO prevalence of 25.6% (Meissner et al.,

1999).

1.1.3 Anatomy of patent foramen ovale

There are considerable variations in the morphology of PFO and its associated

anatomy (Rana et al., 2010). The size of the PFO tunnel and its anatomical

position can be strikingly different. In some patients the septum primum and

secundum are quite closely opposed leading to a thin, long tunnel. In others,

the 2 flaps are separate leading to a wide PFO opening. PFO can be held

open in patients where the 2 septae fail to meet resulting in continuous left
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to right shunting. In these cases, PFO can be difficult to distinguish from a

secundum atrial septal defect (Figure 1.2). An atrial septal aneurysm (ASA)

Figure 1.2: Anatomical variations in PFO anatomy is taken from Calvert et al.
(2011). Images were obtained using transoesophageal echocardiography. a) Long
tunnel PFO (arrow). b) PFO associated with atrial septal aneurysm (arrow). c)
Spontaneous retraction of primum septum resulting in widely opening PFO (arrow).
d) Held open PFO with permanent separation of the primum and secundum septa
(arrow). Abbreviations: EV, Eustachian valve; LA, left atrium; PFO, patent foramen
ovale; RA, right atrium

is a hypermobile interatrial septum which bows >10mm from the right to

left atrium, (Figure 1.2). Lack of a consistent definition of what constitutes

an ASA has prohibited accurate estimates, however they have been detected

in 1% of consecutive autopsy studies (Silver and Dorsey, 1978) and in 5%

of patients undergoing transoesophageal echocardiography (Pearson et al.,

1991). It is thought they are rarely a separate clinical entity, instead coexisting

with PFO and increasing both the magnitude of shunt and the thrombogenic
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risk especially in cryptogenic stroke (Overell et al., 2000).

A eustachian valve is a remnant of the primordial valve of the inferior vena

cava. In utero, it directs oxygen rich blood from the umbilical vein through

the foramen ovale. It persists in 55.8% to 80% of adults (Schuchlenz et al.,

2004; Rigatelli et al., 2008) but has no function after birth. Again, there is great

variation in the morphology of the persisting eustachian valve, some being

barely visible and in rare cases being large enough to divide the right atrium.

In the presence of a PFO, the persisting valve can direct blood flow onto the

atrial septum and cause right to left shunting (RLS) in the absence of elevated

right atrial pressure.

All the anatomical variants of PFO described above have implications for the

type of PFO closure device used and the success of the procedure.

1.1.4 Detection of patent foramen ovale

PFO have been detected using many methods including CT (Kim et al.,

2009; Saremi et al., 2007, 2008), MRI (Mohrs et al., 2007), nuclear lung

perfusion scans (Weissmann et al., 1980) and ear oximetry (Karttunen et al.,

2001). However, the most commonly used methods rely on the ultrasound

detection of right-to-left shunting of microbubble contrast using contrast

transthoracic echocardiography (TTE), transoesophageal echocardiography

(TOE) or transcranial Doppler (TCD). TTE and TOE allow direct visualisation

of contrast crossing from right to left heart whereas TCD detects microbubbles

in the middle cerebral artery after they have crossed a RLS. Since gas is 100 000

times less dense than blood, the acoustic impedance between the two is high

and microbubble contrast is clearly identifiable.

The study by Lynch et al in 1984 was the first to employ a Valsalva manoeuvre
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as a technique to improve detection of PFO (Lynch et al., 1984). The

Valsalva manoeuvre increases intrathoracic pressure, which precipitates a fall

in venous return and a drop in blood pressure. On release of the manoeuvre,

sudden deep inspiration augments venous return and transiently elevates

right atrial pressure. This reverses the atrial pressure gradient and in the

presence of a PFO will unmask a RLS. All clinical ultrasound protocols now

incorporate testing both at rest and during the release phase of a Valsalva

manoeuvre to identify RLS.

Historically, contrast TOE was regarded as the gold standard investigation

(De Belder et al., 1992). However, this semi-invasive, time-consuming method

is limited by an inability of patients to generate an effective Valsalva. TTE was

previously disadvantaged by image quality; however, newer machines with

second harmonic imaging have significantly improved sensitivity. Detection

rates using TTE are now comparable to TOE (Daniels et al., 2004; Trevelyan

and Steeds, 2006; Madala et al., 2004). A multicentre trial of 256 patients

concluded that TTE is as accurate and identifies important and early shunting

more often than TOE (Daniels et al., 2004). Compared to TOE, TTE with

second harmonic imaging has been shown to have a sensitivity of 91 to 100%

and specificity of 82 to 100% (Van Camp et al., 2000; Daniels et al., 2004;

Madala et al., 2004).

Transcranial doppler (TCD) detection of PFO is also highly sensitive and

specific compared with contrast TOE. Compared to TOE, contrast TCD has

been shown to have a sensitivity of 89 to 97% and specificity of 78 to 94%

(Klotzsch et al., 1994; Karnik et al., 1992; Job et al., 1994; Caputi et al., 2009). It

provides the additional benefits of monitoring the effectiveness of the Valsalva

manoeuvre by observing a decrease in cerebral blood flow and it also permits

semi-quantification of embolic contrast material (Job et al., 1994). The advent
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of multi-gated Power M Mode machines has further enhanced the detection

of microbubble signals (Saqqur et al., 2004; Spencer et al., 2004). Spencer et al

studied 100 patients undergoing cardiac catheterisation with Power M mode

contrast TCD and used a 6 point logarithmic scale (0 to 5) to grade shunt size.

Using the McNemar change test they found that the diagnostic capability

of TCD corresponded with anatomical findings at catheterisation, p = 0.69

(Spencer et al., 2004). This technique is invaluable to neurologists who can

diagnose PFO without referring for echocardiographic assessment.

Gonzalez-Alujas et al compared TTE, TCD and TOE in 134 patients (Gonzlez-

Alujas et al., 2011). They found TTE and TCD to be more sensitive: 100% and

97% respectively compared to TOE, which was 86% sensitive, p < 0.001. They

concluded that TTE allowed improved diagnosis and quantification of shunt

size.

The use of 3D real time TTE is a promising new technique that can identify

PFO without the need for a contrast injection with results comparable to

contrast TOE (sensitivity 83%, specificity 100%, positive predictive value

100%, negative predictive value 88%) (Monte et al., 2010). With increasing

expertise, this may overtake contrast TTE as the diagnostic method of choice.

In this thesis I used the combination of contrast TTE and TCD.

1.1.5 Clinical associations

Stroke

Cohnheim originally linked PFO to an unexplained fatal stroke in a young

woman in 1877 (Cohnheim, 1877). Since this early description the association

with PFO and cryptogenic stroke, which accounts for 40% of ischaemic strokes
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in people younger than 55, has been firmly established (Lechat et al., 1988;

Webster et al., 1988; Cabanes et al., 1993; Job et al., 1994; DiTullio et al., 1992;

Yeung et al., 1996; Overell et al., 2000; Handke et al., 2007). A metaanalysis

conducted by Overell et al calculated that for people under 55 years, the odds

ratio of suffering an ischaemic stroke compared to control subjects was 3.10

(95% CI: 2.29 - 4.21) in the presence of PFO, 6.14 (95% CI: 2.47 - 15.22) in the

presence of an ASA and 15.59 (95% CI: 2.83 85.87) if both PFO and ASA were

present (Overell et al., 2000).

Various mechanisms have been proposed to explain the increase in

cryptogenic stroke risk. Paradoxical embolism of a venous thrombus through

a PFO occurring after a Valsalva manoeuvre or in relation to chronically

elevated pulmonary artery pressure is the most popular hypothesis (Choong

et al., 2008; Kim et al., 2009; Madani and Ransom, 2007; Ahmed et al., 2003;

Cramer et al., 2004). The lurking clot theory hypothesises that a clot forms

within the PFO tunnel and embolises when right atrial pressure is transiently

elevated. An increased propensity for atrial arrhythmias and the generation

of spontaneous echo contrast has also been postulated (Rigatelli et al., 2009).

Studies evaluating the magnitude of RLS have found that as the PFO shunt

size increases, so does stroke risk (Anzola et al., 2003; Giardini et al., 2007;

Paciaroni et al., 2011). Schuchlenz et al studied the impact of PFO diameter

on stroke risk (Schuchlenz et al., 2000). They used multiplane TOE to measure

PFO size in 121 patients (< 60 years) with cryptogenic stroke and 123 control

subjects. Mean PFO diameter was larger in stroke patients compared to

controls (4 (2) mm versus 2 (1) mm, p < 0.0001) and PFO greater than 4mm

were associated with an increased risk of transient ischaemic attack (TIA) (OR:

3.4, 95% CI: 1.0 to 11, p = 0.04), ischaemic stroke (OR: 12, 95% CI: 3.3 to 44, p =

0.0001) and having evidence of 2 or more strokes (OR: 27, 95% CI: 4.7 to 160,
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p = 0.0002).

Steiner et al evaluated 95 patients with first ischaemic stroke (over age 39)

using TOE for a cardiac source of embolism (Steiner et al., 1998) and had

similar findings to that of Schuchlenz et al (Schuchlenz et al., 2000). They

compared patients with medium to large PFO (≥ 2 mm) to patients with small

(< 2 mm) or no PFO. Thirty-three percent of patients had a PFO. The frequency

of PFO in patients with cryptogenic infarcts was 45% (19/42) compared to

23% (12/53) in patients with determined cause of stroke, p = 0.02. Medium to

large PFO were found in 26% of cryptogenic strokes compared to 6% among

infarcts of determined cause, p = 0.04. Patients with moderate to large PFO

had evidence of an increased number of superficial infarcts, occipital and

infratentorial strokes and showed more brain imaging features of embolic

infarcts than those with small PFOs. In addition, PFO shunt size has also

been associated with increased stroke recurrence. Harrer et al investigated 124

cryptogenic stroke patients over a period of 10 years (Harrer et al., 2006). They

found that large shunts were more frequent in patients with recurrent strokes

(OR = 5.0, CI: 1.02 to 23.69, p < 0.05). Taken together, these data suggest that

PFO diameter is a risk factor for cerebral ischaemic events.

Not all studies have found a positive association between PFO and stroke.

The PFO in cryptogenic stroke study (Homma et al., 2002) followed 630 stroke

patients (265 cryptogenic and 365 known stroke subtype) for 2 years with

the combined endpoint of recurrent ischaemic stroke or death. All patients

were medically treated with either warfarin or aspirin. They did not find

any significant difference between those with and without PFO in the time

to primary endpoints (hazard ratio: 0.96; 95% CI: 0.62 to 1.48; 2-year event

rates 14.8% versus 15.4%, p = 0.16). Furthermore, there was no difference in

stroke rates for those with no, small and large PFO shunts (2-year event rates:
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15.4%, 18.5%, and 9.5%, respectively).

Feurer et al studied 639 patients with a diagnosis of cerebral ischaemia. Using

contrast TCD, a RLS was detected in 140 (28%) men and in 114 (42%) women

at baseline. Ten shunt carriers (1.6%) and 32 patients (5.0%) without RLS had

suffered a recurrent stroke. The hazard ratio of RLS for stroke recurrence

was 0.86 (95% CI: 0.41 to 1.79) suggesting PFO was not associated with an

increased risk of stroke recurrence (Feurer et al., 2010). The Spanish RLS

multicenter study included 486 patients with cryptogenic stroke. They also

found no association between massive RLS and recurrent stroke (OR: 0.94,

95% CI: 0.36 to 2.40, p = 0.89) (Serena et al., 2008).

Given the lack of agreement in studies outlined above, it is unsurprising that

despite PFO closure being one of the most common structural procedure in

the cardiac catheterisation laboratory, it remains one of the most controversial.

Currently there are no data from randomised controlled trials to suggest a

benefit, although these studies are ongoing.

The study on which justification of PFO closure for cryptogenic stroke rests

was performed by Windecker et al (Windecker et al., 2004). This non-

randomised trial followed patients with at least 1 paradoxical embolic event

for 6.5 years. Patients were divided into those who had undergone PFO

closure (n = 150) and those who had been medically treated (n = 158: n

= 79 with oral anticoagulants and n = 79 with antiplatelet agents). Age,

gender, cardiovascular risk factors were similar amongst groups. Complete

PFO closure was achieved in 83% of patients undergoing closure. At 4 years

follow up the combined endpoint of death, stroke or TIA was 8.5% in the PFO

closure group compared to 24.3% in the medically treated group (RR: 0.48,

95% CI: 0.23 to 1.0, p = 0.05). This non-significant trend towards a lower risk of

the combined endpoint is the justification for current PFO closure protocols.
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The risk of recurrent stroke or TIA also showed a trend towards benefit in

the PFO closure group but was not statistically different when compared to

medical treatment: 7.8% versus 22.2% (RR: 0.51, 95% CI: 0.23 to 1.11, p = 0.08).

There was no difference in outcomes between patients on anticoagulants or

antiplatelets.

The CLOSURE I trial is the first and only randomised controlled trial of PFO

closure for stroke/TIA. The results have recently been presented (Furlan,

15th November 2010) and are likely to have a significant impact on PFO

closure for cryptogenic stroke. The CLOSURE I study enrolled 909 patients

and randomised to PFO closure (with 6 months clopidogrel and 24 months

aspirin) or best medical therapy (aspirin or warfarin or both). The composite

primary endpoint was stroke or TIA at 2 years, all cause mortality at 30 days,

and neurological mortality between 31 days and two years. The results of

this study showed no difference in both arms (5.9% in closure arm versus

7.7% in medical therapy arm, p = 0.30). Procedural success was good

with 86.7% PFO closed at 1 year. Major vascular complications and atrial

fibrillation were significantly greater in the intervention arm and all other

safety endpoints showed no difference. Since the announcement of these

findings there has been much debate with regards to implications for PFO

closure. The investigators state that when assessed over 30 days, most patients

had underlying causes for their ischaemic event and the strokes were therefore

not strictly cryptogenic. There is also controversy with regards to duration of

the trial, 2 years perceived by some as too short to show any difference in

endpoints.

Four other trials are still ongoing: the CLOSE and PC trials in France and

Switzerland, respectively, plus St Jude Medical’s/ AGA’s RESPECT trial and

Gore’s REDUCE trial. Results from these studies will further inform practice.
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Migraine

Migraine is estimated to affect approximately 13% of people aged 26 to 64

years (Lipton et al., 2003). One in three sufferers have associated transient

focal neurologic symptoms or aura (Lipton et al., 2001). Many studies have

found associations between migraine and PFO (Anzola et al., 1999; Sztajzel

et al., 2002; Caputi et al., 2010). A cross-sectional case-control study of 93

patients with migraine with aura reported a prevalence of 47% compared

to 17% in healthy controls. Highlighting the importance of shunt size, the

presence of a moderate to large shunt increased the odds of having migraine

by 7.78 (95% CI: 2.53 to 29.3, p < 0.001) (Schwerzmann et al., 2005). It is

thought that interatrial passage of microemboli or vasoactive compounds

reaching the cerebral circulation which would otherwise be filtered by the

lung may be the mechanism for the migraine.

There is, however a distinct dichotomy in study findings. A large case-control

study examined 144 patients with migraines and 144 healthy controls (Garg

et al., 2010). PFO prevalence was similar in case and control subjects (26.4%

versus 25.7%; OR: 1.04, 95% CI: 0.62 to 1.74, p = 0.90). In patients with

migraine with aura there was also no difference in prevalence compared to

patients without aura (26.8% versus 26.1%; OR: 1.03, 95% CI: 0.48 to 2.21, p =

0.93).

The Migraine Intervention With STARFlex Technology (MIST) trial pioneered

a robust study design for multicentre, prospective, randomised, sham–

controlled PFO closure studies. The study randomised 147 patients who

suffered from migraine with aura, experienced frequent migraine attacks,

had previously failed 2 or more classes of prophylactic treatments, and had

moderate or large RLS consistent with the presence of a PFO to PFO closure

or to a sham procedure. Patients were followed up for 6 months with the
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ambitious primary end point of complete cessation of migraine headache 91

to 180 days after the procedure. The investigators found no difference in

primary endpoint between the closure and sham groups. Post hoc analysis

(excluding 2 outliers) showed that the closure group demonstrated a greater

reduction in total migraine headache days, p = 0.027 which in itself is an

important outcome. MIST II, a larger follow-on study from MIST I was

terminated prematurely when funding was withdrawn. PFO closure for

migraine headache is a contentious issue and further trials are awaited before

conclusions can be drawn.

Decompression illness

Decompression illness (DCI) in divers results from locally expanding gas

nuclei or arterial gas embolism during ascent following a dive.

A study performed in 230 scuba divers revealed that the presence of TOE

detected PFO was related to an absolute risk of suffering approximately 5

major DCI events per 104 dives. This was 5 times that of divers without a PFO

(Torti et al., 2004). Similar to both stroke and migraine, the risk of a major DCI

increased as PFO shunt size increased. Divers with a small shunt had a similar

risk as divers without PFO (1.1, 95% CI: 0.14 to 8.4). However, compared to

divers without PFO, the risk of major DCI in those with a moderate shunt was

4.4–fold (95% CI: 1.8 to 10.7) and large shunt was 6.6–fold (95% CI: 2.8 to 15.5).

Wilmshurst et al performed a case–control study using contrast TTE in 100

divers with neurological DCI and 123 unaffected divers (Wilmshurst and

Bryson, 2000). They found that divers who had suffered neurological DCI

had a higher prevalence of PFO with large shunts and PFO that were present

at rest, p< 0.001. Moderate to large size shunts were present in 52% of affected

divers and 12% controls, p < 0.001.
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The proposed mechanism behind the association between DCI and PFO is

that paradoxical gas embolism with expansion of nitrogen bubbles occurs on

ascent from a dive. Divers with moderate to large PFO often undergo PFO

closure to prevent further DCI episodes despite the lack of randomised trial

data.

Acute pulmonary embolism

In the event of an acute pulmonary embolism, it is reasonable to assume that

part of a clot, on its course to the pulmonary arteries, can pass through a

PFO. In fact, elevated right ventricular pressures may provide a favorable

environment for this to occur. Konstantinides et al tested the hypothesis that

a PFO is an important prognostic indicator for mortality and the occurrence of

cardiovascular complications in major pulmonary embolism (Konstantinides

et al., 1998). In a prospective study of 139 patients they found that having a

PFO was an independent predictor of mortality (33% death rate versus 14%)

with an odds ratio of 11.35 (CI: 2.89 to 44.52). Patients with PFO were also

more likely to have a complicated clinical course with a significantly higher

incidence of ischaemic stroke (13% versus 2.2%, p = 0.02) and peripheral

arterial embolism (15% versus 0, p < 0.001). Interestingly, risk of death was

independent of pulmonary artery pressures. Moreover, patients with systolic

PAP > 60mmHg had a lower mortality compared with those with mild to

moderate pulmonary hypertension. This may reflect the fact that the patients

with severe pulmonary hypertension were likely to have had chronically

raised right sided pressures and could therefore tolerate the haemodynamic

effects of a pulmonary embolus. Konstantinedes et al recommended that

on the basis of their findings, patients with a PFO should be considered for

aggressive therapy such as thrombolysis or catheter thrombus fragmentation.
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1.1.6 Clinical associations with hypoxaemia

PFO have been implicated in exacerbating hypoxaemia in a number of studies

(Kerut et al., 2001; Gelernter-Yaniv et al., 2008). The studies are smaller and

fewer in number than those conducted for stroke or migraine, however, they

raise interesting questions about not only the prevalence of PFO but also the

physiological consequences of a RLS in hypoxic conditions. Furthermore, it

is a theoretical possibility that failure of PFO closure may be a marker for a

related behaviour that leads to the development of the conditions described

below and that this can only be conclusively resolved with surgery.

Platypnoea-orthodeoxia syndrome

Platypnoea-orthodeoxia syndrome is a condition where desaturation occurs

in the sitting position and resolves with lying down (Varsano et al., 2011;

Toffart et al., 2008). Numerous case reports demonstrate an associated PFO

and resolution of hypoxaemia following PFO closure (Desouza et al., 2009;

Gurin et al., 2005; Ilkhanoff et al., 2005; Rao et al., 2001; Varkul et al., 2001;

Waight et al., 2000; Yalonetsky et al., 2006). The mechanism for these findings

is thought to be that the anatomical configuration of the interatrial septum is

modified with age-related changes, including elongation of the aortic root,

diaphragm paralysis and scoliosis (Sanikommu et al., 2009); or following

pneumonectomy (Bakris et al., 1997; Mercho et al., 1994; Bellato et al., 2008)

such that a RLS develops in the upright position. It is speculated that the

development of this RLS causes further arterial hypoxaemia.

32



Cystic fibrosis

Cystic fibrosis (CF) is an autosomal recessive condition which is caused

by mutations in the cystic fibrosis transmembrane conductance regulator

gene. It has an incidence of approximately 1 in 2000 newborns and is a

multisystem disorder affecting predominantly the lungs and gastrointestinal

tract. Recurrent pulmonary infections and airway obstruction precipitate

progressive hypoxaemia (Davis, 2006). Case reports of PFO in CF have

focused primarily on presumed paradoxical embolism through PFO in

patients with implantable venous access devices and right atrial thrombus

causing TIA and strokes (Al Lawati and Wilcox, 2007; Davidson et al., 1990;

Espiritu and Kleinhenz, 2000; Playfor and Smyth, 1999; Sritippayawan et al.,

2003; Simmonds et al., 2009). Simmonds et al reported an improvement in

baseline SaO2 from 90% to 95% in a young CF woman following PFO closure

(Simmonds et al., 2009). Davidson et al described a series of hypoxaemic CF

patients with PFO and speculated the PFO may contribute to hypoxaemia

(Davidson et al., 1990). Although inconclusive, these reports suggest that PFO

may exacerbate hypoxaemia in CF patients.

High altitude pulmonary oedema

High altitude pulmonary oedema (HAPE) is a life threatening condition

that requires immediate descent from high altitude. The pathophysiology

is incompletely understood, but pulmonary hypertension and arterial

hypoxaemia are characteristic features. In a study of 19 mountaineers resistant

to HAPE and 16 participants who were susceptible, PFO frequency was 4

times higher in HAPE susceptible individuals both at low altitude (56% versus

11%, p = 0.004) and high altitude (69% versus 16%, p = 0.001) (Allemann et al.,

2006). In the HAPE susceptible group, participants with a large PFO had
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lower SaO2 (65 (6)% versus 77 (8) %, p = 0.001) compared to those with smaller

or no PFO. This suggests right to left shunting through PFO does exacerbate

arterial hypoxaemia and HAPE.

Obstructive sleep apnoea and chronic obstructive pulmonary disease

Obstructive sleep apnoea and chronic obstructive pulmonary disease are both

common diseases currently increasing in prevalence that have significant

associated morbidity. Hypoxaemia is a significant feature in both. The

question that arises is could right to left shunting though PFO exacerbate

arterial desaturation in these patients?

1.2 Obstructive sleep apnoea

Obstructive sleep apnoea (OSA) is estimated to be present in 4% of men

and 2% of women (Young et al., 1993). It is characterised by repetitive,

intermittent episodes of partial or complete collapse of the upper airway

(Guilleminault et al., 1976) leading to a reduction (hypopnoea) or cessation

(apnoea) of airflow. This causes episodic oxyhaemoglobin desaturation and

recurrent arousals from sleep. This sleep fragmentation causes daytime

somnolence, which if left untreated leads to significant impairments in quality

of life, cognitive function and mood (Finn et al., 1998; Akashiba et al., 2002;

Engleman and Douglas, 2004). Obesity is the main risk factor for developing

OSA (Young et al., 1993; Peppard et al., 2000a) and with the current obesity

epidemic, the prevalence of OSA is likely to rapidly increase.
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1.2.1 Diagnosis

Obstructive sleep apnoea commonly presents as excessive daytime somno-

lence, a partner history of witnessed apnoeas or excessive snoring. Other

symptoms may include a combination of excessive snoring, choking or

gasping during sleep, nocturia, changes in personality or mood and morning

headaches. In essence, the presentation is heterogeneous and as many other

sleep disorders present with sleepiness, symptoms of OSA do not always

correlate with disease severity as measured by the apnoea hypopnoea index

(Deegan and McNicholas, 1996; Viner et al., 1991). Diagnosis is often by a

combination of clinical features and sleep study results.

The gold standard investigation for OSA is full nocturnal polysomnography

(ASDA, 1997; Kushida et al., 2005). This provides nocturnal measures of

airflow, saturation, respiratory effort, SaO2, EEG/EOG/EMG recording of

sleep and arousals and snoring. More limited respiratory sleep studies that do

not monitor sleep, but do monitor breathing during sleep are also validated

for the diagnosis of OSA (Dingli et al., 2003a).

An obstructive apnoea is defined as a cessation of airflow with ongoing

respiratory effort and a hypopnoea as reduction in airflow to less than 50%

of baseline for greater than 10 seconds (Iber et al., 2007). The total number

of apnoeas and hypopnoeas are divided by sleep time to give an apnoea-

hypopnoea index (AHI) of events/hour.
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The current, widely utilised grading system is based on a report of a task force

of the American Academy of Sleep Medicine (AASM, 1999). An AHI of up to

5 events/hour is considered normal. In the presence of symptoms, OSA is

graded as:

• AHI 5 – 15 events/hour: Mild OSA

• AHI 15 – 30 events/hour: Moderate OSA

• AHI > 30 events/hour: Severe OSA

1.2.2 Pathophysiology

There has been considerable interest in the role of OSA as an independent

risk factor for cardiovascular diseases including hypertension (Peppard et al.,

2000b; Barbe et al., 2010), cerebrovascular disease (Martnez-Garcia et al., 2009;

Arzt et al., 2005; Yaggi et al., 2005) and cardiac arrhythmias (Mehra et al.,

2006). Although causative associations are hard to identify, observational

studies have suggested strong associations and further data from longitudinal

cohort and randomised controlled trials is accumulating. It is thought that the

following pathophysiological disturbances are responsible for this increase in

cardiovascular risk.

Arousals from sleep

Sleep is broadly divided into non-rapid eye movement (NREM) sleep and

rapid eye movement (REM) sleep. NREM is further subdivided into stages

1, 2, 3 and 4 depending on the depth of sleep. Stage 1 and 2 represent light

sleep and stage 3 and 4 (previously 2 distinct stages and now recognised as

one entity) represent deep sleep (AASM, 1999). Sleep architecture in a typical
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healthy adult comprises 90 minute blocks of light, deep and REM sleep which

cycle throughout the night.

In OSA patients the restorative qualities of sleep are fragmented by brief

EEG arousals that terminate apnoeic events. The fragmented and reduced

percentage of deep sleep and REM can cause daytime sleepiness. Arousals

also activate the sympathetic nervous system (Somers et al., 1989) and

suppress parasympathetic activity (Horner et al., 1995) causing blood pressure

surges and tachycardia (Tun et al., 1999; O’Driscoll et al., 2004; Okabe et al.,

1995). The cumulative effect impairs vagally mediated heart rate variability

(Narkiewicz et al., 1998) and may be implicated in the pathogenesis of

hypertension in OSA (Arabi et al., 1999).

Negative intrathoracic pressure

Continued respiratory effort against an obstructed airway generates negative

intrathoracic pressure. This increases transmural cardiac pressures increasing

left ventricular afterload and myocardial oxygen demand (Stoohs and

Guilleminault, 1992; Buda et al., 1979) which may in turn increase the risk

of cardiovascular disease.

Intermittent hypoxaemia

An important mechanism underlying the association between OSA and

cardiovascular disease is chronic intermittent hypoxia. Intermittent hypoxia

is currently believed to promote the formation of reactive oxygen species

(Christou et al., 2003) and thus oxidative stress; stimulate sympathetic activity

(Somers et al., 1991; Cutler et al., 2004a,b); decrease availability of nitric

oxide (Jelic et al., 2008) and propagate inflammatory cascades (Minoguchi
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et al., 2005). It is thought that these processes precipitated by intermittent

hypoxia enhance vascular dysfunction and ultimately result in increased

cardiovascular disease.

1.2.3 Patent foramen ovale in obstructive sleep apnoea

To date there have been 3 studies investigating PFO in OSA and 2 that have

specifically addressed the PFO prevalence in OSA. Shanoudy et al studied

48 males with a respiratory disturbance index of 33.9 (3.1) events/hour and

24 male controls with contrast TOE (Shanoudy et al., 1998). The prevalence

of PFO in OSA was 69% (33/48) compared to 17% (4/24) in controls. The

OSA group were significantly younger than the control group (57 (12) years

compared to 65 (10) years respectively, p = 0.004) and therefore may have been

expected to have a higher prevalence. The authors also measured the SaO2

drop during the Valsalva manoeuvre and found those with OSA and a PFO

desaturated by 2.4 (1.5)% versus 1.3 (0.6)% in those with OSA and no PFO,

p = 0.007. This observed difference is within the error range of a standard

oximeter, however it does lend support to the theory that PFO influence SaO2.

Beelke et al conducted a study using contrast TCD only (Beelke et al., 2003).

They studied 78 OSA patients with an AHI of 52 (25) events/hour and 89

controls. A RLS was identified in 27% (21/78) of OSA patients and 15%

(13/89) of controls, only just reaching statistical significance at p< 0.05. Taken

together, the data suggest PFO are more prevalent in OSA.

Johannsen et al studied 30 OSA patients with varying severity of OSA and

stratified them according to their ODI/AHI ratio (Johansson et al., 2007). This

was done as a surrogate for the amount of desaturation for a given respiratory

disturbance; a higher ratio indicative of greater desaturation. Overall PFO

prevalence was 47% (14/30) and 11 patients had large PFO shunts. They
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found that in 15 patients with an ODI/AHI > 0.66, the prevalence of large

PFO was 60% (9/15) compared to 13% (2/15) in those with ODI/AHI < 0.33,

p < 0.05. These data suggest that there is an association between nocturnal

desaturation and PFO in OSA; this also highlights again that it is the PFO

with larger shunts that are associated with the clinical findings. My study will

be the first to characterise the size of shunts associated with PFO in OSA.

A single case report describes PFO closure in a 42 year old man with severe

OSA (AHI 44 events/hour) who remained dyspnoeic despite CPAP treatment.

Following PFO closure there was complete resolution of exertional symptoms.

Research questions based on the above data include: if PFO are more

prevalent in OSA what is the magnitude of associated shunt? Also, if

PFO contribute to nocturnal desaturation, would percutaneous closure of the

defect in OSA improve overnight SaO2? I will answer these questions in this

thesis.

1.3 Chronic obstructive pulmonary disease

COPD is a disease state characterised by progressive airflow limitation that is

at best, partially reversible; and is associated with an abnormal inflammatory

response of the lungs to noxious particles or gases. The estimated prevalence

of COPD in adults over the age of 40 years is 10% and it causes 30,000 deaths

per year in England and Wales. In developed countries it is one of the only

common causes of death to be increasing.
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1.3.1 Hypoxaemia in chronic obstructive pulmonary disease

Hypoxaemia in COPD is a poor prognostic marker independent of FEV1

(Schols et al., 1998). Chronic hypoxaemia that remains untreated is associated

with many of the adverse sequelae of COPD. These include systemic

inflammation (Fitzpatrick et al., 2011; Takabatake et al., 2000), skeletal muscle

dysfunction (Koechlin et al., 2005), neurocognitive decline (Dodd et al., 2010;

Thakur et al., 2010) and although less of a current issue, historically with the

development of polycythaemia (Epstein, 1912; Chambellan et al., 2005).

Two landmark trials conducted in the 1970s provide evidence for the mortality

benefit of long-term oxygen therapy (LTOT) in hypoxaemic COPD patients

with PaO2 < 8kPa. The British Medical Council long–term domiciliary oxygen

trial randomised 87 hypoxaemic COPD patients (FEV1 0.58 to 0.75L) to 2L O2

via nasal cannulae for at least 15 hours per day or no oxygen, with follow

up over a period of 5 years (MRC, 1981). Nineteen of the 42 treated with

LTOT died compared to 30 of the 45 who were not given LTOT. The nocturnal

oxygen therapy trial enrolled 203 COPD patients and compared nocturnal

oxygen for 12 hours with continuous oxygen (NOTT, 1980). Follow up was

conducted over an average period of 19.3 months during which 41 patients

in the nocturnal O2 arm died versus 23 in the continuous O2 arm. These

trials form the basis of current O2 prescription guidelines. Since publication,

the expense of domiciliary oxygen has substantially increased and it now

constitutes one of the largest medical expenses. What are the causes of

hypoxaemia in COPD?

The principal contributor to hypoxaemia is ventilation perfusion (VQ)

mismatch (Gibson, 2009). In mild disease prior to the onset of significant

airway obstruction, there is often moderate VQ mismatch (Barbera et al.,
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1990). This observation is thought to be related to small airways disease

and structural abnormalities that are present despite only a small reduction

in FEV1. The greatest amount of VQ mismatching occurs in severe disease

(Sandek et al., 2001). Despite this, there is a large variation from almost normal

VQ relationships to very abnormal. Rodrigues-Roisin et al studied 150 COPD

patients with a range of severity spread across GOLD 1 to 4 and found the VQ

inequality from stage 1 through to stage 4 increased by only a modest amount

(Rodriguez-Roisin et al., 2009). This suggests that the underlying contributors

to hypoxaemia may differ from those causing airflow obstruction.

In addition to VQ mismatch, other causes of inadequate gas exchange

include: impaired alveolar-end capillary diffusion to oxygen, inadequate

alveolar ventilation and a true anatomical shunt. Extrapulmonary factors also

contribute and they include cardiac output (Barr et al., 2010), inspired oxygen

concentration and the metabolic oxygen demands of the body.

This list is extensive. However, the contribution of intracardiac shunting

to hypoxaemia has not been previously studied. The question ”does a RLS

through PFO contribute to hypoxaemia?” will be investigated in this thesis.

1.3.2 Exercise in chronic obstructive pulmonary disease

There are numerous pathophysiological changes that affect exercise in COPD

patients and all play a role, albeit to different extents in limiting exercise in

COPD. These include reduced ventilatory capacity (O’Donnell et al., 1999;

Babb et al., 1991), increased work of breathing, deconditioning and systemic

inflammation with subsequent skeletal muscle dysfunction (Yende et al.,

2006; Broekhuizen et al., 2006; Pinto-Plata et al., 2006) and destruction of

the pulmonary capillary bed by emphysema. Treatment strategies that have

been studied include bronchodilator therapy (O’Donnell et al., 2004b,a; Cukier
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et al., 2007), supplemental oxygen (O’Donnell et al., 2001a), helium-oxygen

mixtures (Laude et al., 2006), rehabilitation (Porszasz et al., 2005) and lung

volume reduction (Hopkinson et al., 2005).

In a study of 576 COPD patients followed up over a period of 3 years, exercise

desaturation predicted mortality (relative risk: 2.63, 95% CI: 1.53 to 4.51, p

< 0.001) (Casanova et al., 2008). Desaturation occurs largely as a result of

increased VQ mismatching, increased peripheral muscle oxygen extraction

(Dantzker and D’Alonzo, 1986), and alveolar hypoventilation (O’Donnell

et al., 2002). The effects of intracardiac shunting have not been studied. This

raises the question, could a RLS develop through a PFO and could this then

contribute to exercise hypoxaemia? For a RLS to develop through a PFO, the

atrial pressure gradient would have to reverse. Pathophysiological changes

during exercise in COPD could, theoretically allow this.

COPD is characterised by expiratory flow limitation secondary to airway

obstruction and reduced pulmonary elastic recoil. As the respiratory rate

increases during exercise, expiratory time is reduced leading to incomplete

lung emptying prior to the onset of the next breath. End-expiratory

lung volume is increased, inspiratory capacity is reduced and alveolar

pressure remains positive at end expiration known as: intrinsic positive end-

expiratory pressure (PEEPi). As exercise continues, this cycle of incomplete

lung emptying causes progressive dynamic hyperinflation (O’Donnell et al.,

2001b). In order to assist lung emptying, abdominal muscles are recruited,

further increasing intrathoracic pressure and PEEPi, effectively producing a

Valsalva manoeuvre (Kyroussis et al., 2000). This increases right ventricular

afterload and right ventricular end-diastolic pressure (Mahler et al., 1984).

The next inspiratory breath has to generate sufficient negative pressure to

overcome PEEPi. This exaggerated pleural pressure swing will draw venous

42



blood into the right atrium and in the face of increases in right heart pressure,

could reverse the atrial pressure gradient. In addition, pulmonary artery

pressure is known to increase during exercise in COPD causing further

increases in right ventricular afterload and therefore promoting right to left

shunting through a PFO (Raeside et al., 2002).

1.3.3 Patent foramen ovale and chronic obstructive pul-

monary disease

The prevalence of PFO in COPD has been investigated in 2 studies. Soliman

et al studied 20 patients with COPD (FEV1 27.2 (8.4)% predicted) and 20

healthy controls with contrast TOE and detected PFO in 70% (14/20) versus

35% (7/20) respectively, p < 0.05 (Soliman et al., 1999). COPD patients had

significantly higher systolic pulmonary artery pressures (38.3 (7.3) mmHg

versus 21 (2.4) mmHg, p < 0.05). COPD patients with PFO desaturated by

2.6 (1.4) % during the Valsalva manoeuvre compared to 1.1 (0.9) % in COPD

patients without PFO, p < 0.005. Haceivliyagil et al studied 52 COPD patients

(FEV1 44.7 (13.4)% predicted) with contrast TTE and also found a higher

prevalence of PFO compared to controls: 44% (23/52) versus 20% (10/50)

respectively, p = 0.001 (Hacievliyagil et al., 2006). The COPD group was a

heterogeneous group, however it appeared that those with PFO at rest had

more functional impairment with significantly shorter 6 minute walk test

distances, lower SaO2, lower PaO2 and higher MRC dyspnoea scores.

These data suggest that PFO are more prevalent in COPD and that they may

contribute to hypoxaemia.
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1.4 Overall aims of thesis

PFO are common in healthy adults and under physiological conditions which

elevate right atrial pressure, allow right to left shunting of deoxygenated

blood. PFO have been associated with hypoxaemia and numerous case

reports exist that describe resolution of hypoxaemia following PFO closure.

Studies have identified a higher prevalence of PFO in OSA and COPD, both

common diseases in which intermittent and chronic hypoxaemia respectively

cause significant morbidity. The aim of the research in this thesis was to

examine both these conditions and to investigate the impact of right to left

shunting through PFO on oxygenation.

In severe OSA patients, the aim was to determine the prevalence of PFO and

magnitude of associated shunt and to investigate the impact of PFO closure

on nocturnal oxygenation. The aim in severe COPD patients was to determine

whether hypoxaemic patients have a higher prevalence of PFO compared

to those who are less hypoxaemic with similar lung function impairment.

Furthermore, to determine whether a RLS develops during exercise and the

impact this may have on SaO2 and exercise endurance.
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1.5 Hypotheses

The following hypotheses were tested:

1. Severe OSA patients have a higher prevalence of PFO compared to

healthy controls of similar age

2. Severe OSA patients have a higher prevalence of PFO with large shunts

compared to healthy controls of similar age

3. Percutaneous closure of PFO with large shunts in patients with severe

OSA reduces nocturnal desaturation

4. Patients with severe COPD and PaO2 ≤ 7.3 kPa have a higher prevalence

of PFO with a greater magnitude of RLS compared to others with a

similar lung function impairment and PaO2 > 8 kPa

5. Severe COPD patients have a higher prevalence of PFO compared to

healthy controls of similar age

6. Right to left shunting through PFO increases from baseline during

exercise in COPD

7. During exercise, patients with severe COPD and a PFO experience

greater desaturation and have reduced exercise endurance compared to

those without a PFO

8. During exercise in severe COPD, increased swings in intrathoracic

pressure are associated with increased right to left shunting through a

PFO
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Chapter 2

Methods
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2.1 Ethical approval and study overview

The Kings College Hospital Ethics Committee approved the studies contained

in Chapter 3. The Brompton and Harefield Ethics Committee approved the

studies contained in Chapters 4 and 5. All patients gave written informed

consent.

Chapter 3 is an observational study investigating the prevalence of PFO

and magnitude of associated shunt in severe OSA compared to healthy age

matched controls. A prospective, interventional study has also been carried

out testing the effect of PFO closure on nocturnal oxygenation in patients with

severe OSA and large PFO.

Chapter 4 is an observational study examining the prevalence of PFO in COPD

patients who are hypoxic compared to those with higher PaO2 levels.

Chapter 5 is an observational study carried out to determine whether there

is increased right to left shunting compared to baseline during exercise in

COPD patients with PFO and if so, whether this correlates with swings in

intrathoracic pressure and results in greater desaturation and reduced exercise

endurance.

2.2 Contributions

The following tests that are described in this Chapter were performed with

contributions from staff members at the Royal Brompton Hospital as detailed

below.

Contrast transthoracic echocardiography requires 2 people to perform. I

performed them with help from the echocardiography technicians and when
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they were not available, with help from the research fellows in the muscle

laboratory or sleep department.

The 6 minute walk tests on 25 COPD patients were performed by the research

physiotherapists in the muscle laboratory.

Lung function tests were performed by the physiologists in the lung function

department.

Cardiopulmonary exercise tests were performed by myself with help from

Julia Kelly, research physiotherapist.

All other tests were performed and analysed by myself.

2.3 Subject information

2.3.1 Obstructive sleep apnoea patients

Patients were recruited from the OSA clinic at the Royal Brompton Hospital.

The inclusion criteria were:

• Age ≥ 18 years

• Severe OSA: AHI > 30/hour on a respiratory sleep study

• Weight < 150 kg

• FVC ≥ 70% predicted

• FEV1/FVC ratio ≥ 70%
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2.3.2 Chronic obstructive pulmonary disease patients

Patients were recruited from the advanced COPD clinic at the Royal Brompton

Hospital. Inclusion criteria were:

• Age > 40 years

• Severe COPD measured according to the Global initiative for chronic

Obstructive Lung Disease (GOLD) ≥ Stage III

• No evidence from either clinical notes or subjective assessment of

OSA/obesity-hypoventilation syndrome

• No active infections

• No evidence of other cardiac disease (valve disease, cardiomyopathy,

left ventricular failure, congenital heart disease)

• No previous PFO closure device

• No evidence of severe, uncontrolled hypertension

• No untreated coronary artery disease

2.3.3 Healthy control subjects

Healthy volunteers were recruited from a departmental database of controls

that had participated in other studies. Advertising in local newspaper was

used to recruit additional people. The advert is shown in Appendix A
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2.4 Assessment of PFO: Contrast transthoracic

echocardiography

Contrast TTE scans were performed with the help of echocardiography

technicians at the Royal Brompton Hospital. Standard echocardiographic

image planes were acquired with ECG monitoring. OSA patients and healthy

controls were scanned with Sonos 7500 (Philips, Netherlands) and COPD

patients were scanned with Vivid 7 (GE Healthcare, Chalfont St Giles, UK). All

scans were performed with second harmonic imaging. The recordings were

stored anonymised for offline analysis on the Medcon system (McKesson, San

Francisco, USA).

2.4.1 Measurement of systolic pulmonary artery pressure

Systolic pulmonary artery pressure was measured using continuous wave

Doppler to localise tricuspid regurgitation. The maximum velocity of the

transtricuspid jet (V TR) reflects the right ventricular (RV) to right atrial (RA)

pressure difference as described by the Bernoulli equation:

∆P RV–RA = 4(V TR)2

Right venticular systolic pressure (RVSP) is obtained by adding ∆P RV–RA to

the estimated right atrial pressure (RAP).

RVSP = ∆P RV–RA + RAP

In the absence of pulmonary stenosis, RVSP is equal to the systolic pulmonary

artery pressure (PAPsystolic):

PAPsystolic = ∆P RV–RA + RAP
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Right atrial pressure is estimated by measuring the diameter of the inferior

vena cava (IVC) in the subcostal view on expiration and assessing the

percentage by which it collapses on inspiration as described in Table 2.1.

Table 2.1: Estimating right atrial pressure from the inferior vena cava

IVC diameter expiration Collapse on inspiration RAP estimate

(cm) (%) (mmHg)

< 2 complete 0 – 5

< 2 > 50 5 – 10

> 2 25 – 50 10 –15

> 2 < 25 15 – 20

Adapted from Rimmington and Chambers, (Rimington and Chambers, 1998)

2.4.2 Measurement of right to left shunting

Agitated saline contrast

An intravenous cannula was inserted into an antecubital vein and a 3-way

tap attached. 8ml normal saline and 1ml air was drawn up into a 10ml luer

lock syringe and attached to the 3-way tap. An empty 10ml luer lock syringe

was attached to the second port of the 3-way tap. One ml blood was drawn

back into the empty syringe. The valve on the 3-way tap was turned off to the

subject and on to the 2 syringes. The saline, air and blood mixture was agitated

between the 2 syringes at least 10 times forming a suspension of microbubbles

that was used for contrast injection (Lange et al., 2010; Dowson et al., 2008).
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Contrast TTE

Contrast studies were performed in accordance with previously published

guidelines (Attaran et al., 2006). The four chamber view, with the probe at

the apex was obtained and depth and sector width adjusted to optimise the

image. The rest injection was performed with the patient breathing normally.

Agitated saline contrast was injected in a single push, the right heart was seen

to opacify and the left heart was observed for 10 to 15 beats for evidence of

shunting. The Valsalva injection was performed with the following standard

instructions for a Valsalva manoeuvre: the subject was asked to take a normal

breath in, a normal breath out, then at functional residual capacity, they

were asked to hold their breath and push their stomach in (similar to being

constipated) for 10 seconds.

The injection was timed to coincide with the interatrial septum bowing to the

left and/or reduction of heart size (due to reduction of venous return). As

soon as contrast was seen in the right heart, the subject was instructed to

release the VSM quickly and the left heart was observed for 10 to 15 beats

for evidence of shunting. The Valsalva injection was repeated twice and in

patients with poor views repeated until a good image was obtained.

PFO versus Pulmonary shunts

Both intracardiac shunting through PFO and intrapulmonary shunting can be

detected as a RLS with contrast TTE. A PFO was detected if bubbles were

seen in the left heart within 5 cardiac cycles of right heart opacification. A

pulmonary shunt was present if bubbles entered the left heart after 5 cardiac

cycles and continued to enter in a steady stream.
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2.4.3 Data analysis: Grading of PFO shunt size

PFO shunt size was graded visually (Figure 2.1) according to the following

criteria:

Negative No bubbles on left side

Small A few scattered bubbles seen in left heart

Moderate Obvious shunt with > 10 bubbles at any one time seen in the left

heart but not sufficient to completely opacify any section or all of

the left heart

Large Large obvious shunt, with contrast that completely opacifies a

section or all of the left heart.

A PFO was detected if bubbles were seen in the left heart within 5 cardiac

cycles of right heart opacification. A pulmonary shunt was present if bubbles

entered the left heart after 5 cardiac cycles and continued to enter in a steady

stream.
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Figure 2.1: RA: right atrium; RV: right ventricle; LA: left atrium; LV: left ventricle.
These 4 chamber images are all taken from contrast studies. Top left: bright, white
contrast is seen in the RA and RV, however no contrast is detected in the left heart.
This patient does not have a PFO. Top right: a few microbubbles can be seen in the
LV. This is a small PFO. Bottom left: contrast is clearly detected in the left heart, but
not enough to completely opacify any chamber. This is a moderate size PFO. Bottom
right: contrast can be seen in all four chambers, completely filling the left heart. This
is a large PFO)
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2.4.4 Interobserver agreement of TTE scoring of PFO shunt

size

The interobserver agreement between the grades of shunt assigned to contrast

TTE examinations by myself and another independent echocardiographer

were assessed. This was performed to ensure the absence of observer bias.

50 contrast studies chosen at random were analysed. The results are given in

Table 2.2.

Table 2.2: Interobserver agreement with TTE scoring

Grade of shunt Grade of shunt assigned by echocardiographer

assigned by me No shunt Small shunt Moderate shunt Large shunt

No shunt 21 1

Small shunt 1 10 1

Moderate shunt 5

Large shunt 11

The kappa statistic was 0.91 indicating good interobserver agreement.
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2.5 Assessment of PFO: Contrast transcranial

Doppler

2.5.1 Measurement of right to left shunting

Instrumentation and signal processing

Contrast transcranial Doppler (TCD) was performed using a 2 MHz Power M-

Mode digital TCD system (ST3/PMD150, Spencer Technologies, Seattle, WA).

Power M mode images (Figure 2.2a) were calculated and displayed above the

single gate spectrogram image (Figure 2.2b) sharing the same horizontal time

axis. The 13mm circular transducer was set to emit 16 cycles at 2MHz with

a pulse repetition frequency of 8kHz in one transmit burst. The received

ultrasound waves were amplified, converted from analogue to digital and

processed. Doppler shift values were low pass filtered to reject any noise not

within the frequency bandwidth of the transmit burst and resampled. The

Power M Mode display comprised 33 sample gates with one gate every 2mm

from a depth of 24 to 88mm. Axial extension of sample volume was set at

6mm. A red line depicted flow towards the probe and a blue line flow away

from the probe. The spectral display below was obtained from a 34th sample

gate, the depth of which was controlled by moving the yellow horizontal

line in the Power M Mode display (Figure 2.2a and b). The spectrogram

was calculated by applying a 128 point fast fourier transformation with 50%

overlap at 8 kHz pulse repetition frequency with a Hanning window. The

high pass filter was set at 200Hz. The spectrogram velocity accuracy assuming

a zero Doppler angle was ± 1% or ± 1cm/s.

Microbubbles are detected by measuring backscatter. The backscatter of
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Figure 2.2: Contrast transcranial Doppler (From Moerhing MA et al, 2002) a) Power
M-mode Doppler display of cerebral blood flow with beam alignment with the right
middle cerebral artery (RMCA), the right anterior cerebral artery (RACA), and the
left anterior cerebral artery (LACA). (b) Concurrent spectrogram from 50-mm gate
depth (MCA). (c) Representation of ultrasound beam direction and intersection with
intracranial vessels shown in (a)

ultrasound from normal flowing blood is less than that from gaseous emboli.

Multiple gates of Power M mode allow emboli to be tracked and identified in

arteries not in the line of the spectral display.

Middle cerebral artery insonation

With the subject in the supine position, the middle cerebral artery (MCA) was

insonated bilaterally through the temporal bone windows. The MCA projects

laterally from the circle of Willis and is the only artery that will produce a

signal towards the probe at a depth of 35 to 60mm in the temporal area.

The MCA responds to ipsilateral carotid vibration, has reduced velocities

with ipsilateral carotid compression and does not respond to contralateral

carotid compression. Once located on the Power M Mode display, the Doppler
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signal gain and depth was adjusted to optimize flow detection. The probes

were secured using an adjustable head frame (Marc 600 head frame, Spencer

Technologies, Seattle, WA).

Contrast study

Agitated saline contrast was prepared as in Section 2.4.2. Injections were

performed at rest and 5 seconds into the start of a Valsalva manouevre.

Automatic signal detection was used to detect microemboli in the cerebral

circulation for 1 minute following contrast injection (Figure 2.3). The Valsalva

injection was performed twice. Data were recorded onto an external hard

drive for analysis of PFO shunt size blinded to patient group.

Figure 2.3: Contrast TCD recording A: at rest and B: following a valsalva
manoeuvre. The bright signals in panel B represent bubble contrast arriving in
the middle cerebral artery. LMCA: left middle cerebral artery, RMCA: right middle
cerebral artery, Depth: depth of Doppler sample volume in mm, Power: transmitting
Doppler output power, Mean: mean cerebral blood flow velocity in cm/second

58



2.5.2 Measurement of right to left shunting during exercise

Contrast TCD for the detection of RLS is reliably performed in the sitting

position (Stendel, 2000). A cycle ergometer was therefore used for the exercise

platform. The middle cerebral arteries were insonated bilaterally as in Section

2.5.1. An intravenous cannula was sited in the left antecubital fossa and

agitated saline contrast was prepared as in Section 2.4.2. Contrast was injected

at 2 minute intervals during the continuous work rate exercise protocol

(described in Section 2.11.2) to assess the degree of RLS.

2.5.3 Data analysis: Grading of PFO shunt size

PFO grade was scored using the criteria of Spencer (Spencer et al., 2004) in

Table 2.3. In Chapters 3 and 4 PFO shunt sizes were graded as no shunt,

small, moderate or large. In Chapter 5, in order to detect smaller differences

in shunting during exercise the Grade 0 to Grade 5 scale was used.
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2.5.4 Interobserver agreement of TCD scoring of PFO shunt

size

The interobserver agreement between the grades of shunt assigned to contrast

TCD examinations by myself and another independent scorer were assessed.

This was performed to ensure the absence of observer bias. 69 contrast studies

were analysed. The results are given in Table 2.4.

Table 2.4: Interobserver agreement with TCD scoring

Grade of shunt Grade of shunt assigned by independent scorer

assigned by me 0 1 2 3 4 5

0 15 3

1 8

2 10

3 1 9

4 3 10

5 2 8

The kappa statistic was 0.84 indicating good interobserver agreement.
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2.6 Blood testing

2.6.1 Arterial blood gas analysis

Resting arterial blood gas tensions were measured from an arterial blood

sample taken from the radial artery and analysed with the Radiometer ABL

30 (Radiometer, Denmark).

2.6.2 Venous blood tests

Venous blood samples were taken for full blood count and brain natriuretic

peptide (BNP) measurement. In a study of 176 patients with a combination

of obstructive and restrictive disease BNP was measured in conjunction with

right heart catheter derived pulmonary artery pressure and patients were

followed up for a year. BNP identified high pulmonary artery pressure with a

sensitivity of 0.85 and a specificity of 0.88 and was found to be an independent

predictor of death (Leuchte et al., 2006). BNP may therefore be a prognostic

marker in lung disease.

2.7 Respiratory function testing

2.7.1 Measurement of respiratory function

Spirometry

Spirometry was performed with the Vitalograph 2120 (Vitalograph Ltd,

Buckinghamshire) according to standard criteria using a pneumotachograph

with integration of flow to derive volume (Miller et al., 2005b). The device
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was calibrated regularly with a 1L syringe ensuring an accuracy of within 3%

of the calibration volume.

Subjects were asked to take a deep inhalation, completely filling the lungs

and then to perform a maximal forced exhalation through a disposable

mouthpiece with attached filter using the greatest effort possible. The

procedure was repeated until 3 consistent attempts within 5% difference of

each other were obtained and the best FEV1 and FVC results recorded.

The measurement of lung volume and gas transfer

The lung function technicians at the Royal Brompton Hospital performed

these pulmonary function tests. Lung volumes were measured using body

plethysmography (Wanger et al., 2005). Gas transfer was obtained by inhaling

a known concentration of carbon monoxide (CO), measuring end expiratory

CO concentration after a single breath hold and adjusting for alveolar volume

(Compact Master lab system, Jaeger, Germany) (Macintyre et al., 2005). All

tests were performed and interpreted in accordance with ATS/ERS guidelines

(Miller et al., 2005a; Pellegrino et al., 2005). Data obtained from the European

Coal and Steel community (Quanjer et al., 1993a,b; Cotes et al., 1993) were

used to calculate predicted values. Calibrations on all equipment were

undertaken regularly.

2.7.2 Data analysis

COPD was graded according to the Global Initiative for Chronic Obstructive

Lung Disease (GOLD) staging criteria (Table 2.5) (Rabe et al., 2007).
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Table 2.5: GOLD staging of COPD severity (Rabe et al., 2007)

Stage Description Findings (based on postbronchodilator FEV1)

0 At risk Risk factors and chronic symptoms but normal spirometry

I Mild FEV1/FVC < 70%

FEV1 > 80% of predicted value

May have symptoms

II Moderate FEV1/FVC < 70%

FEV1 50% – 80% of predicted value

May have chronic symptoms

III Severe FEV1/FVC < 70%

FEV1 30% – 50% of predicted value

May have chronic symptoms

IV Very severe FEV1/FVC < 70%

FEV1 < 30% of predicted value

or FEV1 < 50% of predicted value plus severe chronic symptoms
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2.8 Questionnaires

2.8.1 Epworth Sleepiness Scale

The Epworth Sleepiness Scale (ESS) was used to measure subjective sleepiness

(Johns, 1991) (Appendix B). This self-administered, validated questionnaire

presents 8 different situations commonly encountered in daily life and asks

for a score from 0 to 3 depending on the likelihood of dozing (0: no chance of

dozing, 3: high chance of dozing). Scores can range from 0 to 24 and a cut-off

of 11 or more is used to indicate significant sleepiness.

2.8.2 HIT6 headache test

The HIT-6 questionnaire (Appendix C) (Kosinski et al., 2003), based on the

computerised headache impact test (DynHAHIT) was developed to provide

a shorter, paper form of the internet test that was equally valid as a means

of assessing headache impact and for monitoring response to treatment. It

comprises 6 questions and asks to rate them as never (6 points), rarely (8

points), sometimes (10 points), very often (11 points) and always (13 points).

The score ranges from 36 to 78 with the following cut-offs:

• Over 60: headaches having severe impact on life

• 56 to 59: headaches having substantial impact on life

• 50 to 55: headaches having some impact on life

• Less than 49: Headaches having little or no impact on life
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2.8.3 SF36v2 quality of life questionnaire

The SF36v2 (Appendix D) (Hawthorne et al., 2007) is the second version of the

short form 36 questionnaire, designed as a generic, short, acceptable survey to

assess subjective wellbeing. The second version was developed in response

to issues with the two role functioning scales. The SF36v2 has been validated

over a range of disease conditions and the scores are more reliable than the

first version (Garratt et al., 1993). The test yields 2 summary measures: a

physical component and mental component, which will be used in Chapter 3.

The average score for the US population is 50 and all results are compared to

this benchmark.

2.9 Assessments during sleep

Full attended nocturnal polysomnography (NPSG) was performed in the

Research Sleep Laboratory at the Royal Brompton Hospital using the

SomnoScreen system (S-Med UK, SOMNOmedics). Measurement of sleep

and wakefulness, respiratory effort, airflow, arterial oxygen saturation,

snoring, body position and electrocargiography (ECG) were obtained as

described below. Probes and electrodes were attached to the SOMNOscreen

box containing the amplifiers and filters for all physiological signals, which

were transmitted via telemetry to a computer with SOMNOscreen software.

Respiratory polygraphy was performed at the subjects home using the

SomnoScreen system (S-Med UK, SOMNOmedics). Measurement of

respiratory effort, airflow, arterial oxygen saturation, snoring and body

position were obtained as described below. The set up was demonstrated

to the subject after which they took the equipment home for the nocturnal
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recording and then returned it the following day. During home studies,

signals were stored on a flashcard.

2.9.1 Measurement of sleep and wakefulness

Pairs of electroencephalogram (EEG), electrooculogram (EOG) and elec-

tromyogram (EMG) electrodes were used to measure sleep and wakefulness.

EOG, EEG and EMG position

EEG electrodes were placed according to standard 10-20 system of electrode

placement (Harner and Sannit, 1974). The system identifies 4 landmarks:

• the nasion: the indentation between the forehead and nose

• the inion: the occipital ridge felt as the finger is run from the back of the

neck up to the skull

• the left and right preauricular points: the indentations bilaterally just

superior to the tragus

Once identified, electrodes were placed either 10 or 20% of the distance

between these landmarks (Figure 2.4). EEG electrodes were placed in the

left central C3 and right central C4 areas and referred to the contralateral

mastoid electrode A2 and A1 respectively (C3:A2 and C4:A1). A vertex CZ

electrode and a central forehead ground electrode were placed. A left occipital

O1 electrode was referred to the contralateral A2 mastoid electrode (O1:A2).

EOG elecrodes were placed 1cm lateral and superior to the left outer canthus:

F7 and 1cm lateral and inferior to the right outer canthus: F8. F7 and F8

electrodes were both referred to the right mastoid process A2 (F7:A2 and

F8:A2).
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Figure 2.4: (adapted from Harner and Sannit, 1974) The landmarks from which
EEG electrode placement is based are the nasion, inion and preauricular points. O1
is placed superior (10% of the distance from nasion to inion) and left lateral (10% of
the circumference of the left side) to the inion. CZ is positioned at the intersection
of a line joining the left to right preauricular points and the nasion to the inion. C3
is positioned 20% of the distance between preauricular points to the left of CZ. A1
is positioned on the left mastoid process and the ground EEG on the central forehead.
EOG F7 is attached 1cm lateral and superior to the outer canthus of the left eye. These
positions are replicated on the right side (not shown) as C4, F8 and A2.

EMG electrodes were positioned on the chin over the submentalis muscle and

on the legs over the anterior tibialis muscle.
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EEG, EMG and EOG electrode attachment

Landmarks and electrode positions were marked with a china graph pencil.

To minimize electrode impedance, the areas were cleaned with Nuprep

abrasive gel (D.O. Weaver and Co., USA) and alcohol swabs (Universal

Hospital Supplies Ltd., UK). Gold cup EEG electrodes (Grass Instruments

Division, Astro-Med Inc.,) were placed in the hairline (C3, C4 and CZ).

The gold cups were filled with Ten20 EEG conductive paste (D.O. Weaver

and Co., USA) and secured using Colloidian glue (S.L.E. diagnostics Ltd.,

UK). Disposable silver-silver chloride electrodes on self-adhesive patches

(Neuroline, Ambu Ltd., UK) were used for all other EEG, EOG and EMG

positions.

EEG, EMG and EOG signal acquisition and calibration

Electrodes were attached to the SOMNOScreen system, amplified and

transmitted to a computer via telemetry as well as recorded to a flashcard.

Recordings were made in AC mode. High pass and low pass filters were set

at 0.2 and 35Hz respectively for EEG, 0.3 and 10Hz respectively for EOG and

10 and 100Hz respectively for EMG. Sampling rate was 500Hz for EEG, EOG

and EMG. An additional notch filter was set at 50Hz to remove artefact from

electronic power sources.

Electrode to skin impedance was maintained below 5kΩ to ensure adequate

signals. Biological calibrations were performed to check signal quality.

Patients were asked to perform a series of instructions to check each channel

in turn.

1. Please keep your eyes open and look straight ahead
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2. Please look from left to right

3. Please look up and down

4. Please blink

5. Please close your eyes

6. Please open your jaw and clench your teeth in turn

2.9.2 Measurement of respiratory effort via respiratory induc-

tance plethysmography

Respiratory effort was measured using respiratory inductance plethysmogra-

phy. The technique uses an elastic belt with a wire sewn into it in a zig-zag

arrangement to allow for chest/abdominal expansion. One belt is attached

as a loop around the chest at the level of T4 vertebrae and one around the

abdomen at the umbilicus. An alternating current is applied to the wire,

which generates a magnetic field (Faradays law). As the area within the

loop changes, an opposing current is set up which is measured as a change

in frequency of the applied current. The change in frequency is proportional

to the change in area. This signal is displayed graphically for interpretation.

The low pass filter was set at 15Hz and the high pass filter at 0.1Hz. Signals

were sampled at 100Hz.

Biological calibration was performed by asking the patient to:

1. Take big, deep breaths in and out

2. Take small, shallow breaths in and out

3. Stop breathing for 10 seconds
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2.9.3 Measurement of arterial oxygen saturation via pulse

oximetry

Oximetry provides a measure of the arterial oxygen saturation of

haemoglobin. The technique relies on 2 basic principles:

1. The absorption of light at two different wavelengths by haemoglobin

differs depending on the degree of oxygenation of Hb.

2. The light signal following transmission through the tissues has a

pulsatile component, resulting from the changing volume of arterial

blood with each pulse beat and is distinguishable by the microprocessor

from the non-pulsatile component resulting from venous, capillary and

tissue light absorption.

Within the probe are 2 light emitting diodes one in the visible red spectrum

(660nm) and the other in the infrared spectrum (940nm). The beams of

light pass through the tissues to a photodetector. During passage, some

light is absorbed depending on the concentration of haemoglobin. The

amount absorbed at each frequency depends on the degree of oxygenation of

haemoglobin. The microprocessor selectively analyses the pulsatile fraction

of blood.

The microprocessor calculates the ratio of absorbed light at each frequency

and then compares them to standardised measurements within its memory

(derived from previous human experiments) to arrive at a percentage oxygen

saturation.

Oxyhaemoglobin saturation was measured with a finger probe oximeter.

The margin of error for SaO2 measurement between 70 and 100% was ±2%

standard deviations. Each value was averaged over 4 heartbeats and updated
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after every heartbeat.

2.9.4 Measurement of airflow

Nasal airflow was measured with a nasal cannula connected to a pressure

transducer with a range of ±24mbar. Pressure was taken to be proportional to

airflow and the corresponding signal was processed, converted from analogue

to digital and displayed on screen. Recordings were made in DC mode with a

low pass filter of 1Hz.

A thermistor was also used in addition to a nasal cannula. Thermistors

detect temperature oscillations between warm, expired air and cooler, room

temperature inhaled air. Absence of temperature variation implies no airflow

and was detected as an apnoea.

2.9.5 Measurement of sleep position and snoring

An inbuilt sensor within the amplifier box was used to discriminate between

supine, left, right, prone and upright positions.

A tracheal microphone recorded snoring sampling at a rate of 256Hz. The low

pass filter was set at 100Hz and the high pass filter at 10Hz.

2.9.6 Data analysis

Sleep and wakefulness

Sleep stages were scored in 30 second epochs by analyzing EEG, EOG

and EMG signals according to the American Academy of Sleep Medicine

guidelines (Iber et al., 2007) as outlined in Table 2.6. If more than one stage
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Figure 2.5: Patient with standard NPSG monitors attached (Received permission
from participant to print photo)

existed in an epoch, the predominant stage was assigned (i.e. more than 50%

of the 30 second epoch).

73



Ta
bl

e
2.

6:
Sc

or
in

g
of

sl
ee

p
st

ag
es

EE
G

EO
G

EM
G

W
ak

e
Lo

w
am

pl
it

ud
e

R
ea

di
ng

ey
e

m
ov

em
en

ts
V

ar
ia

bl
e

A
lp

ha
ac

ti
vi

ty
8

–
13

H
z

Ey
e

bl
in

ks
Be

ta
ac

ti
vi

ty
>

13
H

z
R

EM

N
R

EM
Lo

w
am

pl
it

ud
e

Sl
ow

ro
lli

ng
ey

e
R

ed
uc

ed
co

m
pa

re
d

to
w

ak
e

St
ag

e
1

T
he

ta
ac

ti
vi

ty
4

–
7

H
z

m
ov

em
en

ts
Ve

rt
ex

sh
ar

p
w

av
es

N
R

EM
Lo

w
am

pl
it

ud
e

N
o

ey
e

m
ov

em
en

t
R

ed
uc

ed
co

m
pa

re
d

to
w

ak
e

St
ag

e
2

T
he

ta
ac

ti
vi

ty
4

–
7

H
z

K
co

m
pl

ex
es

,s
pi

nd
le

s

N
R

EM
H

ig
h

am
pl

it
ud

e
>

75
µ

V
N

o
ey

e
m

ov
em

en
t

R
ed

uc
ed

co
m

pa
re

d
to

w
ak

e
St

ag
e

3/
4

D
el

ta
ac

ti
vi

ty
0.

5
–

2
H

z
fo

r
>

20
%

of
ep

oc
h

R
EM

Lo
w

am
pl

it
ud

e
Bu

rs
ts

of
R

EM
Fu

rt
he

r,
m

ar
ke

d
M

ix
ed

fr
eq

ue
nc

y
re

du
ct

io
n

co
m

pa
re

d
to

N
R

EM
Sa

w
to

ot
h

w
av

es

74



Respiratory events

Respiratory events were scored according to the AASM 2007 guidelines (Iber

et al., 2007). An apnoea was defined as complete cessation of airflow for

at least 10 seconds (obstructive: paradoxical thoraco-abdominal movements,

central: absence of discernable respiratory effort). A hypopnoea was defined

as a reduction in airflow of ≥ 30% from baseline for 10 seconds or more,

associated with EEG arousal or a ≥ 4% desaturation in SaO2 from baseline.

The apnoea hypopnoea index (AHI) was calculated as the average number of

apnoeas and hypopnoeas per hour of sleep. The oxygen desaturation index

(ODI) was calculated as the average number of dips in oxygen saturation ≥

4% per hour of sleep.

Interobserver agreement of sleep stage scoring

The interobserver agreement of sleep scoring was assessed by scoring 25

randomly selected epochs of sleep and comparing the sleep stages assigned

to each epoch with 3 other independent scorers using the kappa statistic. This

was performed to ensure the absence of observer bias. The range of experience

amongst the scorers was approximately 1 to 4 years. The scoring results are

given in Table 2.7.

Compared to my sleep scoring the kappa statistic for scorer 1 was 0.81, scorer

2 was 0.86 and for scorer 3 was 0.81. These results indicate good agreement

between my scoring and that of the 3 other independent scorers.
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Table 2.7: Interobserver sleep scoring agreement

Epoch My scoring Scorer 1 Scorer 2 Scorer 3

1 W W W W

2 1 1 2 1

3 R R R R

4 3 3 3 3

5 W W W W

6 R R R R

7 1 W 1 W

8 2 2 2 R

9 4 4 4 4

10 1 1 1 1

11 R R R R

12 2 2 2 2

13 2 2 2 2

14 2 2 2 3

15 3 2 3 3

16 2 2 2 2

17 1 1 1 1

18 4 3 4 4

19 W W W W

20 3 3 3 3

21 R R 1 R

22 4 4 4 4

23 R R R R

24 4 4 4 4

25 2 R W R

W: wake, R: REM, 1: stage 1, 2: stage 2, 3: stage 3, 4: stage 4
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2.10 The Oxford sleep resistance test

The Oxford SLEep Resistance test (OSLER, Stowood Scientific Instruments,

Oxford, UK) is a behavioural maintenance of wakefulness test. It has been

validated as a simple, easy, reliable method of assessing daytime somnolence

(Priest et al., 2001).

The subject was positioned semi-recumbent in a dark, quiet room alone and

instructed to stay awake for 40 minutes. A small LED was placed at eye level

2m from the head of the subject. The LED was lit for 1 in every 3 seconds and

the subjects responded by removing their thumb or finger from a button to

cancel the LED. The LED was controlled by software that stored the response.

If the subject failed to respond for 21 seconds (7 LED flashes), it was assumed

they had fallen asleep and the test was stopped. The LCD display showed

the test termination timing and the number of missed events (Figure 2.6). The

OSLER was performed 4 times at 2 hour intervals during the day.
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Figure 2.6: The OSLER test equipment (Stowood Scientific Instruments, Oxford,
UK)

2.11 Exercise testing

Exercise tests provide information on functional capacity, response to

treatment and causes of exercise limitation. They range from simple stair

climbing to cardiopulmonary exercise testing. The six-minute walk test

(6MWT) was used in Chapters 3 and 4 and cardiopulmonary exercise testing

in Chapter 5. These will be explained in more detail below.
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2.11.1 Six-minute walk test

The 6MWT provides a global estimate of pulmonary, cardiac and muscular

intergrated function and reflects daily functional activity. A single 6MWT was

performed with oxygen saturation monitoring according to ATS guidelines

(ATS, 2002).

A 30m calibrated route marked at 3m intervals in a quiet corridor of the Royal

Brompton Hospital was used for all tests. Subjects sat down for 10 minutes

before starting the route. Pre-test SaO2 and heart rate were recorded with an

N-200E Nellcor oximeter (Nellcor, Covidien-NellcorTM and Putitan BennettTM,

Boulder, USA). Standard instructions were given to each patient. Subjects

were taken to the start point and instructed to walk as far as they could as

fast as they could without running or jogging. Laps were manually counted

and the test was timed with a stopwatch. Standard prompts were provided.

Tests were terminated prematurely for extreme dyspnoea, chest pain, leg pain

or diaphoresis. At the end of the six minutes, subjects were asked to stop.

Heart rate and SaO2 were measured and the distance walked calculated to the

nearest metre. Cote et al followed 1,379 COPD patients for 55 ± 30 months

and found mortality was increased in those with 6 minute walk distance <

350m (Cote et al., 2008).

A single test was undertaken as in the ATS guidelines (ATS, 2002). without a

prior practice walk.
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2.11.2 Cardiopulmonary exercise test

Exercise equipment

Tests were performed in the Exercise Laboratory in the Lung Function

Department at the Royal Brompton Hospital. A cycle ergometer (Jaeger

ergoline 800, Wrzburg, Germany) was used instead of a treadmill as this

provided a stable platform for contrast TCD. In addition, cycle ergometry

permitted more accurate quantification of work rate. The cycle was electrically

braked allowing resistance to be controlled electromagnetically, hence for any

given work rate, moderate changes in cadence (40 to 70 rpm) did not influence

work performed.

Gas analyser

A nose clip was attached and a snorkel mouthpiece fitted through which the

subject took breaths. Respiratory gases were sampled from polymer Nafion

tubing that absorbed water so that water vapour did not introduce errors into

gas concentration analysis. This was attached to an Oxycon Device (Jaeger,

Wrzburg, Germany) for analysis and real time computerisation. Oxygen

concentration was obtained by using an electrochemical fuel cell analyser

that measured high temperature reactions between O2 and substrate. Carbon

dioxide concentration was analysed by passing infrared light through the

sampled gas onto a sensor. Infrared light at 4.3µm was absorbed by CO2,

the amount absorbed proportional to its concentration in the sample. The

corresponding reduction in light hitting the sensor, changed its voltage in the

circuit. The CO2 concentration was obtained by comparing observed values

to reference standards.
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Airflow transducer

A turbine spirometer was fitted into the snorkel mouthpiece. It employed

a lightweight impeller in the flow stream to interrupt a light beam. The

interruptions were counted by the computerised Oxycon Device (Jaeger,

Wrzburg, Germany) and flow rates generated. These were integrated to

calculate volume and obtain measurement of tidal volume (VT), ventilation

(VE) and respiratory rate.

Breath by breath gas exchange measurement and analysis

Oxygen uptake (VO2) and CO2 output (VCO2) under steady state conditions

are equal to O2 consumption and CO2 production. Breath by breath analysers

sample expired airflow, fractional concentrations of CO2 and O2 more than 50

times/second. Each breath is split into these smaller sections and VO2 and

VCO2 calculated for each interval as follows:

VO2 = Σ (FIO2 - FEO2) x VE x ∆t

VCO2 = Σ FECO2 x VE x ∆t

Where FIO2 and FEO2 are equal to O2 concentration in inhaled and mixed

exhaled gas respectively, FECO2 is equal to CO2 concentration in exhaled gas

and t is the time period of gas volume measurement. Inspired room air CO2

concentration is nearly zero and hence is ignored. The measurements from

each small section are added to get a total per breath and extrapolated for

every minute.

Breath by breath data was averaged over 8 breaths for each analysis period.

Values derived from coughs, swallows, etc were not included.
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Physiologic dead space to tidal volume ratio

The ratio of physiologic dead space to tidal volume (VD/VT) was calculated

using the following equation:

VD/VT = [(PaCO2 – PeCO2)/ PaCO2] – Vmouthpiece deadspace

PaCO2 was measured directly from earlobe capillary blood gas analysis,

PeCO2 represented the mixed expired value of alveolar and dead space CO2

derived from breath by breath data and mouthpiece deadspace was 60ml. A

normal VD/VT at rest is 0.3 to 0.45 (Harris et al., 1973).

Electrocardiograph

A 12 lead ECG was monitored throughout the exercise tests. Heart rate was

calculated from the R–R interval.

Pulse oximetry

Pulse oximetry was measured throughout the exercise protocol. The principle

is described in Section 2.9.3.

Calibration

Prior to each exercise test automated gas and volume calibrations were

performed and in addition, barometric pressure and temperature were

updated. Regular calibration of parameters with biological controls was

performed to ensure that measurements remained consistent for each person.

82



2.12 Intrathoracic, gastric and transdiaphragmatic

pressure

2.12.1 Measurement of intrathoracic and gastric pressure

The oesophageal balloon catheter sits in the mid to lower third of the

oesophagus. As the oesophagus is a passive structure, pressure transmitted

from the intrapleural space to the catheter closely approximates that in the

pleural cavity in the upright posture (Mead et al., 1955; Cherniack et al., 1955).

Similarly, gastric balloon catheter measurements provide a close surrogate

for intraabdominal pressure (Tzelepis et al., 1996). The transdiaphragmatic

pressure is the calculated difference between the gastric and oesophageal

measurements (Agostoni and Torri, 1962).

2.12.2 Pressure analysis equipment

Balloon catheters comprised an 86cm closed-ended polyethylene tube with

an internal diameter of 1mm and an external diameter of 2mm (Ackrad

Laboratories Inc, Cranford, NJ, USA). The end of the catheter had 4 pairs of

holes to transmit pressure and these were covered with a 9.5cm long balloon.

A non-compliant 24cm extension tube and 3-way tap connected the end of

the catheters to the differential pressure transducers (range ± 300 cmH2O;

Validyne MP45, Validyne, Northridge, Ca, USA). The signals were amplified

(P.K. Morgan) and converted from analogue to digital with a 12-bit NB-

MIO-16 A/D board (National Instruments, USA). These were transferred to

a Macintosh Quadra Centris 650 personal computer (Apple Computer Inc.)

running LabviewTM Software (National Instruments) sampling at 100Hz. The
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computer displayed oesophageal pressure (Poes), gastric pressure (Pgas) and

transdiaphragmatic pressure (Pdi derived from Pgas – Poes).

2.12.3 Balloon catheter insertion protocol

Patients were positioned comfortably in a chair. Lignocaine gel BP 2%

(Biorex Laboratories Ltd, London, UK) was used to lubricate the catheters

and anaesthetize the nasal mucosa. Both catheters were advanced through

one nostril. When the tips reached the pharynx, the patients were asked

to take small sips of water through a straw. This enabled safe passage into

the oesophagus. The full length of the catheters was inserted. One catheter

was then withdrawn to sit in the oesophagus. The guidewires were removed,

the distal ends were attached to the appropriate pressure transducers and the

catheters were taped into position.

The balloons were both inflated with 5ml air to allow creases to be smoothed

out. 4.5ml air was removed from the oesophageal balloon leaving 0.5ml, a

volume sufficient to prevent occlusion of the holes and to maintain a column

of air for pressure transmission, but small enough so that peristalsis was not

stimulated and discomfort was minimised. 3ml air was removed from the

gastric balloon leaving 2ml, a slightly larger volume to withstand the higher

abdominal pressures.

2.12.4 Calibration of Equipment

A 2 point calibration of pressure transducers was performed prior to each

exercise study with a BioTek handheld digital pressure meter (BioTek,

Winooski, USA). The BioTek meter was regularly calibrated in the laboratory

against a mercury manometer and pressure readings were accurate and linear.
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The pressure transducer was connected to a non-compliant tube and the 1st

port of a 3-way tap. The 2nd port of the 3-way tap was connected to the

BioTek meter. The system was opened to air and atmospheric pressure was

calibrated as zero. A 5ml syringe was attached to the third port of the 3-way

tap creating a closed system. Using the 5ml syringe, air was withdrawn and

injected to create negative and positive pressures of approximately 150cmH2O

to calibrate the oesophageal and gastric transducers respectively.

Biological calibrations were performed when the balloons were in position

and measurements transmitted to computer. The recording was observed

for negative inspiratory Poes and with corresponding positive Pgas. Patients

were asked to cough (positive Poes and Pgas), sniff (sharp negative Poes and

positive Pgas) and to take large breaths in and out (augmented negative Poes

and positive Pgas).

2.12.5 Data analysis of pressure signals

Pressure signals were recorded during each exercise study and analysed

offline from the raw pressure traces (Figure 2.7, Figure 2.8). Measurements

from 8 breaths were averaged starting from the point of microbubble injection.

The following conventions were followed:

• The point where Pdi increased indicating diaphragmatic contraction was

taken to signify the start of inspiration

• The point where Poes crossed zero cmH2O was taken to signify the end

of inspiration

The following measurements were recorded:

• Peak and trough Poes, Pgas and Pdi
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• Intrathoracic pressure swing: peak Poes – trough Poes

• End expiratory intrathoracic pressure

• Abdominal muscle recruitment: the difference between peak expiratory

Pgas and Pgas at the start of expiration. If there was no recruitment, a

value of 0 was assigned
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Figure 2.7: Pressure traces at rest. Red line: Poes, blue line: Pgas, black line: Pdi. Start
of inspiration is the point at which the Pdi increases (diaphragmatic contraction) and
end inspiration is the point where Poes crosses 0 cmH2O. a: end expiratory Poes; b:
peak Poes; c: trough Poes; b – c: intrathoracic pressure swing; d: peak Pdi
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Figure 2.8: Pressure traces during exercise. Red line: Poes, blue line: Pgas, black
line: Pdi. Start of inspiration is the point at which the Pdi increases (diaphragmatic
contraction) and end inspiration is the point where Poes crosses 0 cmH2O. a: end
expiratory Poes; b: peak Poes; c: trough Poes; b – c: intrathoracic pressure swing; d:
peak Pdi; e: abdominal muscle recruitment: peak expiratory Pgas – end inspiratory Pgas
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Figure 2.9: Exercise study set up with TCD headset, oesophageal and gastric balloon
catheters, metabolic cart testing on a cycle ergometer
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2.13 Statistical analysis

Power calculations and statistical analysis is described in each of the

experimental chapters (Chapter 3, 4 and 5).
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Chapter 3

Patent foramen ovale in severe

obstructive sleep apnoea

Study A: prevalence and associated shunt size
Study B: effect of patent foramen ovale closure on
nocturnal hypoxaemia
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3.1 Introduction

Severe OSA is a condition, which if inadequately treated is associated

with increased cardiovascular morbidity and mortality (Marin et al., 2005).

Studies have shown that the mechanisms underlying this increased risk

include the cumulative long term effect of negative intrathoracic pressure

on left ventricular transmural pressure and cardiac afterload during an

apnoeic event (Tkacova et al., 1998), sympathetic nervous system activation

inducing tachycardia and blood pressure surges at the termination of an

apnoea (Horner et al., 1995) and the impact of intermittent hypoxaemia.

Data from studies investigating the effect of intermittent hypoxaemia on

the cardiovascular system suggest that stimulation of vascular dysfunction

underpins this association (Somers et al., 1991; Christou et al., 2003; Cutler

et al., 2004a,b; Minoguchi et al., 2005; Jelic et al., 2008; Belaidi et al., 2009).

PFO allow the passage of mixed venous blood from the right atrium

directly into the left atrium and hence the systemic circulation (see Section

1.1 for more details). The presence of a PFO in patients with OSA,

could exacerbate hypoxaemia if a RLS is induced during an apnoea,

therefore promoting further vascular dysfunction and eventually increasing

cardiovascular morbidity.

The relationship between OSA and PFO has been explored in three previous

studies discussed in Section 1.2.3. Two of these were prevalence studies that

identified a higher prevalence of PFO in OSA compared to healthy controls:

69% versus 17%, p< 0.001 (Shanoudy et al., 1998) and 27% in OSA versus 15%

in controls, p < 0.05 (Beelke et al., 2003).

Since these studies were undertaken, the advent of Power M Mode TCD and

TTE with second harmonic imaging (Spencer et al., 2004; Daniels et al., 2004)
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have allowed the definition of associated shunt size with greater levels of

accuracy.

The aim of this study was to examine the prevalence of PFO in severe OSA

compared to healthy controls and furthermore, to accurately determine the

associated shunt size. Study A was an observational study conducted to test

the hypotheses that:

1. severe OSA patients have a higher prevalence of PFO compared to

healthy controls

2. severe OSA patients have a higher prevalence of PFO with large shunts

compared to healthy controls

In the study by Johanssen et al, 11 OSA patients with large shunts through

PFO were found to have higher ODI/AHI ratios than 19 OSA patients without

large shunts: 0.75 (0.27) versus 0.37 (0.3) respectively, p = 0.001 (Johansson

et al., 2007). This suggests that OSA patients with large shunts experience

more nocturnal desaturation for a given level of respiratory disturbance

and supports the notion that PFO with large shunts exacerbate nocturnal

intermittent hypoxaemia.

Clinical experience suggests that PFO can be safely closed percutaneously,

and that where there is substantial right to left shunting, waking arterial

oxygen tensions can be improved (Remy-Jardin et al., 1990; Allan et al., 1997;

Piechaud, 2001; Shnaider et al., 2004; Kuch et al., 2006; Mottram et al., 2006).

However, data on the effect of PFO closure in OSA are limited to one case

report which documented resolution of exercise induced dyspnoea following

PFO closure; no nocturnal data were reported (Agnoletti et al., 2005).

The second aim of this study was to examine the effect of percutaneous

PFO closure on nocturnal hypoxaemia in OSA patients who were found to
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have PFO with large RLS. Study B was a prospective, interventional, proof

of concept study to test the hypothesis that percutaneous closure of PFO with

large shunts in patients with severe OSA reduces nocturnal desaturation.
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3.2 Methods for Study A

3.2.1 Subjects

Severe OSA patients (AHI > 30 events/hour) were recruited from the sleep

clinic at the Royal Brompton Hospital. Age and gender matched healthy

controls were recruited as described in Chapter 2, Section 2.3.3. The sample

size calculation is given in the statistical analysis in Section 3.2.5. Inclusion

and exclusion criteria are detailed in Chapter 2, Section 2.3. All participants

met the specified criteria.

3.2.2 Protocol

All participants attended for baseline assessments including resting arterial

blood gas tensions, spirometry and a six minute walk test. Subjects completed

the Epworth Sleepiness Score to assess subjective sleepiness (Johns, 1991),

the HIT6 questionnaire to assess headache (Kosinski et al., 2003) and the

SF36v2 questionnaire to assess quality of life (Ware et al., 2000). Contrast TTE

and TCD were performed to determine the presence of PFO and size of the

associated shunt. Healthy control subjects underwent respiratory polygraphy

prior to enrolment to ensure they did not have undiagnosed OSA.

3.2.3 Measurements

Respiratory polygraphy

Nocturnal measures of nasal and oral airflow (nasal cannula and thermistor),

thoracic and abdominal respiratory effort (respiratory inductance plethys-
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mography), cardiac frequency and arterial oxygen saturation (finger pulse

oximetry), snoring and body position were recorded in all patients. (Further

details of polygraphy measurements are in Chapter 2, Section 2.9.)

Contrast transthoracic echocardiography

Standard echocardiographic image planes were acquired with ECG monitor-

ing (Sonos 7500, Philips, Netherlands). Contrast studies were performed in

the four-chamber view with the subject in the left lateral position. Agitated

saline (8ml saline, 1ml autologous blood, 1ml air) contrast was injected in a

single push via a cannula in an antecubital vein. Injections were performed

at rest and during a Valsalva manoeuvre. (Further details of contrast TTE

measurement are in Chapter 2, Section 2.4.)

Contrast transcranial Doppler

A 2MHz Power M-mode digital TCD system (ST3/PMD150, Spencer

Technologies, Seattle, USA) was used to insonate the middle cerebral arteries

bilaterally through the temporal bone windows. The probes were secured

using an adjustable head frame with the patient lying in the supine position.

The Doppler signal gain and depth were adjusted to detect flow. Signals were

recorded for 1 minute following contrast injections at rest and after 2 Valsalva

manoeuvres. Studies were analysed offline and PFO shunt size was graded

using the criteria of Spencer (Spencer et al., 2004) (Further details in Chapter

2, Section 2.5.1.)
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3.2.4 Data analysis

Respiratory polygraphy traces for OSA patients were scored using automated

criteria. Respiratory polygraphy studies performed on healthy control

subjects were manually scored offline. Scoring was performed in accordance

with the AASM 2007 guidelines (Iber et al., 2007). Details of scoring criteria

are given in Chapter 2, Section 2.9.6.

A PFO was defined as present if a shunt of any magnitude was detected

following a Valsalva manoeuvre. PFO shunt capacity was graded as small,

moderate or large in accordance with validated criteria (Spencer et al., 2004;

Saqqur et al., 2004; Dowson et al., 2008). The size of shunt assigned to

each PFO was the maximum shunt detected following a Valsalva manoeuvre.

Pulmonary shunts were defined as present if a RLS developed after 5 cardiac

cycles following right heart opacification. Where there was a disagreement

between TTE and TCD, the larger detected shunt was recorded. Further

details of scoring criteria are in Chapter 2, Sections 2.4.2, 2.4.3 and 2.5.3.

OSA patients were divided into 2 groups for analysis 1) those with moderate

and large shunts following a Valsalva manoeuvre and 2) those with small

shunts following Valsalva and those without PFO. The rationale behind

this was that moderate to large shunts have been associated with clinical

manifestations of PFO (Schwerzmann et al., 2005; Torti et al., 2004; Schuchlenz

et al., 2000; Harrer et al., 2006).

3.2.5 Statistical analysis

The aim of Study A was to examine the prevalence of PFO in OSA and to

determine the size of the associated shunt. There have been two previous

studies investigating the prevalence of PFO in OSA. They have shown a
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prevalence of 69% and 27% in OSA, and 17% and 15% in healthy controls

(Beelke et al., 2003; Shanoudy et al., 1998). The 2 studies were used in

combination to obtain a mean PFO prevalence of 48% in OSA and 16% in

controls. Exercising caution a lower PFO prevalence was assumed in OSA

and a higher prevalence in controls. A prevalence of 45% in OSA and 20%

in healthy controls yielded a sample size, in a ratio of 2:1, of 96 OSA patients

and 48 controls at 80% power and a significance level of 0.05. These values

were then rounded to 100 and 50 respectively. A ratio of 2:1 allowed us to

study more OSA patients so enlarging the pool of potential recruits for the

percutaneous closure study. Sample size was calculated using STATA version

10.1 (StataCorp LP, Texas, USA).

Remaining statistical analysis was performed using SPSS (version 16.0, SPSS

Inc., Chicago, Illinois, USA). Parametric data are presented as mean (SD)

and non-parametric as median (range). Categorical variables were compared

using the Chi-squared test. Students t test was used to compare measurements

in OSA patients versus healthy controls. Patients with OSA were divided into

2 groups: those with no PFO or a small shunt, and those with a moderate

to large shunt. Measurements between the 2 groups were compared using

the unpaired Students t test (parametric) or Mann-Whitney U test (non-

parametric). Receiver operating characteristic curve analysis was performed

to determine the ability of the ODI/AHI ratio to predict moderate to large

shunts. Statistical significance was defined as p < 0.05.
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3.3 Methods for Study B

3.3.1 Subjects

Six OSA patients with large shunts suitable for PFO closure were recruited

from Study A. Additional exclusion criteria were: FVC < 80% predicted,

active infections, serum creatinine > 115 micromol/L, known or suspected

pregnancy, predisposition to haemorrhage, sensitivity to porcine material,

road traffic accident or near miss related to sleepiness, sensitivity to aspirin,

clopidogrel or heparin, baseline thrombocytopaenia, thrombus visualised

within the heart, seizure disorder, other cardiac disease (valve disease,

known cardiomyopathy, left ventricular failure, known coronary disease,

known congenital heart disease), previous atrial septal closure device, known

pulmonary arteriovenous malformation, pulmonary hypertension (tricuspid

regurgitation maximum velocity > 3 metres/second), atrial fibrillation or

flutter.

3.3.2 Protocol

Baseline visit

Patients discontinued CPAP for 3 nights prior to the baseline visit. They were

advised not to drive in this period. On the day of the visit, patients were

asked to abstain from caffeine and alcohol. Dinner was provided at 19.00

and attachment of the NPSG electrodes was commenced at 21.00. On the

day following the NPSG, patients carried out 4 OSLER tests. During the

natural intervals in the OSLER test, they completed a 6 minute walk test,

a blood sample was taken for resting ABG analysis, an ECG was carried
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out, blood tests for full blood count, urea and electrolytes and BNP were

taken and the Epworth Sleepiness Score, the HIT6 headache test and the

SF36v2 questionnaire were completed. At 17.00, the patients were able to go

home and CPAP was restarted that evening. Percutaneous PFO closure was

performed as described below on a separate occasion.

PFO closure

Pre-Procedure

Patients were admitted to the Royal Brompton Hospital. CPAP was continued

throughout the visit. All patients were given aspirin 300 mg and clopidogrel

300 mg within the 24 hours prior to the procedure.

Procedure

PFO closure was performed percutaneously using the BioSTAR device (NMT

Medical, Inc., Boston, USA) as previously described (Nugent et al., 2006;

Carminati et al., 2001; Mullen et al., 2006). Procedures were performed in the

cardiac catheterization laboratory by a single investigator using a combination

of fluoroscopic and intracardiac echocardiographic (ICE) imaging. ICE

imaging is performed by directing an ultrasound probe into the heart to

visually assist percutaneous atrial septal closure procedures.

Following sterile preparation, local anaesthesia was administered to the right

groin and two venous sheaths were positioned in the right femoral vein. An

ICE catheter was passed through the first sheath and advanced to the right

atrium. The second sheath was used to implant the BioSTAR device. All

patients were awake during the implant procedure. Patients received 100

units/kg intravenous heparin during the procedure to keep the activated

coagulation time > 200 seconds and a single dose of antibiotic prophylaxis.
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The PFO were crossed with a multipurpose catheter and soft tipped

guidewire. Anatomy and size of PFO was defined by balloon interrogation

(PTS balloon, NuMed). A balloon was inflated in the PFO to assess the defect

size and to enable selection of an appropriately size PFO closure device. An

appropriate size device was chosen based on the size of PFO. The device was

deployed as below.

The BioSTAR device was deployed using the Rapid TransportTM Delivery

Catheter. The Rapid TransportTM Delivery Catheter facilitates device

attachment and transfer from the QwikLoad Plus to a previously placed and

irrigated transeptal introducer sheath. Once the BioSTAR implant was placed

through the defect, the operator advanced the device and the distal umbrella

was opened in the left atrium. The operator then retracted the sheath, while

maintaining gentle pressure to hold the distal umbrella against the left atrial

wall of the septum, releasing the proximal side of the device against the right

atrial wall of the septum. The device position was monitored by fluoroscopy

and ICE and once the operator determined that the device was properly in

place, the delivery system was activated to release the device, and the delivery

system and transeptal sheath were removed.

Post-procedure

Patients received 75 mg aspirin daily for 6 months and clopidogrel 75 mg daily

for 90 days following the procedure date. Endocarditis prophylaxis was given

for any invasive or dental procedure 6 months following implant of the device.

Discharge from Hospital

An ECG and TTE were performed prior to discharge to confirm placement of

the study implant. Patients were discharged within 24 hours of the procedure.
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Follow up visits

Follow up NPSG studies were undertaken at 1, 6 and 12 months post closure.

The protocol was the same as for the baseline visit. In addition, contrast TTE

and TCD were performed to detect residual shunting post closure.

3.3.3 Measurements

Attended nocturnal polysomnography (NPSG) was performed in patients

undergoing closure of PFO in the hospital sleep laboratory (SomnoScreen

system, SOMNOmedics, S-Med UK). Electroencephalograms (C3/A2 and

C4/A1) were placed according to standard 10-20 system of electrode

placement (See Chapter 2, Section 2.9.1). Left and right electrooculograms

(EOG) and submental electromyograms (EMG) were recorded. EEG, EOG

and submental EMG were used to assess sleep/wake status. Bilateral anterior

tibialis EMG were recorded to detect periodic limb movements. A 2 lead

ECG was recorded throughout. Chest and abdominal respiratory effort were

monitored using respiratory inductance plethysmography. Oxyhaemoglobin

saturation was monitored with a finger probe oximeter. Nasal pressure was

monitored with a nasal cannula connected to a pressure transducer, oral and

nasal temperature changes were monitored as an index of airflow using a

thermistor. A tracheal microphone recorded snoring (further details of NPSG

set up are given in Chapter 2 Section 2.9).

The OSLER test was performed in accordance with standard criteria. Further

details regarding NPSG and OSLER testing are in Chapter 2, Section 2.9 and

2.10 respectively. Contrast TTE and TCD were performed as described in

Section 3.2.3.
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3.3.4 Data analysis

Sleep/wake status, arousals from sleep and respiratory events were scored

offline, visually using standard criteria (Iber et al., 2007) with scorer blinded to

status of patient. (Further details on scoring criteria are in Chapter 2, Section

2.9.6.) Contrast TTE and TCD were analysed as described in Section 3.2.4.

3.3.5 Statistical analysis

The effects of PFO closure on measured parameters in OSA patients were

compared using one-way ANOVA on repeated measures (parametric) or the

Kruskal Wallis test (non-parametric). A probability value of < 0.05 was

considered statistically significant.
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3.4 Results

3.4.1 Study A: Baseline characteristics of participants

One-hundred and sixty-one severe OSA patients were approached; 46

declined to participate in the study. Of the 115 patients who were screened,

15 did not meet the inclusion criteria, therefore 100 patients were included

in the study (Figure 3.1). One-hundred and seventeen healthy volunteers

were recruited from the general population. Fifty-five were subsequently not

studied as they had a high pre-test probability of OSA (snoring or history of

witnessed apnoeas); 62 volunteers were studied with respiratory polygraphy;

12 did not meet the inclusion criteria; therefore data for 50 healthy controls

was included in the study (Figure 3.1).

Figure 3.1: Diagram illustrating recruitment of severe OSA patients and healthy
controls in Study A

Details of comorbidities of OSA patients and healthy controls are given in
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Table 3.1. The median time from diagnosis of OSA to the study visit was

70 (IQR: 28 to 160, range: 0 to 805) days. There was no significant weight

change in any OSA patient from diagnosis to the study visit: 104.4 (18.3) kg to

104.8 (19.0) kg, p = 0.19. Data on compliance with CPAP was available for 55

patients from machine smartcards. Median compliance was 6 hours (range:

1.4 to 8.8 hours). Five patients were not using CPAP.

Table 3.1: Comorbidities of OSA patients (n = 100) and controls (n = 50)

Comorbidity OSA (n) Controls (n)

No cormorbidity identified 21 45

Ischaemic heart disease 11

Hypertension 43 3

Atrial fibrillation/flutter 4

Hypercholesterolaemia 12

Previous stroke/transient ischaemic attack 3

Diabetes (type I and II) 16 2

Migraine 5

Cluster headache 1

Normal spirometry, previous mild airflow obstruction 4

Gastroenterological 10

Musculoskeletal 14 2

Chest infection between OSA diagnosis and study visit 2

Other 19
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Baseline characteristics for OSA patients and healthy controls are given in

Table 3.2. OSA patients had a mean AHI of 53.9 (17.8) events/hour and ODI

of 49.5 (21.0) events/hour. All healthy controls had an AHI < 5 events/hour.

There were no significant differences in age (p = 0.83), gender (p = 0.41) and

FEV1/FVC ratio (p = 0.22) between the OSA patients and healthy controls.

OSA patients had higher body mass indices (BMI) (p< 0.001), lower predicted

FEV1 (p < 0.001) and FVC (p < 0.001), lower resting PaO2 (p = 0.004) and

PaCO2 (p = 0.01), higher ESS (p < 0.001) and HIT6 (p = 0.02) scores and lower

SF36v2 physical component (p < 0.001) and mental health component (p <

0.001) quality of life scores.
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Table 3.2: Baseline characteristics of OSA patients and healthy controls

OSA patients Healthy controls p value

n = 100 n = 50

Age (years) 52 (10) 52 (11) 0.83

Male/ female 87 / 13 42 / 8 0.41

BMI (kg/m2) 34.5 (6.4) 24.3 (2.7) < 0.001

FEV1 (% predicted) 93 (2) 101 (13) < 0.001

FVC (% predicted) 94 (11) 104 (13) < 0.001

FEV1/FVC 80 (5) 79 (6) 0.22

PaO2 (kPa) 11.6 (1.3) 12.3 (1.4) 0.004

PaCO2 (kPa) 5.3 (0.5) 5.6 (0.5) 0.011

Epworth sleepiness score 9 (5) 5 (4) < 0.001

HIT 6 headache score 45 (9) 42 (7) 0.02

SF36v2: Physical component 47 (11) 57 (5) < 0.001

SF36v2: Mental component 48 (10) 53 (8) < 0.001

AHI (events/hour) 53.9 (17.8) 2.0 (1.9)

ODI (events/hour) 49.5 (21.0) 1.9 (1.8)

CPAP duration (months)* 2 (0 – 24)

Values are expressed as mean (SD), * median (range)

3.4.2 Study A: PFO prevalence

The prevalence of PFO in OSA patients and healthy controls is shown in

Figure 3.2. There was no significant difference in the overall prevalence of PFO

in severe OSA patients compared to healthy controls: 43% (43/100) versus

30% (15/50), p = 0.16. OSA patients had a higher prevalence of large shunts

following Valsalva manoeuvre compared to healthy controls: 18% (18/100)

versus 6% (3/50), p = 0.049. Full details of shunt size at rest and following a
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Valsalva manoeuvre are given in Table 3.3. OSA patients and healthy controls

had a similar prevalence of small and moderate size shunts. Intrapulmonary

shunts were detected in 4% (4/100) OSA patients and 12% (6/50) healthy

controls, p = 0.08.

Figure 3.2: Prevalence of PFO in OSA (dark grey bars) compared to healthy controls
(light grey bars). Error bars represent 95% confidence intervals. PFO were detected
in 43% of OSA patients compared to 30% of healthy controls, p = 0.16. PFO with
large shunts were detected in 18% of patients with OSA compared to 6% of healthy
controls, p = 0.049
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Table 3.3: PFO shunt size in OSA patients and healthy controls

At rest Following Valsalva manoeuvre

OSA Controls p value OSA Controls p value

n = 100 n = 50 n = 100 n = 50

No shunt 79 44 0.26 57 35 0.16

Small shunt 11 4 0.77 17 8 1.00

Moderate shunt 10 1 0.34 8 4 1.00

Large shunt 0 1 0.33 18 3 0.049

The p value was calculated using the Chi squared and Fishers Exact test

3.4.3 Study A: OSA patients with moderate to large shunts

Measurements in OSA patients with and without moderate to large shunts

are compared in Table 3.4. OSA patients with moderate to large shunts had a

lower AHI: 46.8 (14.3) versus 56.5 (18.3) (p = 0.01), and a higher ODI/AHI

ratio: 1.05 (0.27) versus 0.86 (0.26) (p = 0.004) compared to those with no

clinically significant shunt. PaCO2 was lower in the moderate to large shunt

group: 5.1 (0.5) kPa versus 5.4 (0.5) kPa (p = 0.02) despite similar PaO2. In

patients with moderate to large shunts there were trends towards a shorter 6

minute walk test distance, higher ESS, higher HIT6 headache scores and lower

SF36v2 scores (all p ≤ 0.1). Age, BMI, spirometry, ODI, 6 minute walk test

distance, ESS, HIT6 headache scores and SF36v2 scores were similar across

groups.
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Table 3.4: Comparison of OSA patients with and without moderate to large
shunts through PFO

Moderate to large shunt Small/ no shunt p value

n = 26 n = 74

Age (years) 54 (9) 51 (10) 0.20

BMI (kg/m2) 34.2 (7.2) 34.6 (6.1) 0.77

FEV1 (% predicted) 92 (16) 93 (11) 0.67

FVC (% predicted) 93 (13) 94 (11) 0.63

FEV1/FVC 81 (6) 80 (5) 0.65

AHI (events/hour) 46.8 (14.3) 56.5 (18.3) 0.01

ODI (events/hour) 48.6 (16.1) 49.8 (22.5) 0.78

ODI/AHI 1.05 (0.27) 0.86 (0.26) 0.004

6MWT distance (metres) 511 (138) 564 (83) 0.07

PaO2 (kPa) 11.8 (1.4) 11.6 (1.2) 0.43

PaCO2 (kPa) 5.1 (0.5) 5.4 (0.5) 0.02

Epworth sleepiness score 11 (6 – 15) 7 (4 – 12) 0.08

HIT 6 headache score 48 (38 – 55) 40 (36 – 50) 0.09

SF36v2: physical 43 (13) 48 (10) 0.10

SF36v2: mental health 45 (12) 50 (9) 0.08

Values expressed as mean(SD) or median (range)
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3.4.4 Study A: ODI/AHI as a predictor of a moderate to large

shunt

Receiver operating characteristic curve analysis of the ODI/AHI ratio as a

predictor of a moderate to large shunt showed that the area under the curve

was 0.66 (95% CI: 0.55 to 0.78). An ODI/AHI ratio > 0.92 has a sensitivity

of 75%, a specificity of 53% and a likelihood ratio of 1.6 for predicting the

presence of a moderate to large shunt (Figure 3.3). An ODI/AHI of 0.92 was

the optimum cut off for sensitivity and specificity obtained by the coordinates

on the ROC curve at the greatest perpendicular distance from the diagonal

line.

Figure 3.3: Receiver operating characteristic curve analysis of the ODI/AHI ratio as
a predictor of a moderate to large shunt

3.4.5 Study A: CPAP compliance according to shunt size

CPAP compliance (55 patients with compliance data and 5 patients who were

not on CPAP) was similar in patients with and without PFO. Furthermore, it

was the same in patients with different magnitudes of shunt (Table 3.5).
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Table 3.5: CPAP compliance (hours/night) in OSA patients with different
shunt sizes

PFO SHUNT SIZE AT REST

No shunt Small Moderate Large p value

n = 48 n = 7 n = 5

Compliance (hrs) 6 (0–8.8) 5.3 (1.4–7.3) 5.2 (0–7.5) 0.85

PFO SHUNT SIZE FOLLOWING VALSALVA

No shunt Small Moderate Large p value

n = 36 n = 9 n = 4 n = 11

Compliance (hrs) 5.8 (0–8.8) 5.5 (0–8.5) 6.6 (5.3–7) 5.2 (0–7.5) 0.76

Values expressed as median(range), p value obtained from Kruskal Wallis test

3.4.6 Study B: Recruitment of OSA patients

Eighteen OSA patients were found to have PFO with associated large shunts

after Valsalva; 6 declined to participate, and 6 did not meet the inclusion

criteria (Figure 3.4). Therefore, 6 OSA patients (5 male, age: 35 – 66 years)

underwent percutaneous PFO closure.
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Figure 3.4: Diagram illustrating recruitment of severe OSA patients for PFO
closure, Study B. NPSG: nocturnal polysomnography, CVA: cerebrovascular
accident, TIA: transient ischaemic attack

3.4.7 Study B: PFO closure procedure details

Table 3.6 provides details on the PFO closure procedures and adverse events.
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Early follow-up evaluations at 1 month following the PFO closure procedure

revealed ongoing shunting after Valsalva in 3 out of 6 patients. At the 12-

month evaluation, 3 PFO were sealed, 1 had a small, clinically insignificant

residual shunt and 2 patients had persisting large shunts after Valsalva (Table

3.6).

3.4.8 Study B: Effect of PFO closure

PFO closure was not associated with a significant change in ODI or percentage

of time spent with SaO2 < 90%. ODI at baseline was 47.7 (18.4) events/hour

and post closure was 47.3 (19.0) events/hour at 1 month, 45.8 (21.2)

events/hour at 6 months and 50.9 (18.6) events/hour at 12 months, p = 0.93

(Figure 3.5). Percentage of time with SaO2 < 90% at baseline was 22.8 (16.0)%

and post closure was 11 (10)% at 1 month, 20.1 (16.9)% at 6 months and 19.9

(22.2)% at 12 months, p = 0.35 (Figure 3.6).
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Figure 3.5: ODI at baseline and 1, 6 and 12 months following PFO closure. Open
circles: individual values for 3 patients with completely sealed PFO and 1 patient
with insignificant residual shunt, open squares: individual values for patients with
residual large shunts, closed circle: mean value

Figure 3.6: Percentage of time with SaO2 < 90% at baseline and 1, 6 and 12
months following PFO closure. Open triangles: individual values for 3 patients
with completely sealed PFO and 1 patient with insignificant residual shunt, open
diamonds: individual value for patients with residual large shunts, closed triangle:
mean value
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Closure was not associated with any significant changes in PaO2 (p = 0.23),

PaCO2 (p = 0.74), AHI (p = 0.99), ODI/AHI ratio (p = 0.28), BMI (p = 0.06),

6 minute walk test distance (p = 0.17), ESS (p = 0.14), HIT 6 questionnaire

(p = 0.28), SF36v2 physical component (p = 0.08) or SF36v2 mental health

component (p = 0.43). For individual values, see Table 3.7. During the 12-

month follow up period in the 4 patients using CPAP, nocturnal use was 5 (3.5

– 7) hours per night.

An additional analysis examining the desaturation associated with each

apnoea pre and post closure is detailed in Appendix F.
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3.5 Discussion

Patients with severe OSA were found to have a significantly higher prevalence

of PFO with large shunts than healthy controls. However, overall PFO

prevalence was not found to be significantly different from the control

population. PFO closure did not reduce nocturnal desaturation, nor did

it improve resting arterial blood gas tensions, 6 minute walk test distance,

Epworth Sleepiness Score or quality of life.

Two previous studies have reported a higher prevalence of PFO in patients

with OSA. Shanoudy et al., detected PFO in 69% of OSA patients compared

to 17% in controls (Shanoudy et al., 1998). They studied 48 male OSA patients

undergoing elective transoesophageal echocardiography for other reasons

and in doing so may have selected a group likely to have a PFO. This could

explain the particularly high prevalence of PFO in their study.

Beelke et al., detected PFO in 27% of OSA patients compared to 15% of

controls (Beelke et al., 2003). The lower prevalence of PFO in OSA patients

in their study may be a consequence of using an older TCD machine without

Power M Mode, which has been shown to improve PFO detection rates

(Spencer et al., 2004). Smaller shunts which contribute the majority of PFO

in controls may have therefore been missed.

Both studies used saline and air contrast to detect PFO, which is not as

effective as the saline, blood and air mixture used in the present study (Sastry

et al., 2007), therefore, again, smaller PFO in the healthy controls may have

been missed.
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3.5.1 PFO detection

Contrast TTE and TCD were used to detect and size PFO. Both tests have good

sensitivity and specificity and are comparable to contrast transoesophageal

echocardiography, the commonly regarded gold standard (Daniels et al., 2004;

Saqqur et al., 2004). Obese OSA patients have poor echo windows, therefore

combining echocardiography with TCD enabled us to detect and estimate the

size of each PFO shunt accurately (Zito et al., 2009). Further details of grades

of shunt assigned by TCD and TTE are given in Appendix E.

3.5.2 Mechanisms for the higher prevalence of large PFO in

OSA

The increased prevalence of large PFO may be explained by mechanisms

that alter the anatomical configuration of the interatrial septum, ultimately

stretching pre-existing PFO and increasing the size of shunt. An obstructive

apnoea can cause a large increase in pulmonary artery pressure primarily

due to hypoxic pulmonary vasoconstriction (Tilkian et al., 1976; Niijima et al.,

1999). This increases right ventricular afterload, promoting right ventricular

diastolic dysfunction leading to an increase in right atrial pressure. Combined

with this, obstructive apnoeas generate increased respiratory effort against

a closed airway to produce negative intrathoracic pressure, which increases

venous return and augments right ventricular preload. This augmented

venous return leads to further increases in right atrial pressure with resulting

strain on the interatrial septum. The generation of negative intrathoracic

pressure is an important mechanism to be considered as it also causes

elevations in transmural pressure further increasing right atrial pressure.

Termination of obstructive apnoeas is followed by a reflex hyperventilatory
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response. The inspiratory phase of this response increases venous return.

In patients with persistent eustachian valves or anatomy that streamlines

inferior vena caval flow towards the atrial septum, this venous return is

directed through a PFO. In combination with elevated right atrial pressure,

we speculate over time that this may stretch a PFO and increase its shunt

capacity.

Beelke et al., used TCD to investigate nocturnal shunting through PFO. They

studied OSA patients with shunts present only after Valsalva manoeuvre (not

at rest), and found that apnoeas of 17 seconds or more, were associated with

shunting (Beelke et al., 2002). Interestingly, the magnitude of shunt detected

following a Valsalva correlated positively with the magnitude of shunt

induced by an apnoea. Hypopnoeas did not induce significant shunting, nor

did apnoeas of shorter duration.

3.5.3 Nocturnal desaturation in patients with moderate to

large shunts

The ODI/AHI was increased in patients with moderate to large shunts

compared to those with no or small shunts. Johanssen et al are the only group

that have used the ODI/AHI ratio as an index of the amount of desaturation

for a given level of respiratory disturbance (Johansson et al., 2007). They

found that in OSA patients with a high ratio of > 0.66, PFO prevalence was

60% (9/15) versus 13% (2/15) in OSA patients with a low ratio of < 0.33.

The ODI/AHI values for the OSA dataset in this chapter were obtained from

respiratory polygraphy studies that were scored automatically. The ratios

obtained were higher than in the study by Johansson. Only 1 OSA patient

out of 100 had an ODI/AHI < 0.33 of 0.23 and the remainder were higher.
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This may reflect the method by which the ratio was derived e.g. NPSG versus

polygraphy with respiratory analysis only, or it may reflect the severity of

OSA in the patients studied.

In patients that ultimately underwent PFO closure, the median ratio was 0.73

(0.34 – 0.87) at baseline and 0.85 (0.40 – 1.01) 12 months post procedure. These

values were scored by NPSG and more comparable to the study by Johansson.

However, ODI/AHI was not affected by PFO closure. In addition, the ratio

was unaffected by whether or not there was residual shunting post closure.

It is therefore difficult to draw any firm conclusions on the significance of

the ODI/AHI findings. It remains an interesting, yet unvalidated measure of

quantifying the magnitude of nocturnal desaturation.

The ODI itself was no different between the moderate to large shunt and

no/small shunt groups.

The combined effect of increased pulmonary artery pressure, negative

intrathoracic pressure and post-apnoeic hyperventilation could increase right

to left shunting through a PFO. Delivery of mixed venous blood to the

systemic circulation through a large PFO, could, theoretically lead to a

reduction in arterial oxygen saturation, However, the data in this study does

not conclusively support this notion.

3.5.4 PFO closure

PFO closure was successful in 3/6 patients and left only a very small residual

shunt in 1 patient. Two patients were left with a large residual shunt.

Percutaneous PFO closure was not associated with a reduction in ODI or

percentage of time with SaO2 < 90% even in patients who had complete PFO

closure. These data suggest that the predominant cause of desaturation even
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in patients with large PFO remains the apnoea. The PFO closure procedures

that were performed in this subset of OSA patients were technically difficult

due to body habitus. Therefore, based on these data, PFO closure cannot be

recommended as a means of improving nocturnal oxygenation.

3.5.5 Critique of methods

There was a trend towards a higher prevalence of PFO in OSA, although no

statistically significant difference was detected. The number of OSA subjects

in this study was greater than in any previous study, however, may not have

been sufficient to detect a difference in prevalence. If this were the case,

assuming a prevalence of PFO in OSA of 43% and in healthy controls of 30%,

a sample size of 214 patients in each group would give 80% power to detect a

difference at a significance level of 0.05.

OSA patients were recruited on the basis of sleep studies that were performed

and scored using automated algorithms. Studies comparing automated with

manual scoring have shown manual scoring to be more accurate (Ayappa

et al., 2004; Cirignotta et al., 2001; Dingli et al., 2003b; Yin et al., 2006). Calleja

et al compared respiratory polygraphy to full NPSG and found that the mean

difference between the AHI obtained from both methods was smaller when

the respiratory polygraphy data were scored manually (4 ± 14) than when

using an automated algorithm (24 ± 30) (Calleja et al., 2002). However,

automated scoring has been shown to have good correlation with manual

scoring for severe OSA (r = 0.949; p < 0.001), but poor correlation for mild

and moderate OSA (Yin et al., 2005). Therefore, the AHI generated from

automated scoring of respiratory polygraphy studies from OSA patients were

taken to be representative of severe OSA.

This study was limited to severe OSA patients, the pattern of PFO prevalence
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and associated nocturnal desaturation may be different in those with mild to

moderate OSA.

A possible confounding factor is the use of CPAP. OSA patients had been

using CPAP for a median of 2 months (0 – 24 months). The longer duration

of use may be associated with a reduction in upper airway oedema, hence

reduce the severity of OSA. This may have influenced the frequency of PFO

and size of shunt detected.

Six patients out of 18 identified with large PFO underwent closure. This

small sample size may have limited the ability to detect a significant change

in primary outcomes of ODI and percentage of time with SaO2 < 90%.

Nevertheless, this is the first PFO closure study in severe OSA and it

demonstrates that although technically difficult (successful closure was not

achieved in 2 of 6 participants), the procedure can be safely performed in this

group of patients, although it does not improve OSA.

3.5.6 Summary and conclusions

Study A demonstrated that the overall prevalence of PFO is not significantly

increased in patients with severe OSA. However, a higher prevalence of PFO

with large shunts was found compared to the control subjects. This may

represent a pathophysiological consequence of increased right heart pressure.

In patients with moderate to large shunts greater nocturnal desaturation was

noted for a given respiratory disturbance however, there was no benefit from

PFO closure. Based on these data, PFO closure cannot be recommended for

treating intermittent hypoxaemia in OSA.
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Chapter 4

Patent foramen ovale in severe

chronic obstructive pulmonary

disease
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4.1 Introduction

Hypoxaemia in COPD is a consequence of both intrapulmonary factors

including VQ mismatch, alveolar hypoventilation, impaired alveolar-end

capillary diffusion to oxygen and intrapulmonary shunting; and extrapul-

monary factors including cardiac output, inspired oxygen concentration and

the metabolic oxygen demands of the body. The development of resting

hypoxaemia is a poor prognostic marker independent of FEV1 (Schols et al.,

1998).

Currently, the only treatment which reduces mortality in severe, hypoxaemic

COPD is long-term oxygen therapy (LTOT) (MRC, 1981; NOTT, 1980). This

is prescribed for patients in whom resting PaO2 on air is ≤ 7.3kPa tested

twice, 3 weeks apart, or ≤ 8kPa with clinical evidence of cor pulmonale or

sleep disordered breathing. Above these cut offs, there is no evidence to

suggest that LTOT provides a mortality benefit (Gorecka et al., 1997). Despite

the improvements in survival, pulmonary haemodynamics and cognitive

function with LTOT, studies have indicated that this may be at the expense of

deterioration in quality of life (Janssens et al., 1997). Perhaps as a consequence,

treatment compliance is variable (Pepin et al., 1996). Furthermore the cost

of oxygen therapy in the UK has been increasing since the 1980s (Calverley,

2000). The importance of finding alternative methods to control hypoxaemia

in this patient group cannot be overstated. It may be possible that closure of

PFO offers an adjunct treatment in these patients.

There have been 2 studies that have investigated the prevalence of PFO in

COPD as discussed in Chapter 1. Both identified a higher prevalence of PFO in

COPD compared to healthy controls: 70% versus 35%, p< 0.05 (Soliman et al.,

1999) and 44% versus 20% (Hacievliyagil et al., 2006) p < 0.01. In addition,
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Haceivliyagil and colleagues found that compared to COPD patients without

PFO, those with PFO at rest had lower PaO2 (6.8 (1.1) kPa versus 8.4 (1.5)

kPa, p< 0.001), higher systolic pulmonary artery pressures (64.2 (25.5) mmHg

versus 46.6 (13.8) mmHg, p < 0.001) and were also functionally impaired

with shorter 6 minute walk test distances (246 (127) m versus 386 (156) m,

p < 0.001). If this is the case, then it raises the question: in patients with

severe COPD could identifying and closing PFO improve not only arterial

oxygen tensions, but also functional status? Furthermore, could it reduce

the requirement for LTOT? Prior to closing PFO in COPD, it is important

to determine whether the presence of a RLS contributes to hypoxaemia and

furthermore to understand the pathophysiology and phenotypic presentation

of those patients with and without PFO in COPD.

The first aim of this chapter was to determine whether the prevalence of

PFO in severe COPD (GOLD stage III or above) is higher in patients who

are hypoxaemic compared to those with higher arterial oxygen tensions and

a similar amount of lung function impairment. The second aim was to

determine the prevalence of PFO in severe COPD and to accurately quantify

the magnitude of associated shunt.

I conducted an observational study to test the hypotheses that:

1. Patients with severe COPD and PaO2 ≤ 7.3 kPa have a higher prevalence

of PFO with a greater magnitude of RLS compared to others with a

similar degree of lung function impairment and PaO2 > 8 kPa

2. Severe COPD patients have a higher prevalence of PFO compared to

healthy controls
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4.2 Methods

4.2.1 Subjects

COPD patients were recruited from the advanced COPD clinics at the Royal

Brompton Hospital. Validation for the total number of patients recruited is

given in the power calculation in Section 4.2.5. All recruited COPD patients

met the inclusion criteria previously detailed in Chapter 2, Section 2.3.2. The

data collected from healthy controls studied in Chapter 3 was also used for

comparison in this study.

4.2.2 Protocol

Participants attended for one visit during which the following assessments

were undertaken. Arterial blood samples were taken for resting ABG

analysis (on air), a 6 minute walk test with oxygen saturation monitoring

(ATS, 2002) was performed and full respiratory function tests involving

spirometry, carbon monoxide gas transfer and whole body plethysmography

were performed according to ATS/ERS guidelines (Macintyre et al., 2005;

Miller et al., 2005a,b; Pellegrino et al., 2005; Wanger et al., 2005). Venous blood

samples for full blood count and natriuretic peptides (Bozkanat et al., 2005;

Leuchte et al., 2006) were taken. Contrast TTE and TCD were then performed

on all patients.
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4.2.3 Measurements

Contrast transthoracic echocardiography

Details of contrast TTE studies are given in Chapter 2, Section 2.4. In

brief, standard echocardiographic image planes were acquired with ECG

monitoring (Vivid 7, GE Healthcare, Chalfont St Giles, UK). Systolic

pulmonary artery pressure was measured when possible. Contrast studies

were performed in the four chamber view with the subject in the left lateral

position. Agitated saline (8ml saline, 1ml autologous blood, 1ml air) contrast

was injected in a single push via a cannula in an antecubital vein. Injections

were performed at rest and during a Valsalva manoeuvre.

Contrast transcranial Doppler

Details of contrast TCD studies are given in Chapter 2, Section 2.5. In brief, the

middle cerebral arteries were insonated bilaterally through the temporal bone

windows and the probes secured in place. Contrast was injected at rest and

during 2 Valsalva manoeuvres. Signals were recorded for 1 minute following

contrast injection.

4.2.4 Data analysis

A PFO was defined as present if a shunt of any magnitude was detected

following a Valsalva manoeuvre. PFO shunt capacity was graded as small,

moderate or large in accordance with validated criteria (Spencer et al., 2004;

Saqqur et al., 2004; Dowson et al., 2008). The size of shunt assigned to

each PFO was the maximum shunt detected following a Valsalva manoeuvre.

Pulmonary shunts were defined as present if a RLS developed after 5 cardiac

129



cycles following right heart opacification. Where there was a disagreement

between TTE and TCD, the larger detected shunt was recorded (further details

in Chapter 2, Section 2.4 and 2.5).

4.2.5 Statistical analysis

The aim of Study 2 was to examine the prevalence of RLS in COPD patients

who are hypoxaemic (PaO2 ≤ 7.3kPa) compared to COPD patients who are

less hypoxaemic (PaO2 > 8kPa) with similar lung function impairment. Two

studies investigating the prevalence of PFO in COPD detected PFO in 70%

and 44% of COPD patients and 35% and 20% of healthy controls (Soliman

et al., 1999; Hacievliyagil et al., 2006). The 2 studies were used in combination,

to obtain a mean PFO prevalence of 57% in COPD and 27.5% in controls. It

was assumed that the PFO prevalence in less hypoxaemic COPD patients was

27.5% and in hypoxaemic COPD patients was 57%, in a ratio of 2:1, a sample

size of 63 patients with PaO2 > 8kPa and 31 patients with PaO2 ≤ 7.3kPa was

needed to achieve a power of 80% at a significance level of 0.05. A ratio of 2:1

enabled more patients who were potentially eligible for the exercise study in

Chapter 5 to be recruited.

The same estimates of prevalence were used to calculate the sample size

needed to compare COPD patients with healthy controls. Assuming PFO

prevalence was 57% in COPD and 27.5% in healthy controls, 49 subjects

were needed in each group to achieve 80% power to detect a difference at

a significance level of 0.05. This was rounded up to 50 subjects.

Statistical analysis was performed using SPSS (version 16.0, SPSS Inc.,

Chicago, Illinois, USA). Parametric data are presented as mean (SD) and non-

parametric as median (range).
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Comparisons were made between data from hypoxaemic (PaO2 ≤ 7.3kPa)

and less hypoxaemic (PaO2 > 8kPa) COPD groups. Healthy volunteers were

compared to the 50 youngest COPD patients (age 41 to 61 years) in order to

ensure that the mean age of the two groups was not significantly different,

since the prevalence of PFO is age dependent. The frequency and size of

RLS between 1) hypoxaemic and less hypoxaemic groups and 2) COPD and

healthy controls were compared using the Chi Squared test. Measurements

between these groups were compared using the Student’s t test (parametric

data) or the Mann Whitney U test (non-parametric data).

A further subgroup analysis was performed by dividing all patients with

COPD into 4 groups according to the type of RLS:

1. patients with no PFO or a small shunt through PFO,

2. patients with a moderate to large shunt through a PFO,

3. patients with only a pulmonary shunt,

4. patients with both a PFO and pulmonary shunt combined.

Analysis of variance (ANOVA) or the Kruskall Wallis test were used for

continuous data and the Chi Squared test was used for categorical variables.

This was an exploratory analysis. The study was not powered to answer this

question.

Statistical significance was defined as p < 0.05.
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4.3 Results

4.3.1 Subject characteristics

Two-hundred and seven severe COPD patients were approached; 17 declined

to participate in the study and 5 patients did not attend more than 3

appointments and were not rescheduled. Of the 185 patients who were

screened, 72 did not meet the inclusion criteria, therefore 113 (60%) patients

were included in the study (Figure 4.1). Fifty healthy controls also studied in

Chapter 3 were used for comparison (Section 3.2.1). Details of comorbidities

of COPD patients are given in Table 4.1.

Baseline characteristics of COPD patients are given in Table 4.2. The mean age

was 63 (8) years with a male predominance (70 male, 43 female). All patients

had severe COPD with a mean FEV1 30.1 (9.8) % predicted. Gas exchange

was impaired with mean TLCO of 31.9 (12.9) % predicted and patients were

hyperinflated with TLC 128.2 (17.3) % predicted.
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Figure 4.1: Diagram illustrating recruitment of severe COPD patients. DNA:
did not attend, OHS: obesity hypoventilation, OSA: obstructive sleep apnoea, CCF:
congestive cardiac failure. *5: unable to take oxygen off to take blood gas, 2: asthma,
1: tuberculosis, 1: diaphragm paralysis, 1: obliterative bronchiolitis, 1: asbestosis,
2: lung transplant. **5: PaO2 > 8kPa and group had reached recruitment target, 1:
ABG phobia
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Table 4.1: Comorbidities of COPD patients (n = 113)

Comorbidity n

No identified cormorbidity 59

Ischaemic heart disease 8

Hypertension 16

Atrial fibrillation/flutter 6

Peripheral vascular disease 3

Previous stroke/transient ischaemic attack 3

Diabetes (type I and II) 2

Migraine 1

Depression 4

Osteoporosis 6

Gastroenterological 7

Musculoskeletal 6

Neurological 4

Other * 8

* Prostate conditions (n = 3), hypothyroidism (n = 2), goitre (n = 1), cancer (n = 2)
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Table 4.2: Baseline characteristics of COPD patients

Characteristic n = 113

Age (years) 63 (8)

Gender (male/female) 70 / 43

FEV1 (% predicted) 30.1 (9.8)

FVC (% predicted) 83.0 (19.5)

FEV1/FVC 28.2 (7.5)

TLCO (% predicted) 31.9 (12.9)

KCO (% predicted) 43.1 (17.4)

TLC (% predicted) 128.2 (17.3)

RV (% predicted) 210.6 (49.9)

RV/TLC 61.9 (16.0)

FRC (% predicted) 182.2 (33.6)

BMI (kg/m2) 24.5 (4.4)

PaO2 (kPa) 8.5 (1.6)

PaCO2 (kPa) 5.7 (1.1)

Values are expressed as mean (SD)
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4.3.2 Prevalence of RLS in COPD patients with PaO2 ≤ 7.3kPa

and > 8kPa

The baseline characteristics of the hypoxaemic and less hypoxaemic group are

given in Table 4.3. All COPD patients in the hypoxaemic group were on LTOT.

Mean PaO2 was 6.5 (0.7) kPa in the hypoxaemic group and 9.7 (1.0) kPa in the

less hypoxaemic group. PaCO2 was higher in the hypoxaemic group: 6.6 (1.4)

kPa versus 5.2 (0.7) kPa, p < 0.001. There was no significant difference in age,

gender, FEV1, FVC, FEV1/FVC, TLC, RV, RV/TLC, FRC and BMI between the

2 groups. TLCO and KCO were lower in the hypoxaemic group at 24.6 (12.7)

versus 34.4 (11.5) % predicted, p = 0.001 and 35.5 (15.3) versus 44.3 (14.2) %

predicted, p = 0.02 respectively.

There was no difference in the prevalence of PFO or the magnitude of

associated shunt at rest (Figure 4.2) or after Valsalva manoeuvre (Figure 4.3)

in the hypoxaemic and less hypoxaemic groups.

The overall prevalence of PFO in the group with PaO2 ≤ 7.3kPa compared to

the group with PaO2 > 8kPa was 29% (9/31) versus 27% (17/63), p = 0.99 at

rest and 39% (12/31) versus 52% (33/63), p = 0.27 after Valsalva manoeuvre.

The overall prevalence of large shunts in the group with PaO2 ≤ 7.3kPa

compared to the group with PaO2 > 8kPa was 6% (2/31) versus 6% (4/63)

at rest and 26% (8/31) versus 25% (16/63) after Valsalva manoeuvre.
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Table 4.3: Baseline characteristics of COPD patients with PaO2 ≤ 7.3kPa and
> 8kPa

Characteristic PaO2 ≤ 7.3kPa PaO2 > 8kPa p value

n = 31 n = 63

Age (years) 63 (8) 62 (9) 0.42

Gender (male/female) 21 / 10 39 / 24 0.65

FEV1 (% predicted) 27.8 (11.9) 30.8 (9.1) 0.23

FVC (% predicted) 77.0 (21.9) 85.7 (19.4) 0.07

FEV1/FVC 28.4 (7.5) 28.0 (7.9) 0.80

TLCO (% predicted) 24.6 (12.7) 34.4 (11.5) 0.001

KCO (% predicted) 35.5 (15.3) 44.3 (14.2) 0.02

TLC (% predicted) 127.3 (16.3) 130.6 (16.4) 0.40

RV (% predicted) 217.3 (50.9) 214.7 (50.0) 0.83

RV/TLC 67.7 (27.3) 60.0 (9.3) 0.18

FRC (% predicted) 187.1 (35.5) 184.6 (32.2) 0.75

BMI (kg/m2) 25.3 (4.5) 24.0 (4.3) 0.22

PaO2 (kPa) 6.5 (0.7) 9.7 (1.0) < 0.001

PaCO2 (kPa) 6.6 (1.4) 5.2 (0.7) < 0.001

Values are expressed as mean (SD)
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Figure 4.2: The percentage of COPD patients with PFO and the magnitude of
associated shunt in patients with PaO2 ≤ 7.3kPa and > 8kPa at rest. White bar:
no shunt, light grey bar: small shunt, dark grey bar: moderate shunt and black bar:
large shunt

Figure 4.3: The percentage of COPD patients with PFO and the magnitude of
associated shunt in patients with PaO2 ≤ 7.3kPa and > 8kPa after Valsalva. White
bar: no shunt, light grey bar: small shunt, dark grey bar: moderate shunt and black
bar: large shunt

138



Forty-eight percent (15/31) of the hypoxaemic group had a pulmonary shunt

compared to 24% (15/63) of the less hypoxaemic group, p = 0.02 (see Figure

4.4).

Figure 4.4: Percentage of hypoxaemic (PaO2 ≤ 7.3kPa) and less hypoxaemic (PaO2 >
8kPa) COPD patients with pulmonary shunts. Error bars represent 95% confidence
intervals.

4.3.3 Prevalence of RLS in COPD versus age matched control

subjects

The baseline characteristics of the 50 youngest COPD patients studied and 50

healthy controls are given in Table 4.4.

Healthy controls and the youngest COPD patients had similar age, BMI and

PaCO2. COPD patients had a higher proportion of female subjects, lower
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Table 4.4: Baseline characteristics of COPD patients and healthy controls

COPD Healthy controls p value

n = 50 n = 50

Age (years) 55 (5) 52 (11) 0.07

Gender (male/female) 27 / 23 42 / 8 0.002

FEV1 (% predicted) 29.4 (11.4) 101.4 (13.4) < 0.001

FVC (% predicted) 81.0 (19.9) 104.2 (13.4) < 0.001

FEV1/FVC 28.6 (8.0) 78.8 (6.4) < 0.001

BMI (kg/m2) 24.3 (4.4) 24.3 (2.7) 0.98

PaO2 (kPa) 8.4 (1.7) 12.3 (1.4) < 0.001

PaCO2 (kPa) 5.6 (1.3) 5.6 (0.5) 0.58

Values are expressed as mean (SD)

FEV1, FVC, FEV1/FVC and PaO2.

The prevalence of PFO was not statistically different in COPD and healthy

volunteers both at rest: 26% (13/50) versus 12% (6/50), p = 0.12 (Figure

4.5) and following Valsalva manoeuvre: 46% (23/50) versus 30% (15/50), p

= 0.15 (Figure 4.6). The prevalence of large shunts following Valsalva was

significantly higher in COPD patients compared to healthy controls: 26%

(13/50) versus 6% (3/50), p = 0.01.

The prevalence of pulmonary shunt in COPD patients was numerically twice

that in healthy controls but was not statistically significant: 24% (12/50)

versus 12% (6/50), p = 0.19.
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Figure 4.5: The percentage of subjects with PFO and the magnitude of associated
shunt in COPD patients and healthy controls at rest. White bar: no shunt, light grey
bar: small shunt, dark grey bar: moderate shunt and black bar: large shunt

Figure 4.6: The percentage of subjects with PFO and the magnitude of associated
shunt in COPD patients and healthy controls following Valsalva manoeuvre. White
bar: no shunt, light grey bar: small shunt, dark grey bar: moderate shunt and black
bar: large shunt
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4.3.4 Overall prevalence of PFO in 113 COPD patients studied

Table 4.5 gives the PFO shunt sizes in the 113 COPD patients.

Table 4.5: PFO shunt size in COPD patients

Magnitude of shunt through PFO (n (%))

No shunt Small shunt Moderate shunt Large shunt

At rest 80 (71) 14 (12) 11 (10) 8 (7)

After Valsalva 54 (48) 22 (19.5) 6 (5) 31 (27.5)

If all 113 COPD patients studied were compared to healthy controls, the

prevalence of PFO both at rest and following Valsalva manoeuvre was higher

in COPD (rest: 29% (33/113) versus 12% (6/50), p = 0.02 and Valsalva: 52%

(59/113) versus 30% (15/50), p = 0.01).

The prevalence of pulmonary shunts was 30% (34/113) which was also

significantly higher than in healthy controls: 12% (6/50), p = 0.02.
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4.3.5 Clinical features in COPD patients with different types

of RLS

Forty-six COPD patients had no or small shunts through PFO, 33 had

moderate to large shunts through PFO, 25 had pulmonary shunts and 9 had

both PFO and pulmonary shunts. Clinical features of the patients in these

groups are shown in Table 4.6.

The clinical features did not differ between the no/small shunt, moderate to

large shunt and PFO plus pulmonary shunt groups. The pure pulmonary

shunt group when compared to no/small shunt and moderate to large shunt

groups had a lower PaO2: p = 0.002 and p = 0.02, TLCO: p = 0.005 and p =

0.001 and KCO: p = 0.002 and p = 0.002 respectively.

Pulmonary artery pressure (PAP) measurement was possible in 41 COPD

patients. The distribution of systolic PAP across the 4 groups with different

types of RLS is shown in Figure 4.7. Systolic PAP was significantly higher in

the pulmonary shunt group at 60 (33 – 115) mmHg when compared to the

no/small PFO shunt group: 44 (29 – 72) mmHg, p = 0.04 and the moderate to

large PFO shunt group: 38 (28 – 56) mmHg, p = 0.003.
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Figure 4.7: Systolic pulmonary artery pressure measured in COPD patient with
different types of RLS. ◦ represent outliers

4.4 Discussion

This study shows that PFO prevalence was similar between hypoxaemic

and less hypoxaemic COPD patients. This result implies that severe COPD

patients with normal left ventricular function are hypoxaemic primarily due

to pulmonary factors. The second main finding is that intrapulmonary shunts

were more prevalent in the hypoxaemic group compared to those with higher

PaO2. Interestingly, it was the pulmonary shunt group and not those with

moderate to large shunting through PFO that had higher systolic pulmonary

artery pressures (PAP). In keeping with the elevated PAP, carbon monoxide

gas transfer was also worse. PFO with large shunts were more prevalent in

COPD patients than healthy controls.
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4.4.1 Significance of patent foramen ovale in COPD

The findings of this study do not support the hypothesis that hypoxaemic

COPD patients have a higher prevalence of PFO than those with higher PaO2.

Furthermore, all magnitudes of shunt size, both at rest and after Valsalva,

were similar amongst both groups. Soliman et al studied 20 patients with

severe COPD and found that baseline SaO2 in 14 patients with PFO was

similar to the 6 patients without PFO: 93.9 (2.1) % versus 93.8 (2.3) %, p >

0.05 (Soliman et al., 1999). Kilic et al studied 20 mild COPD patients (FEV1

> 50%) who were found to have disproportionate hypoxaemia in relation to

their lung disease with resting PaO2 < 10.7kPa and SaO2 < 95% (Kilic et al.,

2010). PFO were detected in only 20% (4/20) of patients and PaO2 was similar

to those without PFO 7.7 (0.9) kPa versus 6.2 (1.8) kPa, p > 0.05. Although

these are small studies, taken together, they suggest that the amount of RLS

of mixed venous blood is insufficient to significantly decrease resting PaO2 in

patients with COPD.

The findings of the present study are also inconsistent with the hypothesis that

the overall PFO prevalence is greater in COPD patients than in the general

population. My findings showed overall prevalence was not statistically

different. However, PFO with large shunts were more prevalent in COPD

patients than in healthy controls, suggesting that existing PFO tunnels are

being ”stretched” and enlarged. The intermittent elevations in PAP causing

right ventricular diastolic dysfunction and elevations in right atrial pressure

could offer an explanation for this finding. Estimates of the prevalence

of pulmonary hypertension in COPD vary considerably depending on the

population studied and the method used to detect elevated PAP (Chaouat

et al., 2005; Christensen et al., 2004; Scharf et al., 2002; Kessler et al., 2001;

Thabut et al., 2005). Severe elevations are uncommon and if present, point to
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other precipitating diagnoses. In general, PAP in COPD is mildly elevated

with intermittent increases during exacerbations (Abraham et al., 1969) or

with exercise (Butler et al., 1988; Horsfield et al., 1968; Fletcher et al.,

1989). Nevertheless, these chronic, intermittent increases in right ventricular

afterload and ensuing right heart strain could be enough to promote RLS

with the PFO enlarging as a consequence of the increased blood flow through

it. Another important explanation is the effect of significant swings in

intrathoracic pressure during exercise as described in Section 1.3.2. The

exaggerated pleural pressure swings increase transmural pressure gradients

across the thin walled atria. This should affect left and right atria equally,

however when accompanied by the increase in venous return to the right

atrium and the increases in right ventricular afterload, it is possible that the

pressure within the right atrium increases more than that of the left, therefore

increasing the RLS and stretching a PFO.

The data presented in this Chapter showed patients with moderate to large

shunts had similar 6 minute walk test distances to those with no/small

shunts. Furthermore, the clinical features were similar in the 2 groups with

the greatest functional impairment detected in patients with intrapulmonary

shunts. Haceivliyagil et al suggested that COPD patients with PFO at rest are

functionally impaired with lower 6MWT, lower PaO2 and higher systolic PAP

compared to those with no PFO shunt at rest. The methodology in their study

clearly defined the criteria for contrast TTE detection of PFO, but provided

no criteria for intrapulmonary shunt detection, hence they did not report any

pulmonary shunts in their cohort of 52 severe COPD patients. By definition,

intrapulmonary shunts are present at rest and unaffected by Valsalva. Thirty

percent (34/113) of COPD patients studied in this chapter had evidence of

pulmonary shunting, therefore, it may be possible that patients with PFO

at rest in the study by Haceivliyagil et al included patients with pulmonary
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shunts. This could explain the inconsistency with their findings and the data

presented above.

The findings in this chapter show that PFO do not exacerbate hypoxaemia, do

not increase functional impairment and may offload the right heart at times of

stress; rather than worsen outcomes as suggested in previous studies, which

raises the question: could the presence of a PFO be beneficial?

Zierer et al conducted a study in 8 dogs whereby a pulmonary artery band

was progressively inflated over the course of 3 months to induce chronic

pulmonary hypertension (Zierer et al., 2009). An 8mm shunt prosthesis was

inserted between the atria, which was controlled to obtain 3 models of atrial

septostomy: 1) no shunt, 2) a low flow shunt directing 15% cardiac output

through to left atrium and 3) a high flow shunt directing 29% cardiac output

through the septum. The authors found that compared to no shunt, the low

flow state increased right atrial compliance, increased cardiac output and

despite a decline in oxygen content due to the RLS, there was a trend towards

improved systemic oxygen delivery. The high flow state also reversed the

beneficial effects suggesting 29% cardiac output exceeded the ideal shunt

fraction. The presence of a PFO in conditions causing elevations in PAP such

as COPD could mimic the low flow state improving cardiac haemodynamics

and systemic oxygenation.

4.4.2 Prevalence and significance of intrapulmonary shunts in

COPD

The prevalence of intrapulmonary shunts was significantly higher in the

hypoxaemic patients compared to the less hypoxaemic patients. Furthermore,

patients with pulmonary shunts had lower PaO2, higher systolic PAP and
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lower transfer factors compared to those with moderate to large shunts.

Intrapulmonary shunts in healthy humans are well described but relatively

understudied. In healthy humans, there is evidence that pulmonary shunts

are dynamic in nature, opening up at maximal exercise (Eldridge et al., 2004;

Lovering et al., 2008; Stickland et al., 2004) and when moving from the upright

to supine position (Stickland et al., 2004). In addition, breathing hypoxic

air opens inducible arteriovenous shunts in a dose dependent manner with

increased shunting as the oxygen concentration of the inhaled gas mixtures

decreases (Laurie et al., 2010); complete cessation of shunting occurs on

return to breathing room air. Furthermore, hyperoxia prevents arteriovenous

shunting during exercise in healthy humans (Lovering et al., 2008). It is

unclear why this occurs, but several theories exist. The first postulates that

opening the pathway results in a true shunt that worsens arterial hypoxemia.

The second is that intrapulmonary shunts behave like the ductus arteriosus

which remains patent in utero in conditions where PvO2 is approximately

17 Torr (Siggaard-Andersen and Huch, 1995) and seals shut when breathing

room air increases the PvO2 to 40 Torr. The uterine conditions are replicated

by exercise, which lowers PvO2, therefore opening intrapulmonary shunts.

The third is that arteriovenous connections open with elevated PAP to allow

passage of blood through an increasingly fixed pulmonary circulation (Laurie

et al., 2010).

The COPD patients with intrapulmonary shunts in this chapter had lower

PaO2 and higher PAP. This supports the above mechanisms that suggest

pulmonary arteriovenous connections are modulated by arterial hypoxaemia

and elevations in PAP.
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4.4.3 Methodological considerations

Although prevalence of PFO in COPD appeared greater when compared to

controls, this did not reach statistical significance; thus the sample size in this

study may have been too small. If PFO prevalence is 46% in COPD and 30%

in healthy controls, 143 subjects are needed in each group to have 80% power

to detect a difference at a significance level of 0.05.

The NOTT trial showed that LTOT is associated with modest improvements

in pulmonary haemodynamics (NOTT, 1980). This could be a potential source

of bias in the hypoxaemic patients on oxygen therapy. To minimise any

influence from this potential confounder, all ABG and contrast measurements

and where possible 6MWT were performed off oxygen.

4.4.4 Summary

This study has shown that in severe COPD, hypoxaemic patients have a

similar prevalence of PFO to COPD patients who are less hypoxemic, but

have a higher prevalence of intrapulmonary shunts. COPD patients with

intrapulmonary shunts have lower PaO2, decreased carbon monoxide transfer

factor and higher PAP. These data do not address the question of whether the

intrapulmonary shunt is a consequence of more severe COPD or a cause.
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Chapter 5

Patent foramen ovale in severe

chronic obstructive pulmonary

disease during exercise
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5.1 Introduction

As COPD progresses, the inability to perform the activities of daily living

through exercise intolerance forms one of the most distressing symptoms and

frequently leads to social isolation and immobility. Reduction in the 6 minute

walk distance is an independent predictor of mortality (Pinto-Plata et al.,

2004). Although ventilatory limitation is the main contributing factor, little is

understood of the pathophysiology of cardiopulmonary interactions during

exercise in COPD, in particular, the effect of right to left intracardiac shunting

through a PFO. The presence of a PFO in COPD has been associated with

shorter 6 minute walk distances and higher dyspnoea scores (Hacievliyagil

et al., 2006). Notably, a PFO with shunting at rest conferred the greatest

compromise. This suggests the physiological consequences of a RLS in COPD

decrease exercise capacity.

In healthy humans, RLS during exercise is unlikely as left atrial pressure

exceeds right atrial pressure. In COPD, there are several factors which lead

to a reversal of this pressure gradient. Firstly, during exercise, pulmonary

vascular resistance and pulmonary artery pressure rise (Schonhofer et al.,

2001; Raeside et al., 2002). Right ventricular end-diastolic volume increases;

however, right ventricular ejection fraction remains static (Mahler et al., 1984;

Light et al., 1984). The exercise induced increase in right ventricular preload

and afterload lead to an elevated right atrial pressure. In the presence of a

PFO, this could result in a RLS. It is thought that this potentially offloads the

right heart by acting as a pressure-release valve and maintains cardiac output

albeit at the expense of systemic desaturation.

Secondly, because lung emptying in COPD requires more time due to the

effects of increased airways resistance and reduced elastic recoil; gas trapping
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and dynamic hyperinflation is a well recognised phenomenon. Because

the chest wall cannot fully recoil towards functional residual capacity there

is continuous intrinsic positive expiratory pressure (PEEPi). The negative

pressure generated in the following inspiratory breath needs to overcome

this PEEPi and in doing so will promote venous return, deliver a volume

load to the right ventricle and potentially increase RLS through a PFO. A

RLS results in the addition of deoxygenated, acidaemic, and hypercapnic

rich blood to the systemic circulation. In order to maintain pH and PaCO2

homeostasis, arterial chemoreceptors in the carotid bodies are stimulated to

increase ventilation. This would in turn increase dynamic hyperinflation and

cause further shunting.

Thirdly, abdominal muscle recruitment during exercise is common in patients

with COPD (Kyroussis et al., 2000). Contraction of these muscles in expiration

may lead to pleural pressures in excess of 40 cmH2O effectively producing

a Valsalva manoeuvre. The negative pressure that is generated to overcome

this mini-Valsalva during inspiration would increase venous return and could

promote RLS.

The aim of this study was to conduct a physiological investigation during

exercise in patients with COPD firstly to determine whether right to left

shunting increases during exercise, secondly to investigate the impact of a

RLS through PFO on oxygen saturations and exercise endurance and thirdly

to examine the effect of intrathoracic pressure swings on the magnitude of

the RLS.
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I tested the following hypotheses:

1. Right to left shunting through PFO increases from baseline during

exercise in COPD

2. During exercise, patients with severe COPD and a PFO experience

greater desaturation and have reduced exercise endurance compared to

those without a PFO

3. During exercise in severe COPD, increased swings in intrathoracic

pressure are associated with increased right to left shunting through a

PFO
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5.2 Methods

5.2.1 Subjects

Patients meeting the inclusion criteria from those studied in Chapter 4 were

invited to take part. The power calculation is given in Section 5.2.5. All

subjects met the inclusion criteria specified in Section 2.3.2.

5.2.2 Protocol

The protocol outlined below took 6 hours, patients attended for one day.

Patients were asked to rest for one hour prior to the study. A symptom

limited, incremental work rate cardiopulmonary exercise test was undertaken

on a cycle ergometer to determine 60% peak work rate (further details of the

incremental work rate test are in Chapter 2, Section 2.11.2). This work rate,

determined for each individual, was maintained for the 2nd exercise test.

Participants then had a break of one hour. During this time, oesophageal and

gastric balloon catheters were inserted (further details of balloon catheters are

in Chapter 2, Section 2.12), the TCD headset was secured, the probes were

positioned (further details regarding TCD are in Chapter 2, Section 2.5.2) and

an intravenous cannula was inserted in the left antecubital fossa.

Prior to starting the exercise protocol, agitated saline was injected at rest and

during a Valsalva manoeuvre to record the magnitude of baseline RLS. The

patients then undertook a continuous work rate cardiopulmonary exercise

test on a cycle ergometer with metabolic testing to record breath by breath gas

exchange measurements, ECG and oximetry (further details of the continuous

work rate test are in Chapter 2, Section 2.11.2). Oesophageal (Poes) and gastric
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(Pgas) pressure measurements were recorded throughout the test. The exercise

protocol comprised 2 minutes of rest, 2 minutes of unloaded cycling and then

continuous exercise at 60% peak work rate. Agitated saline contrast was

injected at 2 minute intervals during the protocol. Earlobe capillary blood

samples were taken before and at the end of exercise.

Patients were then free to have lunch. Following this after a break of at

least one hour, full respiratory function tests including spirometry, carbon

monoxide gas transfer and whole body plethysmography were performed

according to ATS/ERS guidelines (Macintyre et al., 2005; Miller et al., 2005a,b;

Pellegrino et al., 2005; Wanger et al., 2005).

5.2.3 Measurements

Cardiopulmonary exercise test

A snorkel mouthpiece connected to an Oxycon device (Jaeger, Germany) was

used for breath by breath metabolic measurements. Metabolic data, heart rate

and pulse oximetry data were measured throughout exercise.

Contrast transcranial Doppler measurements

TCD measurements were obtained as outlined in Chapter 2, Section 2.5.2.

In brief, the middle cerebral arteries were insonated bilaterally through the

temporal bone windows and the probes were secured using an adjustable

head frame. Agitated saline contrast was injected into the left antecubital vein

at 2 minute intervals during exercise and recovery.
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Pressure catheter measurements

Oesophageal and gastric pressures (Poes and Pgas) were recorded to investigate

the relationship between intrathoracic pressures, transdiaphragmatic pressure

(Pdi = Pgas – Poes), expiratory abdominal muscle recruitment and RLS. This was

performed as described in Chapter 2, Section 2.12. In brief, 2 balloon catheters

were inserted via the nose into the oesophagus and stomach (Kyroussis et al.,

2000; Hopkinson et al., 2005). The catheters were connected to differential

pressure transducers, the signals were amplified and converted from analogue

to digital then displayed graphically on a computer for analysis.

5.2.4 Data analysis

60% peak work rate

The peak work rate was defined as the maximum work rate in Watts

maintained for greater than 8 breaths on the incremental work rate

cardiopulmonary exercise test. 60% peak wattage was calculated and rounded

to the nearest multiple of 5 Watts. This rate was used for the continuous

exercise test.

Magnitude of right to left shunt

PFO shunt size was graded in accordance with validated criteria detailed in

section 2.5.3. In order to detect small increases in shunting, the original 5 point

grading scale described by Spencer et al was used (Spencer et al., 2004). The

time of each microbubble injection was noted and shunt size was analysed

offline after the test.
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Pressure data

Pressure data were analysed as outlined in Chapter 2, Section 2.12.5. All

measurements were averaged for eight breaths starting at the time when the

microbubbles were injected. Measurements were made offline from the raw

exercise pressure traces. Peak and trough Poes, Pgas and Pdi, were recorded. In

addition, swing in Poes (peak Poes – trough Poes) was calculated. Abdominal

muscle recruitment was measured as the difference between peak expiratory

Pgas and Pgas at the start of expiration. If there was no recruitment, a value of

0 was assigned.

5.2.5 Statistical analysis

The aim of this study was to investigate whether shunting increased during

exercise and the impact of this on exercise endurance. Using data from the

study by O’Donnell et al (O’Donnell et al., 2001a) the exercise time in COPD

patients with a PFO was estimated to be 4.1 minutes (± 3.6) and in those

with no PFO it was estimated to be 8.8 minutes (± 3.6). These values yielded

sample sizes of 10 patients in each group to achieve 80% power to detect a

difference at a significance level of 0.05.

The change in RLS, oxygen saturations, exercise duration and intrathoracic

pressure between the PFO and no RLS groups was compared using the

Student’s t test for parametric data and Mann Whitney U test for non-

parametric data. Spearman’s rank correlation coefficient was calculated to

determine whether the measured respiratory variables correlated with the

amount of RLS during exercise.

158



5.3 Results

5.3.1 Subject characteristics

COPD patients were recruited from those studied in Chapter 4. Twenty-

nine COPD patients with no evidence of RLS and 33 COPD patients with

significant shunts through PFO were approached. Of those with no RLS,

10 declined, 2 did not have adequate TCD signals and 7 did not meet the

inclusion criteria. Ten patients completed the exercise protocol, however 1

patient was excluded due to the development of a significant pulmonary

shunt with subsequent detection of multiple pulmonary emboli. Two patients

developed a grade 1 shunt but were included as the amount of shunting was

negligible. Nine patients were included in the final analysis. Of the 33 patients

with PFO, 13 patients declined, 2 patients did not have adequate TCD signals

and 7 patients did not meet the inclusion criteria. One had a pulmonary

shunt coexisting with a PFO and one patient felt faint during the exercise

protocol, which was terminated prematurely. Nine patients completed the

exercise protocol and were included in the study. Details of patient selection

are shown in Figure 5.1.

Assessments made on COPD patients recruited for the exercise study in this

chapter compared to those made when initially studied in Chapter 4 are given

in Appendix G, Table G.1. No significant differences were found.

The baseline characteristics of patients studied in the exercise tests are given

in Table 5.1. All baseline characteristics including age, gender, spirometry,

gas transfer, lung volumes, PaO2 and PaCO2 were similar (p > 0.05) in both

patients with PFO and patients with no significant RLS.
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Figure 5.1: Diagram illustrating recruitment of COPD patients for the exercise
study. TCD: transcranial Doppler
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Table 5.1: Baseline characteristics of no significant RLS and PFO groups

No significant RLS PFO Student t test

n = 9 n = 9 p value

Age (years) 61 (6) 65 (9) 0.29

Gender (male/female)* 6 / 3 4 / 5 0.64

FEV1 (% predicted) 32.8 (14.1) 34.8 (10.6) 0.75

FVC (% predicted) 94.0 (12.9) 90.8 (16.6) 0.66

FEV1/FVC 26.9 (8.9) 30.2 (8.6) 0.44

TLCO (% predicted) 40.2 (14.1) 40.3 (10.5) 0.99

KCO (% predicted) 49.0 (15.3) 51.9 (18.3) 0.72

TLC (% predicted) 131.4 (18.1) 126.0 (18.6) 0.54

RV (% predicted) 212.3 (62.4) 190.8 (46.1) 0.42

RV/TLC (%) 56.1 (7.6) 57.4 (7.6) 0.74

FRC (% predicted) 184.4 (47.6) 170.8 (36.3) 0.51

BMI (kg/m2) 27.1 (5.4) 26.6 (6.5) 0.85

PaO2 (kPa) 9.7 (1.0) 9.6 (1.3) 0.90

PaCO2 (kPa) 5.1 (0.4) 5.2 (0.4) 0.50

Values are expressed as mean (SD), *Chi squared test used
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5.3.2 RLS at baseline, during continuous work rate exercise

and in recovery

PFO group

There was a significant increase in shunt size during exercise from minute 1 to

3: grade 1(1) to grade 2 (2), p = 0.008; minute 1 to 5: grade 1(1) to grade 3(2), p =

0.001; minute 1 to 7: grade 1(1) to 3(2), p = 0.003 and from minute 3 to 5: 2(2) to

3(2), p = 0.023 (Figure 5.2). Shunt size peaked in the 5th minute and reached

a plateau for the remaining duration of exercise. There was no significant

difference between shunt size during the final stage of exercise and the first

minute of recovery (p = 0.59). Shunt size appeared to gradually decline for

the remainder of recovery, however this did not reach statistical significance.

Right to left shunting increased during exercise in 8 out of 9 patients (see

Table 5.2, Figure 5.4). The remaining patient (Table 5.2, Figure 5.4, PFO group,

patient 7) had no shunt at rest, a grade 5 shunt after Valsalva and did not

develop any shunt during exercise. Interestingly, a grade 3 shunt developed

in the first minute of recovery, which eventually decreased to a grade 2 shunt

with the last recovery injection. Patient 6 in Table 5.2 (PFO group) and Figure

5.4 also experienced an increase in shunt size in the first recovery injection.

No significant RLS group

There was no increase in shunting beyond an insignificant, grade 1 shunt

during exercise in 7 out of 9 patients, which persisted into recovery in 3

patients. Shunt size was not significantly different from baseline to exercise

to recovery (Table 5.2, Figure 5.3 and Figure 5.5).
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Figure 5.2: Grade of shunt detected by contrast TCD during continuous work rate
exercise in the PFO group. Minute 1 is rest and minute 3 is unloaded cycling.
* p < 0.05
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Figure 5.3: Grade of shunt detected by contrast TCD during continuous work rate
exercise in the no significant RLS group. Coloured diamonds are individual values.
Minute 1 is rest and minute 3 is unloaded cycling.
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Table 5.2: Individual values for shunt size at baseline, during exercise and in
recovery

Grade of shunt Grade of shunt

PFO group No significant RLS group

n = 9 n = 9

Patient 1 2 3 4 5 6 7 8 9 1 2 3 4 5 6 7 8 9

Baseline

Rest 2 0 0 3 3 1 0 0 0 0 0 0 0 0 0 0 0 0

Valsalva 5 5 5 5 4 5 5 2 4 0 0 0 0 1 1 0 0 0

Exercise time (mins)

1 1 0 0 3 2 2 0 0 2 0 0 0 1 1 0 0 0 0

3 2 1 0 4 3 4 0 0 3 0 0 0 0 1 0 0 0 0

5 4 2 2 4 4 4 0 1 3 0 0 0 0 0 1 0 0 0

7 2 3 1 4 4 4 0 2 1 1 1 1 1 0 0 0 0

9 4 3 0 4 4 0 0 0 0 1 0

11 4 5 0 4 0 1 0

13 5 0 1 1

15 1 1

17 0

19 1

Recovery (mins)

1 4 5 0 4 3 5 3 2 2 0 0 0 0 1 1 0 0 0

3 4 1 0 3 2 4 0 1 3 0 0 0 0 1 0 0 0 0

5 2 0 1 3 3 1 1 2 0 0 0 1 0 0 0 0 0

7 3 3 2 2 0 2 0 0 0

9 2
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Figure 5.4: Grade of shunt detected by contrast TCD during continuous work rate
exercise in the PFO group. Black squares are individual values, Minute 1 is rest and
minute 3 is unloaded cycling. R: rest, V: Valsalva
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Figure 5.5: Grade of shunt detected by contrast TCD during continuous work rate
exercise in the no significant RLS group. Black diamonds are individual values,
Minute 1 is rest and minute 3 is unloaded cycling. R: rest, V: Valsalva
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5.3.3 Exercise measurements

Initial incremental exercise test

Baseline and peak exercise measurements for the initial incremental exercise

test from which the work rate for the continuous tests were derived are

given in Table 5.3. Patients with PFO achieved a maximum load of 26 (10)

Watts compared to 33 (12) Watts in patients with no significant RLS, p = 0.22.

Patients with PFO and patients with no significant RLS had similar heart rate

(rest: p = 0.96, peak exercise: p = 0.62), VE (rest: p = 0.07, peak exercise: p =

0.58), VO2 (rest: p = 0.86, peak exercise: p = 0.52) and VCO2 (rest: p = 0.68,

peak exercise: p = 0.50), for individual values, see Table 5.3.

Table 5.3: Baseline and peak incremental exercise test measurements

No significant RLS PFO Student t test

n = 9 n = 9 p value

Load (Watts) 33 (12) 26 (10) 0.22

Pulse (beats/min) rest 89 (13) 90 (14) 0.96

Pulse (beats/min) peak 116 (14) 113 (15) 0.62

VE rest (L/min) 14.3 (5.5) 10.1 (3.0) 0.07

VE peak (L/min) 38.7 (13.1) 41.1 (9.6) 0.58

VO2 rest (L/min) 0.29 (0.15) 0.28 (0.10) 0.86

VO2 peak (L/min) 1.06 (0.28) 0.97 (0.30) 0.52

VO2/kg rest (ml/min/kg) 3.7 (1.6) 3.7 (1.3) 0.94

VO2/kg peak (ml/min/kg) 12.9 (2.1) 13.0 (3.4) 0.95

VCO2 rest (L/min) 0.31 (0.09) 0.29 (0.10) 0.68

VCO2 peak (L/min) 0.91 (0.29) 0.82 (0.27) 0.50

Values are expressed as mean (SD)
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Continuous work rate exercise test

There was no difference in exercise endurance between the group with no

significant RLS and the PFO group: 10:00 (04:18) mins versus 10:08 (03:10)

mins, p = 0.94. The drop in SaO2 from the beginning to end of exercise was

5 (4) % in the PFO group and 5 (4) % in the group with no significant RLS,

p = 1.00 (Table 5.4). There was no difference in SaO2 at 5 minutes exercise in

both groups: 91 (5)% versus 91 (4)%, p = 0.80. The 2 groups also had similar

A–a gradients, VD/VT measurements and Pa–ETCO2 at the start and end of

exercise. Individual values are given in Table 5.4.
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Table 5.4: Measurements during exercise

No significant RLS PFO Student t test

n = 9 n = 9 p value

Exercise time (mins) 10:00 (04:18) 10:08 (03:10) 0.94

SaO2 (%)

start of exercise 95 (2) 95 (2) 0.59

5 mins into exercise 91 (4) 91 (5) 0.80

end of exercise 90 (5) 90 (3) 0.79

difference in SaO2 (%) 5 (4) 5 (3) 1.00

A–a gradient (kPa)

start of exercise 3.9 (0.9) 3.8 (1.3) 0.85

end of exercise 4.7 (1.8) 4.5 (1.7) 0.82

VD/VT

start of exercise 0.49 (0.07) 0.43 (0.05) 0.07

end of exercise 0.33 (0.20) 0.35 (0.15) 0.79

difference in VD/VT 0.16 (0.20) 0.08 (0.14) 0.33

Pa–ETCO2 (kPa)

start of exercise 1.01 (0.57) 0.85 (0.46) 0.52

end of exercise 0.38 (1.09) 0.58 (0.63) 0.67

Values are expressed as mean (SD)
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5.3.4 Intrathoracic pressure during exercise: relation to RLS

Baseline pressure measurements are given in Table 5.5. All pressure

measurements were similar between the 2 groups. During exercise,

intrathoracic pressure swings, end inspiratory Poes (PEEPi), abdominal muscle

recruitment and transdiaphragmatic pressure all increased and returned back

to baseline during recovery (Table 5.6).

Table 5.5: Baseline pressure measurements

Pressure measurement No sig RLS PFO Student t test

(cmH2O) n = 9 n = 9 p value

Peak Poes 5.7 (3.4) 5.7 (3.3) 0.98

Trough Poes -5.3 (2.7) -4.8 (2.8) 0.71

Intrathoracic pressure swing 11.0 (2.4) 10.5 (4.3) 0.75

End expiratory Poes 2.3 (3.4) 2.3 (2.8) 0.98

Abdominal muscle recruitment 2.4 (2.5) 1.2 (1.5) 0.29

Peak Pdi 20.7 (7.2) 22.3 (9.6) 0.70

Trough Pdi 7.8 (5.4) 10.1 (4.1) 0.38

Valsalva Poes 77.7 (38.4) 55.8 (30.3) 0.22

Valsalva Pgas 112.3 (65.0) 103.9 (51.4) 0.78

Values are expressed as mean (SD)

171



Table 5.6: Exercise pressure measurements

No sig RLS PFO Student t test

n = 9 n = 9 p value

Intrathoracic pressure swing

(cmH2O)

Baseline 13 (4.0) 8.5 (5.0) 0.052

Peak Exercise 32.8 (7.2) 42.1 (25.6) 0.32

End recovery 13.8 (4.6) 13.0 (5.4) 0.73

Abdominal muscle recruitment

(cmH2O)

Baseline 2.6 (3.2) 3.2 (3.5) 0.72

Peak Exercise 18.0 (13.1) 23.5 (25.5) 0.58

End recovery 2.5 (3.2) 3.3 (2.9) 0.58

Peak Pdi (cmH2O)

Baseline 22.9 (7.3) 22.9 (9.9) 0.99

Peak Exercise 32.2 (12.1) 33.5 (12.0) 0.84

End recovery 24.7 (5.5) 24.7 (9.7) 0.99

Values are expressed as mean (SD)
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The size of the RLS during exercise was significantly correlated with

intrathoracic pressure swings, rs = 0.67, p < 0.001 (Figure 5.6). RLS size also

correlated with peak transdiaphragmatic pressure rs = 0.56, p < 0.001, p <

0.001. There was no correlation between RLS size and abdominal muscle

recruitment rs = 0.07, p = 0.54.

Figure 5.6: Grade of shunt during exercise and intrathoracic pressure swing

173



5.4 Discussion

The main finding from this study is that in severe COPD, right to left shunting

through PFO increases from baseline during exercise, however the magnitude

of shunt is insufficient to decrease SaO2, compared to patients without a

RLS. Exercise endurance was also similar in those with and without PFO.

Increasing amplitude of inspiratory Poes effort was associated with increasing

right to left shunting.

5.4.1 Pattern of RLS through PFO during exercise

These data support the hypothesis that RLS through PFO increases during

exercise in COPD. The pattern of RLS detected with TCD implies that at the

start of submaximal exercise, right atrial pressure is elevated beyond that of

the left atrium. In those patients with PFO, shunting commences. As exercise

continues, this pressure gradient increases precipitating more shunting. As

patients exercise further, the magnitude of RLS reaches a plateau. In recovery

RLS continues, in fact an increase was observed with the first post-exercise

injection in 2 patients. It then gradually returns to baseline as patients relax.

5.4.2 Mechanism of RLS through PFO during exercise

The findings in this study are consistent with the hypothesis that increased

RLS is associated with increasing intrathoracic pressure swings. Furthermore,

positive correlations were also detected between RLS and transdiaphragmatic

pressure.

Dynamic hyperinflation during exercise in COPD is a well recognized

phenomenon (O’Donnell et al., 2001b). Expiratory flow limitation results in air
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trapping and PEEPi. Isolated PEEPi decreases venous return (Cournand et al.,

1948) however during exercise in COPD it is accompanied by large increases

in inspiratory intrathoracic pressure swings. These pressures need to generate

enough force to overcome the opposite recoil pressure to stimulate inspiratory

flow. It is speculated PEEPi has some similarities with the Valsalva manoeuvre

with the onset of inspiration being similar to the release phase. The resulting

negative pleural pressure generation, augments venous return increasing

right atrial pressure and promoting RLS. As exercise continues, abdominal

muscles are recruited to help expel the trapped pulmonary air and this

increases intrathoracic pressure further (Kyroussis et al., 2000). Additionally,

transdiaphragmatic pressure increases and hence so does the gradient for

venous return (Permutt, 1988). Recovery prompts a gradual return to normal

ventilatory mechanics and thus the RLS decreases.

The explanation outlined above does not explain the mechanism behind the

biphasic pattern of RLS exhibited by the 2 patients in whom the magnitude

of RLS increased in recovery. One possible theory is at maximal exercise,

intraabdominal pressures compress abdominal blood vessels decreasing

venous return (Moreno et al., 1967). In addition, as inspiratory capacity

declines and and PEEPi continues to increase, the respiratory pump becomes

increasingly inefficient and may further impede return of blood to the right

atrium (Cournand et al., 1948). The onset of recovery releases the mechanical

constraints on inspiratory flow augmenting venous return and increasing RLS

through PFO.

Pulmonary artery pressure elevations during exercise could also explain the

increase in RLS as discussed in Chapter 4.4.1.
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5.4.3 Significance of RLS through PFO during exercise

The findings of this study do not support the hypothesis that patients with

severe COPD and PFO have reduced exercise endurance and greater exercise

induced hypoxia. Not only was exercise endurance similar in patients with

PFO and patients without RLS, the drop in exercise SaO2 during exercise was

the same. Extending the work in Chapter 4, this suggests that the amount of

shunting through PFO is not sufficient to cause systemic desaturation, either

at rest or during exercise. The exercise induced shunt may stretch the PFO

accounting for the findings of Chapter 4 of a higher prevalence of PFO with

large shunts.

Atrial RLS during exercise in COPD has not previously been studied, however

experiments in pulmonary hypertension report physiological improvements

in those with shunts. Austen et al studied dogs with pulmonary hypertension

and found that RLS improved exercise capacity and cardiac output (Austen

et al., 1964). Kawaguchi et al studied 74 rats with monocrotaline induced

pulmonary hypertension with weekly cardiopulmonary exercise testing for 2

months. The 22 rats with an atrial level shunt had higher levels of O2 uptake

and CO2 production compared to the 52 rats with no shunt. Additionally,

those with shunts had vastly improved survival at 27% compared to

0% of those with sealed interatrial septae, p < 0.05 (Kawaguchi et al.,

1993). Extrapolating these studies to COPD, PFO may improve cardiac

haemodynamics by decompressing the right heart with resulting functional

benefit. This notion directly contradicts current published findings. Future

studies are needed to assess the impact of RLS on right heart function.

A fascinating study by Faul et al examined the effect of an ileofemoral

arteriovenous fistula on exercise capacity in 12 patients with severe COPD.

176



They found that the 6 minute walk distance increased from 217 (63) m

at baseline to 272 (18) m at 6 weeks and 276 (25) m at 12 weeks post

surgery. Cardiac output also increased. Patients that responded initially to

supplemental oxygen received most therapeutic benefit. It was speculated

that the creation of a shunt increases mixed venous oxygen content and

hence exercise performance. It is clear that the interactions are more complex

than previously imagined and future studies are needed to investigate the

importance of arteriovenous shunts at different levels in patients with COPD

(Faul et al., 2010).

5.4.4 Methodological considerations

This study is restricted to patients with severe COPD and cannot be

generalized to patients with milder disease. This is, however an area for future

research.

The exercise tests were invasive and technically difficult in COPD patients

with marked morbidity. The addition of pulmonary pressure monitoring was

not feasible, therefore no comment is possible on the influence of pulmonary

haemodynamics on RLS in this study.

Due to the complexity of the protocol, many patients studied in Chapter 4

were either unsuitable or unwilling to participate in the study presented in

this chapter. The sample size of 10 in each group was not attained. However,

it is unlikely that one additional patient in each arm would have changed the

study outcome.
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5.4.5 Summary

Right to left shunting through PFO increases during exercise in COPD. The

magnitude of increase is associated with raised intrathoracic pressure swings.

RLS does not influence arterial oxygenation or exercise endurance.
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Chapter 6

Discussion
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6.1 Discussion

The data presented in this thesis provides the following original contributions

to PFO research:

• PFO with large shunts are more prevalent in both OSA and COPD

patients compared to healthy controls

• PFO closure in six patients with severe OSA did not improve nocturnal

oxygenation

• The prevalence of PFO in hypoxaemic COPD patients is similar to that

which occurs in patients with higher PaO2

• There is a higher prevalence of pulmonary shunts in hypoxaemic COPD

patients compared to those with higher PaO2

• RLS through PFO in COPD patients increases from baseline during

exercise and is associated with increases in intrathoracic pressure swings

and transdiaphragmatic pressure

The data suggest that RLS through PFO such as that seen during exercise in

COPD can stretch a PFO, increasing shunt magnitude, however, the volume

of shunted blood is insufficient to produce significant desaturation.

6.1.1 Critique of methods

The calculated sample sizes derived from the power calculations were

attained in both COPD and OSA. Despite this, in both conditions overall

PFO prevalence appeared to be greater than in healthy controls, but did not

reach statistical significance. If the prevalence is higher in OSA and COPD,
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a difference may have become apparent if more patients had been recruited.

The studies on which the power calculations were based employed older, less

sensitive PFO detection techniques and therefore may have underestimated

PFO prevalence in control subjects. Based on the data in this thesis (as

calculated in the discussion sections of chapters 3 and 4), the OSA and COPD

studies require 214 and 143 patients respectively in the patient and healthy

control groups to achieve 80% power to detect a difference at a significance

level of 0.05.

Recruitment of OSA patients for PFO closure (Chapter 3, Study B) was

difficult owing to lack of evidence of a benefit, the risks of percutaneous

PFO closure and the intense follow up required. Out of 161 patients initially

approached, 18 were suitable and 6 participated. Feasibility of the technique

in OSA was demonstrated, however there was no improvement in ODI or

percentage of time with SaO2 < 90%. The percentage of time with SaO2 <

90% was 22.8 (16.0)% pre closure and 19.9 (22.2)% at 12 months. Based on this

data, any further trial addressing a similar question would have to approach

approximately 14,785 patients to recruit 551 patients for PFO closure in order

to achieve 80% power to detect a difference at a significance level of 0.05. A

trial of this magnitude cannot be recommended on the basis of data presented

in this thesis. Additionally, there is little clinical significance in improving the

percentage of time with SaO2 < 90% from 22.8% to 19.9% .

Recruitment of severe COPD patients into the exercise study was also difficult.

Patients well enough to exercise that did not have pulmonary shunts were all

approached and many declined participation due to the invasive nature of the

study. Ultimately data from 18 patients was included. This did not meet the

power calculation of 10 patients with PFO and 10 without PFO, however, it is

unlikely that one extra patient in each group would change the outcome.
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Agreement between TCD and TTE shunt grades is detailed in Appendix E.

Agreement was good in controls both at rest and following Valsalva. This

is not surprising as controls have good acoustic windows and transtemporal

bone windows. Agreement was only moderate at rest in both OSA and COPD

and increased to substantial following Valsalva. The majority of discordance

was secondary to the detection of smaller shunts by TCD that were not visible

using TTE. The use of TCD in the respiratory setting proved invaluable. Obese

patients and those with hyperinflated lungs have very poor acoustic windows

for TTE and TCD provided a complementary method for assessing shunt

presence and magnitude. TCD also allowed assessment of shunt size during

upright exercise in COPD. This would not have been possible with other

available techniques.

6.1.2 Functional significance of results

PFO and hypoxaemia

Previous data from PFO studies in respiratory disease have lead to the

conclusion that PFO contribute to hypoxaemia and increased functional

limitation (Konstantinides et al., 1998; Kerut et al., 2001; Allemann et al., 2006;

Shanoudy et al., 1998; Johansson et al., 2007; Soliman et al., 1999; Hacievliyagil

et al., 2006). The only finding from data in this thesis that lends some support

to this assertion is that the ODI/AHI was greater in OSA patients with PFO

that those without. However due to the reasons stated in the discussion in

Chapter 3 (Section 3.5.3), this is an inconclusive finding. In COPD patients, the

presence of a PFO was not associated with lower resting PaO2. Furthermore

despite experiencing increases in RLS, the PFO group had similar exercise

endurance and SaO2 compared to COPD patients without PFO. The absence of
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an association with hypoxaemia means the volume of shunted blood in severe

OSA and severe COPD is insufficient to cause systemic desaturation.

Magnitude of PFO shunt

In both OSA and COPD, large shunts were more prevalent than in healthy

controls but overall prevalence was statistically similar. Repetitive stretching

of the PFO tunnel in both OSA and COPD could lead to PFO enlargement

therefore rendering them easier to detect. Individual mechanisms are

described in the Discussion sections of Chapters 3, 4 and 5.

Pulmonary shunts

Interestingly the COPD group had a higher prevalence of pulmonary shunts

compared to healthy controls. This finding was not replicated in OSA patients.

These COPD patients were more hypoxaemic at rest compared to OSA

patients and controls. In addition, they had high pulmonary artery pressures

compared to the rest of the COPD group. It is therefore reasonable to speculate

that pulmonary shunting is modulated by hypoxaemia and/or pulmonary

hypertension. This is discussed further in the Discussion in Chapter 4. As

OSA patients were not hypoxaemic at rest, pulmonary shunt frequency was

low.

6.1.3 The role of PFO closure in respiratory disease

This thesis highlights implications for assessing patients for PFO closure.

Patients with OSA and COPD who do not have resting pulmonary

hypertension, but instead experience intermittent increases in PAP, may

benefit from the presence of PFO. A single PAP measurement at rest may not
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be sufficient to identify suitability for closure and sealing off the ”pressure

release valve” may increase the longterm risk of cor pulmonale. Although 6

OSA patients underwent PFO closure, they were all subsequently treated with

CPAP therefore minimising nocturnal right heart strain.

Prior to undertaking larger PFO closure trials on hypoxaemic patients

with respiratory disease, invasive physiological exercise studies in the

cardiac catheterisation laboratory are warranted. Right heart catheterisation

performed during supine exercise in patients with PFO could accurately

define cardiac haemodynamics. By occluding the PFO with a balloon, and

repeating the same supine exercise with invasive monitoring any changes in

the 2 conditions could be identified. This would help define the role of PFO

and the safety of any subsequent closure procedure. Until further data on the

physiological implications are available, PFO closure assessment and risk–

benefit analysis in respiratory disease must be undertaken on an individual

basis.

6.1.4 Further research

The findings from the studies presented in this thesis lead to many different

research questions.

PFO in healthy subjects

A PFO was identified in 30% of control subjects. Considering the high

prevalence of the congenital defect, there are very few studies that assess

the physiological implications of PFO in health. A small study of 16 healthy

humans, 8 with and 8 without PFO, showed an asymptomatic PFO did not

contribute to arterial-alveolar oxygen difference during exercise. Surprisingly,
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a significant difference between subjects with and without PFO was detected

at rest (5.9 (5.1) versus 0.5 (3.5) mmHg, p < 0.05), (Lovering et al., 2011). A

longitudinal cohort study could assess the prevalence and natural history

of shunts, both PFO and intrapulmonary. The exercise study from Chapter

5 performed under normoxic, hyperoxic and hypoxic conditions would

determine whether findings in COPD are replicated in health. Another

interesting study would investigate RLS in healthy people that perform

repetitive strain manoeuvres such as musicians that play wind instruments

or weight lifters. Investigating PFO in the other end of the spectrum i.e.

athletes would provide an insight into whether there is a selection bias into

different sports (long distance versus sprint) depending on interatrial septal

physiology.

PFO in respiratory diseases

Small studies and isolated case reports on the influence of PFO in respiratory

diseases are discussed in Chapter 1, Sections 1.1.5 and 1.1.6. It is possible

that the findings of the studies in this thesis can be extrapolated to other

respiratory diseases such as interstitial lung disease, bronchiectasis and cystic

fibrosis, however, further work in this area is needed. The data in this thesis

does not cover people with less severe OSA and COPD. It is possible that

shunt size and exercise physiology is different to that of severe disease. COPD

exacerbations place a similar amount of stress on the body to that of exercise.

It is possible that RLS through PFO increases. Studies to investigate whether

or not this is a protective mechanism are needed.

The question of paradoxical emboli has not been assessed in this thesis. The

risk of stroke and myocardial infarction is increased in both OSA (Yaggi et al.,

2005; Arzt et al., 2005; Marin et al., 2005) and COPD (Arboix et al., 2000;
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Feary et al., 2010). Given that the magnitude of shunt was larger in both OSA

and COPD compared to controls, and that larger shunts are associated with

increased stroke risk (Anzola et al., 2003; Giardini et al., 2007; Paciaroni et al.,

2011; Schuchlenz et al., 2000; Steiner et al., 1998; Harrer et al., 2006), studies

investigating whether PFO increase the cardiovascular risk in COPD and OSA

are required.

Pulmonary shunting

An interesting finding from Chapter 4 was the prevalence of pulmonary

shunts in COPD. Pulmonary shunts have been studied in health but not in

respiratory disease. From the data presented it is likely that they open up as a

response to hypoxaemia. However, studies are needed to identify the natural

history, anatomy and exercise physiology of these shunts.

Right heart function and PFO

There is evidence that both OSA (Koshino et al., 2010; Virolainen et al., 1995)

and COPD (Burgess et al., 2002; Vitarelli et al., 2006; Tayyareci et al., 2009)

can cause right heart dysfunction. One of the most important questions

yet unanswered is: do PFO protect the right heart in respiratory disease?

Further work looking at right heart function in those with and without PFO

is needed. The TTE studies performed in this thesis did not adequately

investigate global right heart function, nor did they assess right ventricular

end diastolic dysfunction. A cardiac MR study or 3D ECHO may provide

better assessment (Nesser et al., 2006; Caudron et al., 2011).
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6.2 Overall summary

PFO are more prevalent, cause functional impairment and significant

desaturation in respiratory disease. This formed the underlying premise on

which the hypotheses in this thesis were based. OSA was used to model

intermittent nocturnal hypoxaemia and COPD to model resting and exercise

hypoxaemia. Through the course of data collection and evaluation, it was

found that PFO prevalence was similar between OSA, COPD and healthy

controls, patients with PFO did not experience more desaturation, nor were

they functionally impaired as a consequence of shunting. Further work

should be directed at investigating PFO in health and the role of PFO in

protecting right heart function in respiratory disease.
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Appendix A

Healthy volunteer advert
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Appendix B

Epworth sleepiness scale
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Please rate how likely you are to fall asleep in the following situations. Your

answers should reflect how you have been in the past week:

• 0= Would never doze

• 1= Slight chance of dozing

• 2= Moderate chance of dozing

• 3= High chance of dozing

Situation Score

Sitting and reading

Watching television

Sitting inactive in a public place e.g. theatre, meeting

As a passenger in a car for an hour without a break

Lying down to rest in the afternoon

Sitting and talking to someone

Sitting quietly after lunch (when you’ve had no alcohol)

In a car, while stopped at traffic

Total
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Appendix C

HIT 6 Headache questionnaire
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Appendix D

SF36v2 Quality of life

questionnaire
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Appendix E

Agreement between contrast TCD

and TTE

200



E.1 Overall agreement of contrast TCD and TTE

The agreement between the grades of shunt assigned by contrast TCD and

TTE examinations were assessed in all subjects (OSA, COPD and healthy

controls). The results are given in Table E.1 for rest studies and Table E.2 for

studies with Valsalva.

The kappa statistic for studies at rest was 0.57 indicating moderate agreement

between TCD and TTE. The kappa statistic for studies with Valsalva was 0.76

indicating substantial/good agreement between TCD and TTE.

Table E.1: Overall agreement between TCD and TTE at rest

Grade of shunt Grade of shunt assigned by TCD

assigned by TTE No shunt Small shunt Moderate shunt Large shunt

No shunt 190 12 5

Small shunt 2 13 4 1

Moderate shunt 6 7 4

Large shunt 1 2

Table E.2: Overall agreement between TCD and TTE after Valsalva

Grade of shunt Grade of shunt assigned by TCD

assigned by TTE No shunt Small shunt Moderate shunt Large shunt

No shunt 137 14 2 1

Small shunt 1 29 4 2

Moderate shunt 4 8 6

Large shunt 1 37

201



E.2 Agreement between contrast TCD and TTE in

controls

The agreement between the grades of shunt assigned by contrast TCD and

TTE examinations were assessed in healthy control subjects. The results are

given in Table E.3 for rest studies and Table E.4 for studies with Valsalva.

The kappa statistic for studies at rest was 0.82 indicating good agreement

between TCD and TTE. The kappa statistic for studies with Valsalva was 0.83

indicating good agreement between TCD and TTE.

Table E.3: Agreement between TCD and TTE at rest: controls

Grade of shunt Grade of shunt assigned by TCD

assigned by TTE No shunt Small shunt Moderate shunt Large shunt

No shunt 44

Small shunt 4

Moderate shunt 1 1

Large shunt

Table E.4: Agreement between TCD and TTE after Valsalva: controls

Grade of shunt Grade of shunt assigned by TCD

assigned by TTE No shunt Small shunt Moderate shunt Large shunt

No shunt 35

Small shunt 8 2

Moderate shunt 2

Large shunt 3
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E.3 Agreement between contrast TCD and TTE in

OSA

The agreement between the grades of shunt assigned by contrast TCD and

TTE examinations were assessed in OSA patients. The results are given in

Table E.5 for rest studies and Table E.6 for studies with Valsalva.

The kappa statistic for studies at rest was 0.53 indicating moderate agreement

between TCD and TTE. The kappa statistic for studies with Valsalva was 0.68

indicating substantial agreement between TCD and TTE.

Table E.5: Agreement between TCD and TTE at rest: OSA

Grade of shunt Grade of shunt assigned by TCD

assigned by TTE No shunt Small shunt Moderate shunt Large shunt

No shunt 77 5 2

Small shunt 2 3 1

Moderate shunt 3 4

Large shunt

Table E.6: Agreement between TCD and TTE after Valsalva: OSA

Grade of shunt Grade of shunt assigned by TCD

assigned by TTE No shunt Small shunt Moderate shunt Large shunt

No shunt 55 11 1 1

Small shunt 1 5

Moderate shunt 2 5

Large shunt 1 15

203



E.4 Agreement between contrast TCD and TTE in

COPD

The agreement between the grades of shunt assigned by contrast TCD and

TTE examinations were assessed in COPD patients. The results are given in

Table E.7 for rest studies and Table E.8 for studies with Valsalva.

The kappa statistic for studies at rest was 0.53 indicating moderate agreement

between TCD and TTE. The kappa statistic for studies with Valsalva was 0.79

indicating substantial/good agreement between TCD and TTE.

Table E.7: Agreement between contrast TCD and TTE at rest: COPD

Grade of shunt Grade of shunt assigned by TCD

assigned by TTE No shunt Small shunt Moderate shunt Large shunt

No shunt 69 7 3

Small shunt 6 3 1

Moderate shunt 2 3 3

Large shunt 1 2

Table E.8: Agreement between contrast TCD and TTE after Valsalva: COPD

Grade of shunt Grade of shunt assigned by TCD

assigned by TTE No shunt Small shunt Moderate shunt Large shunt

No shunt 47 3 1

Small shunt 16 2 2

Moderate shunt 3 6

Large shunt 19
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E.5 Summary of agreement between contrast TCD

and TTE

Table E.9 shows the kappa values for the agreement between contrast TCD

and TTE studies. Studies in control subjects had the best agreement.

Agreement of contrast TCD and TTE was better following Valsalva

manoeuvre that at rest. This is discussed in Chapter 6, Section 6.1.1.

Table E.9: Summary of agreement between contrast TCD and TTE

Kappa value

Rest After Valsalva

Overall 0.57 0.76

Controls 0.82 0.83

OSA 0.53 0.68

COPD 0.53 0.79
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Appendix F

SaO2 in OSA patients before and

after PFO closure
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An additional analysis was conducted on NPSG studies in OSA patients who

had undergone PFO closure. It was undertaken to determine whether the

drop in SaO2 or ∆SaO2 (baseline SaO2 – nadir SaO2) associated with each

apnoeic event decreased following PFO closure.

The baseline and 6 month post closure studies were analysed for each patient.

Each apnoeic event that was clearly associated with one single desaturation

was included. Measurements recorded for each event were: apnoea length,

baseline SaO2, ∆SaO2. Apnoeas were divided according to sleep stage: NREM

or REM, and position: lateral or supine. Hypopnoeas were not included due

to the varying amount of airflow limitation that they produce. Analysis was

blinded to pre and post closure.

Table F.1 below gives a summary of the findings.
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At 6 months, 2 patients had large residual shunts, 3 had small shunts and only

1 patient had complete closure. It appears that ∆SaO2 decreases following

PFO closure in NREM. However, apnoea length is shorter and this could

also account for the findings. It is difficult to draw conclusions based on this

analysis.
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Appendix G

Characteristics of COPD patients in

Chapter 5
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Table G.1 compares assessments made on COPD patients (n = 18) recruited

for the exercise study in Chapter 5 to those made when initially studied in

Chapter 4. The median time between the 2 visits was 278 (74 – 498) days .

Table G.1: Assessments in 18 COPD patients at exercise study (Chapter 5)
compared to baseline (Chapter 4)

Baseline Exercise study Paired Student

(Chapter 4) (Chapter 5) t test p value

FEV1 (% predicted) 33.8 (11.1) 33.7 (12.2) 0.93

FVC (% predicted) 90.2 (17.4) 92.5 (14.4) 0.44

FEV1/FVC 28.7 (7.1) 28.4 (8.6) 0.81

TLCO (% predicted) 38.0 (15.8) 40.2 (12.1) 0.34

KCO (% predicted) 47.1 (19.6) 50.5 (16.4) 0.20

TLC (% predicted) 119.5 (33.3) 128.7 (18.1) 0.25

RV (% predicted) 189.9 (73.1) 201.6 (54.4) 0.37

RV/TLC (%) 53.2 (15.6) 56.8 (7.4) 0.38

FRC (% predicted) 164.3 (54.6) 177.6 (41.7) 0.26

BMI (kg/m2) 26.6 (5.5) 26.9 (5.8) 0.45

PaO2 (kPa) 9.3 (0.9) 9.7 (1.1) 0.23

PaCO2 (kPa) 5.4 (0.5) 5.2 (0.4) 0.04

Values are expressed as mean (SD)

PFO shunt sizes in COPD patients in the PFO group were similar to baseline

except one patient in whom the shunt was initially TCD grade 3 and when

studied for the exercise test, was TCD grade 2.

In the patients with no significant RLS, all patients initially had no detectable

shunt and when studied for the exercise test, 2 out of 9 had very small, TCD

grade 1 shunts. These were too small to influence the exercise study and the

patients remained in the group with no significant RLS for analysis.
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