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Thesis abstract

Background: Chronic obstructive pulmonary disease (COPD) is a complex and
heterogenous disease. Conventional markers of disease severity such as spirometric
parameters and demographics struggle to adequately characterise the disease due
to their insensitivity. There have been efforts at COPD phenotyping by utilising
complementary lung function tests and imaging techniques. Ventilation single photon
computed tomography (VSPECT) may be utilised to quantitatively analyse ventilation
defects. Qualitative VSPECT studies have long noted there to be poorer ventilation
in patients with more severe disease. Due to advancements in imaging technology
and analysis software, quantitative imaging analysis is more accessible than ever.
Unfortunately, quantitative VSPECT has seldom been used to investigate COPD and

available analysis techniques remain unvalidated.

Aims: Validate three existing analysis methods and a novel method that objectively
define non-ventilated volume in VSPECT. Investigate the relationships between
quantitative VSPECT parameters and various lung function measurements in COPD
patients. Additionally, examine the effects of bronchodilator and bronchoconstriction

on ventilation as measured with VSPECT.

Methods: Quantitative VSPECT parameters were global estimations of non-
ventilated volume and ‘hot spots’ count. Lung function tests consisted of spirometry,

body plethysmography, gas transfer, and oscillometry.
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Results: The novel analysis method was demonstrated to be superior in accuracy
and robustness compared to existing methods. Whilst increased non-ventilated
volume correlated with lung function measurements indicating greater emphysema
severity, increased ‘hot spots’ count correlated with greater ventilation heterogeneity,
hyperinflation, gas trapping, and airflow limitation. The VSPECT parameters did not
correlate with each other. There were no significant changes in either non-ventilated
volume or ‘hot spots’ count following bronchodilation or bronchoconstriction.

However, the responses in both VSPECT parameters were variable.

Conclusion: This thesis demonstrated that COPD patients with greater
abnormalities in lung function possess increased non-ventilated volume and ‘hot
spots’ count, confirming the observations made in older qualitative VSPECT studies.
They also appeared to provide complementary information. However, the utility of
either of these VSPECT parameters for more specific COPD characterisation or
measuring response to bronchodilator treatment is likely to be limited. For future
VSPECT studies, utilising topographical analysis or measuring ventilation

heterogeneity may be of greater use for COPD characterisation
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Chapter 1 — Introduction and Literature Review



1.1

Thesis Overview & Chapter Descriptions

The thesis was organised into a total of six chapters.

The first chapter is an introduction to this thesis, and it provides a literature
review on chronic obstructive pulmonary disease (COPD), disease burden of
COPD, history of disease severity classification, and general disease
management strategies. Chapter 1 also reviews the complex heterogeneity of
COPD and the difficulties associated with assessing such a disease. Whilst
conventional lung function measurement techniques such as spirometry and
body plethysmography are discussed and compared to less conventional lung
function techniques such as oscillometry, the primary focus of the literature
review were quantitative imaging techniques, both computed tomography
(CT) and ventilation imaging, particularly magnetic resonance imaging (MRI)
and ventilation single photon emission computed tomography (VSPECT).
Specifically, limitations and issues with these imaging modalities and analysis
techniques, such as the lack of validation studies on ‘thresholds’ for ventilated
activity in VSPECT, have been highlighted. However, Chapter 1 also stressed
the potential in ventilation imaging techniques for phenotyping and
investigating airway hyperresponsiveness and bronchodilator response in

COPD.

Chapter 2 is a lung phantom study that aimed to compare and assess various
ventilation analysis methods that were noted in Chapter 1 in addition to a
novel method that was dubbed the ‘curve-fitting’ threshold method. The

physical lung phantoms, albeit conventional in design with static containers



filled with tracer solution and water and foam beads, sought to simulate
ventilated and non-ventilated lung volumes as well as ‘hot spots’, which are
commonly seen in Technegas VSPECT. In addition to lung phantoms, the
threshold methods were also tested on lung scans from COPD participants,
but no investigations into lung function parameters and their relationships with

imaging parameters were conducted.

Chapter 3 is a study that applied the novel ‘curve-fitting’ threshold method to
primarily investigate relationships between the imaging parameters, non-
ventilated volume (Ventnon) and total ‘hot spots’ count, and lung function
parameters, which were obtained from tests such as spirometry, body
plethysmography, and oscillometry, in COPD participants. Ventnon and ‘hot
spots’ count were hypothesised to be related to emphysema and ventilation
heterogeneity, respectively. As noted in Chapter 2, no modifications were
made to the ‘curve-fitting’ threshold method when it was applied to human

participants.

Chapter 4 sought to examine the effects of bronchodilator in COPD with both
VSPECT imaging and lung function testing, which consisted of spirometry and
oscillometry. Like Chapter 3, the imaging parameters were Ventnon and ‘hot
spots’ count. Furthermore, the relationships between imaging and lung
function parameters were also assessed, and the objectives of the study
included investigating whether baseline imaging parameters could predict the

change in lung function parameters post-bronchodilator and vice versa.



Chapter 5, instead of examining the effects of bronchodilator, investigated the
effects of bronchoconstriction in COPD. Again, the same VSPECT imaging

parameters and lung function tests, spirometry and oscilliometry, were used in
this study. However, due to the study’s inclusion criteria, only a limited number

of 10 participants were included.

Chapter 6 consists of this thesis’s general discussion and conclusion. Within
it, brief descriptions of each chapter and their relevant findings are
summarised. The primary focus of this chapter’s discussion can be
categorised into two sections. The first section discussed the utility of global
imaging measurements used in this thesis, Ventnon and ‘hot spots’ count. The
second section noted the limitations with these measurements and thus,
suggested possible improvements and modifications in addition to potential

new avenues to explore with VSPECT imaging.



1.2 What is chronic obstructive pulmonary disease

Chronic obstructive pulmonary disease (COPD) is a progressive respiratory disease
that is characterised by partially reversible airflow obstruction, chronic bronchitis,
emphysema, and the loss of elastic recoil (1). Typical symptoms include cough,
dyspnoea, and reduced exercise capacity. COPD involves a variety of pathological
changes. Aside from emphysematous destruction of the lung parenchyma, which
reduces radial traction (2), there is an increased number of macrophages and
lymphocytes in the airways. Mucus hypersecretion occurs as a result of goblet cell
hyperplasia (3). Abnormalities in the airways include airway narrowing, obstruction,
and obliteration (4, 5). The primary lung function test for diagnosis of COPD and
management is spirometry. According to the Global Initiative for Chronic Obstructive
Lung Disease (GOLD), a “forced expiratory volume 1 (FEV1)/forced vital capacity

(FVC) < 0.7 post-bronchodilation” confirms the diagnosis of COPD (6).

1.3 The burden of chronic obstructive pulmonary disease

The global prevalence of COPD between 1990 — 2019 is reported to have increased
by 97 million (7), but prevalence of COPD in Western world countries such as the
United States between 2011 — 2021 (6.1% — 6.0%) (8) and Australia between 2011 —
2022 (2.4% — 2.5%) (9) are reported to be steady. Although COPD cases in China
between 1990 — 2019 had increased by 1.58 million (10), COPD cases within East
Asia are projected to decrease by 2050, and sub-Saharan Africa is instead projected

to become the most prevalent COPD region (11).

In 2019, the disease was reported as the third leading cause of death worldwide (7),
and the global number of cases was estimated to be 212 million (12). According to

Adeloye et al., the top three countries with highest prevalence of COPD cases were



in Asia: China, India, and Indonesia (13). In Australia, 464,000 people aged 45 and
over are diagnosed with COPD, and throughout 2021 — 2022, there had been 53,000
reported hospitalisations, and $831.6 million was spent on treatment and
management (14). The primary cause of death depends on the severity of disease.
Respiratory failure is the primary cause of death in patients with more severe
disease (15), and for patients with mild or moderate disease severity, lung cancer
and cardiovascular disease are noted to be the primary causes of death (16). Risk
factors for death include diabetes, older age, sex (male), greater airflow obstruction
severity, worse health status, underweight body mass index (BMI), and a history of

exacerbations (17-20).

Smoking is long recognised to be the primary risk factor for COPD (21, 22), but
evidence has revealed additional risk factors such as alpha-1 antitrypsin deficiency
(23), sex (female) (24), and environmental pollution (25), including household air
pollution from indoor gas cooking with biomass (26, 27). According to Chung et al.
(24) and Sorheim et al. (28), it has been observed that female smokers were more
likely to develop COPD and progress to more severe COPD. Regarding
environmental pollution, Safiri et al. have suggested that excessive exposure to air
pollution resulting from poor regulation of air quality in addition to the relatively recent
introduction of automobiles were likely responsible for high death rates from COPD
in developing countries such as Nepal (12). Multiple studies have also revealed a
substantial incidence of COPD patients who have never smoked, particularly among
females, and the proportion of these ‘non-smoker’ COPD patients range between 7 —

25% (29-32).



1.4 Disease management

The mainstay for COPD pharmacological therapy are inhaled bronchodilators,
particularly long-acting B2-agonists (LABA) and long-acting muscarinic antagonists
(LAMA). For COPD patients with minimal symptoms and 0 — 1 exacerbations with no
prior hospitalisations, the GOLD 2024 report recommends initial treatment with either
a short-acting bronchodilator such as salbutamol or if available and affordable,
LABA/LAMA monotherapy (6). For patients with worse presentation, such as more
severe dyspnoea and a history of exacerbations or exacerbation-related
hospitalisations, LABA/LAMA combination therapy is recommended instead.
Compared to monotherapy, various studies have observed the superior ability of
LABA/LAMA combination therapy in significantly reducing dyspnoea, exacerbations,
and hospitalisation rates in more symptomatic COPD patients (33-36). Regarding
initial treatment with either LABA or LAMA in less severe COPD patients, LAMA
monotherapy appears to provide superior clinical outcomes, such as significantly
lower incidence of exacerbation and non-serious adverse events (37). There are
conflicting findings concerning whether bronchodilator therapy can significantly affect
long-term decline of lung function (38-40). Recent evidence suggests disease
progression can be delayed by early bronchodilator intervention in younger patients

with milder severity (41, 42).

In addition to inhaled bronchodilators, inhaled corticosteroids (ICS) form another
approach to initial pharmacological therapy, but its use is controversial. Although ICS
cannot significantly affect long-term decline of lung function (as measured with
spirometry) (40, 43), some studies have shown that ICS in conjunction with LABA

therapy can decrease respiratory symptoms and use of health care services (44) and
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reduce risk of future exacerbations and decline in health status (43, 45). Conversely,
the use of ICS is also associated with increased risk of adverse advents, which
include pneumonia (46, 47) and tuberculosis (48, 49), and there appears to be no
significant reduction in mortality (50, 51). Compared to ICS/LABA combination
therapy, which was once recommended by the GOLD 2017 report (52), LABA/LAMA
combination therapy was found to be superior overall due to significantly greater
improvement in health status and lung function and reduced risk of pneumonia (53).
Furthermore, the withdrawal of ICS for most patients does not result in exacerbations
(54). However, for a particular subgroup of symptomatic COPD patients who respond
poorly to LABA/LAMA combination therapy, the use of ICS in addition to LABA/LAMA
combination therapy is able to reduce the risk of exacerbation (55) without increasing
risk of pneumonia (56). For this subgroup, the withdrawal of ICS, whilst continuing
LABA/LAMA combination therapy, can lead to a greater decline of lung function (57).
These patients who receive the greatest benefit from ICS treatment are associated
with increased eosinophilic inflammation (58, 59). Therefore, the most recent GOLD
report recommends the tailored use of ICS/LABA/LAMA triple therapy for patients
with = 2 moderate exacerbations or = 1 exacerbation that led to a hospitalisation and
a blood eosinophil count = 300 cells/pL (6). A summary of these initial

pharmacological treatment options according to GOLD are shown in Figure 1.



[Production note: This figure is not included in
this digital copy due to copyright restrictions.]

Figure 1: Reproduced figure detailing the recommended initial pharmacological
treatment according to the 2024 Global Initiative for Chronic Obstructive Lung

Disease (GOLD) report (6). LABA = long-acting B2-agonists; LAMA = long-acting
muscarinic antagonists; mMMRC = modified Medical Research Council dyspnoea

questionnaire; CAT = chronic obstructive pulmonary disease assessment test.



For follow-up pharmacological therapy, COPD patients who continue to experience
exacerbations despite the use of LABA/LAMAV/ICS triple therapy, adding either
roflumilast, an anti-inflammatory drug that selectively inhibits phosphodiesterase-4,
or azithromycin is recommended by GOLD (6). Roflumilast has been shown in
multiple studies to significantly reduce exacerbation rate in COPD patients who are
already treated with LABA/LAMA and ICS (60-62). Azithromycin was also
demonstrated to decrease exacerbation rate and improve quality of life in COPD
patients who frequently exacerbate (63-65). Antibiotic resistance (63) and increased
risk of cardiovascular death in patients with high risk of cardiovascular disease (66),
such as COPD patients, must be considered by the clinician before administering

long-term azithromycin.

The most critical aspect of non-pharmacological therapy is smoking cessation. In
COPD patients, smoking cessation has been associated with decreased risk of
mortality (67), reduced respiratory symptoms (68), decreased risk of hospitalisation
(69), and reduced rate of lung function decline at all stages of disease severity
compared to COPD smokers (42, 70, 71), even with bronchodilator therapy (72).
However, 30% - 40% of COPD patients continue to smoke (24, 73), and COPD
smokers have increased tobacco consumption and nicotine dependence than non-
COPD smokers (74). Furthermore, smoking cessation is observed to be infrequently
advised by physicians (75). Current evidence suggests that combining both
behavioural counselling and pharmacological intervention, such as nicotine
replacement therapy and antidepressants, is the most effective at ceasing smoking

entirely for COPD patients (76-78).

10



1.5 Assessing the severity of a heterogeneous disease

Classification methods of disease severity have varied over time. Initially, disease
severity was graded almost solely by FEV1 thresholds. The first GOLD report in
2001 listed three stages of COPD severity: mild, moderate, and severe (79). Mild
was defined by FEV1/FVC < 70% and FEV1 = 80% of predicted; moderate was
defined by FEV1/FVC < 70% and 30% of predicted < FEV1 < 80% of predicted; and
severe was defined by FEV1/FVC < 70% and FEV1 < 30% of predicted. Other
markers of disease severity were noted, but this simply consisted of symptom
presentation, such as dyspnoea, and presence of respiratory or cardiac failure. This
FEV1 centric grading system of disease severity persisted in the 2006 GOLD Report

(80).

Since 2011, the assessment of disease severity has become more complicated (81).
Instead of FEV1 predominately dictating disease severity, greater emphasis was
placed on measuring the level of dyspnoea with the modified Medical Research
Council dyspnoea scale (MMRC) (82, 83), health status, which is assessed with the
COPD Assessment Test (CAT) (84), and risk of exacerbation by noting previous
exacerbations and hospitalisations. At first, these additional parameters and FEV1
thresholds were simultaneously used to grade disease severity, and the GOLD 2011
report listed 4 grades of COPD severity: GOLD A, B, C, and D (81) (Figure 2).
However, the role of spirometry lessened even further in the subsequent GOLD 2017
report (85) as the thresholds had been entirely removed from the assessment of
disease severity (Figure 3). Since then, FEV1 has been used exclusively to diagnose

COPD and assess the severity of airflow obstruction.

11



[Production note: This figure is not included in
this digital copy due to copyright restrictions.]

Figure 2: Reproduced figure for the assessment of COPD severity according to the
Global Initiative for Chronic Obstructive Pulmonary Disease (GOLD) 2011 report
(81). The GOLD report classified airflow limitation severity as follows: GOLD 1 or
mild = forced expiratory volume in 1 second (FEV1) = 80% predicted; GOLD 2 or
moderate = 50% < FEV1 < 80% predicted; GOLD 3 or severe = 30% < FEV1 < 50%
predicted; GOLD 4 or very severe = FEV1 < 30% predicted. FEV1 = forced expiratory
volume in 1 second; mMMRC = modified Medical Research Council dyspnoea

questionnaire; CAT = chronic obstructive pulmonary disease assessment test.

12



[Production note: This figure is not included in
this digital copy due to copyright restrictions.]

Figure 3: Reproduced figure for assessment of COPD severity according to the
Global Initiative for Chronic Obstructive Pulmonary Disease (GOLD) 2017 report
(85). Unlike the GOLD 2011 report, the GOLD classifications for severity of airflow
limitation with forced expiratory volume 1 thresholds are separated from the ABCD
assessment on COPD symptoms and exacerbation risk. FEV1 = forced expiratory
volume in 1 second = FEV1; FVC = forced vital capacity; mMRC = modified Medical
Research Council dyspnoea questionnaire; CAT = chronic obstructive pulmonary

disease assessment test.
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The receding role of spirometry in disease assessment can be explained by its
limitations regarding solely characterising disease severity, guiding treatment, and
predicting adverse events. Indeed, correlations between airflow obstruction severity
and other important disease manifestations such as exacerbation history, symptom
severity, and quality of life are weak (86). Spirometry is also found to be a poor
predictor of future exacerbations (87), which indicates a subgroup of patients with
‘mild’ airflow obstruction but possess a high risk of exacerbations. 5-year survival is
predicted significantly better by the level of dyspnoea than FEV1 (88). Following
treatment, studies have shown only weak associations between improved FEV1 and
reduced exacerbation risk (89) or improved quality of life, as determined by the St

George’s Respiratory Questionnaire (SGRQ) (90).

It may be unreasonable to expect spirometry or any other single test to accurately
assess, characterise, or prognosticate a disease as complex and heterogeneous as
COPD (91), in which there is considerable variability in progression (92) and
presentation such as the presence of systematic inflammation (93). Indeed, reliable
parameters such as exacerbation history is unable to account for future COPD
exacerbators with no prior exacerbations or limited history (94). Although long term
decline of lung function is indeed characteristic of COPD, Vestbo et al. (95) observed
substantial heterogeneity in the changes of lung function over time. Whilst 23% of
patients experienced changes in FEV1 ranging from -20 mL — 20 mL per year over a
three-year study period, 38% had a FEV1 decrease of more than 40 mL per year
(95). Symptoms are highly variable, and again, there is substantial heterogeneity in
the probabilities for the occurrence of symptoms such as dyspnoea and wheeze
(interquartile range of probabilities for dyspnoea and wheeze: 0.19 — 0.81 and 0.13 —
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0.78, respectively). Cough was noted to be particularly unpredictable as correlations
between cough frequency and spirometry and conventional patient characteristics,
which include age, sex, smoking history, and BMI, were reportedly weak (96). The
heterogeneity of COPD also extends to exacerbations (97), with substantial
between-individual variability in exacerbation rate and exacerbation severity and no

significant association between rate and severity (98).

Despite moving away from FEV1 to grade COPD severity exclusively, there are
conflicting reports on the efficacy of these more complex systems compared to
simpler systems. Developed in 2004, the body mass index, degree of airflow
obstruction, dyspnoea, and exercise capacity (BODE) index is a well-known
example, and it was demonstrated to be a significantly better predictor of risk of
death, exacerbation rate, and exacerbation severity than FEV1 alone (99, 100).
However, when the BODE index was compared to the GOLD 2006 grading system,
which incorporates FEV1 thresholds and presence of respiratory failure, the clinical
utility in predicting exacerbation risk was reportedly similar (101). Similarly, the
predictive abilities of GOLD 2011 regarding hospitalisations and mortality were
similar to the simpler GOLD 2006 system (102). Furthermore, Kim et al reported that
the GOLD 2006 system predicted lung function decline significantly better than the
GOLD 2011 system (103). These findings highlight the difficulties involved in the
assessment and characterisation of COPD, even when accounting for multiple
factors. But rather than disregarding complex, multipronged approaches entirely, it is
possible that other important factors were ignored, or unnecessary parameters had
been included, and a streamlined approach could prove to be more optimal. Indeed,
the simpler dyspnoea, airflow obstruction, smoking status, and exacerbation history
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(DOSE) index (104) predicted exacerbations better than either the more complex
BODE and simpler age, dyspnoea, and obstruction (ADO) (105) indexes (106).
Furthermore, the simpler GOLD 2017 system, which excludes FEV1 thresholds
entirely and instead relies on health status, dyspnoea severity, and exacerbation
history, was found to predict mortality and respiratory hospitalisations better than
either the GOLD 2011 and 2007 systems, whilst maintaining similar predictive ability

to the more complex BODE index (107).

1.6 A small airways disease and looking beyond spirometry

Peripheral or “small” airways are typically defined as non-cartilaginous airways with
an internal diameter < 2 mm (108), beginning at the 8™ out of the 23 airway
generations from the trachea to the alveolar sacs (109). It is the function in these
small airways instead of the larger proximal airways that are predominately affected
in COPD. In 1968, Hogg et al. (110) noted that resistance in peripheral airways 2 — 3
mm in diameter, measured with a small catheter, from excised emphysematous
lungs were four to forty times larger than healthy lungs without emphysema.
However, central airways resistance in the emphysematous lungs were still mostly
normal. Hogg et al. then utilised bronchography and histology to reveal that
increased peripheral airways resistance was due to a combination of airway
narrowing, obliteration, and mucus plugging. Peripheral airways resistance had
contributed less than 25% to total airways resistance. Thus, Hogg et al. noted that
unless total airways resistance became substantially affected by small airways
disease, spirometric measurements on airflow limitation would be unable to detect

abnormalities in small airway function. Instead, changes in ventilation distribution or
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gas exchange were suggested as alternative measurements. Yanai et al. (111) later
reported similar findings. By inserting a catheter-tipped micromanometer in the right
lower lobe of a 3 mm bronchus in awake participants, Yanai et al. also observed
significantly greater peripheral airways resistance in asthmatic patients with airflow
obstruction and COPD patients compared to healthy participants. Total airways
resistance in these patients with airflow obstruction were not significantly increased,
but the ratio of peripheral airways resistance to total airways resistance was
significantly increased. Airways < 3 mm diameter were suggested by Yanai et al. to
be the predominant site of airflow obstruction. In more recent years, multi-detector
computed tomography (CT) and micro-CT (4, 112), which can assess small airways
2 mm in diameter and much smaller terminal bronchioles with an average diameter
of 0.42 mm in healthy controls respectively (112), revealed that small airway
narrowing and obliteration occur prior to the onset of emphysematous destruction.
According to Hogg et al. (4), micro-CT indicated a 10 fold reduction in the number of
terminal bronchioles and a 100-fold reduction in their minimal cross-sectional lumen
area in lungs from COPD patients. Using both multi-detector CT and micro-CT,
McDonough et al. (112) also reported a correlation between reduced count of
terminal bronchioles and greater GOLD 2006 disease severity as determined by

FEV1.

As mentioned previously by Hogg et al. as early as 1968 (110) and Meade in 1970
(113), spirometry is not a sensitive test for small airway disease. Spirometric
measurements of airflow limitation are largely reflective airflow in the larger, proximal
airways. Aside from CT imaging analysis of small airway count and airway lumen
area, two alternative lung function tests appear to be more suitable for measuring
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small airway dysfunction. Oscillometry, a supplementary lung function, is becoming
more popular in use, and it appears to be a promising tool for assessing small
airways disease. By applying flow oscillations at the mouth during tidal breathing,
oscillometry measures respiratory system impedance, which is an assessment of the
“relationship between pressure and flow changes” in and out of the respiratory
system (114). Respiratory system impedance can be expressed as two different
components, respiratory system resistance (Rrs) and respiratory system reactance
(Xrs). Rrs can be surmised as the sum of lung resistance and resistance to chest
wall tissue deformation, and the former can also be surmised as the sum of airway
resistance, both intra- and extra-thoracic, and lung parenchymal tissue resistance.
Similarly, Xrs reflects elasticity of the respiratory system, which like Rrs, includes
chest wall and the lungs, composed of both airways and parenchymal tissue. By
penetrating more peripheral airways, Rrs and Xrs at low frequencies such as 5 Hz
can assess both peripheral airway and central airway dysfunction (115-117). In
eighty smokers with preserved spirometry, Jetmalani et al. (118) observed that 51%
of participants possessed abnormal Rrs at 5 Hz (R5). Wheeze was also found to be
related with increased R5. Similar findings regarding abnormal oscillometric
parameters in asymptomatic smokers (119), non-smokers with respiratory symptoms
and no diagnosed respiratory disease (120), and participants exposed to dust and
fumes (121), all of whom possess normal spirometry, have been reported. Clement
et al. also noted oscillometry to be a more sensitive tool than spirometry for
distinguishing between healthy people and people with mild or absent airflow
obstruction as the latter group had increased Rrs and decreased Xrs (122). A recent
study by Rath et al. (123) revealed that small airway dysfunction, as measured with

Rrs 5-19 Hz (R5 — R19 Hz) and Xrs at 5 Hz (X5), was present within all GOLD
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stages of COPD severity. Furthermore, the prevalence of small airway dysfunction
positively correlated with GOLD COPD severity, and the presence of small airway
dysfunction was associated with worse symptoms, reduced gas transfer, increased
hyperinflation, increased airflow limitation, and reduced exercise capacity. Recently,
Ribeiro et al. (124) reported significant correlations between increased Rrs at 4 Hz
and reduced functional capacity for physical activity and reduced muscle strength.
Thus, measuring small airway dysfunction with oscillometry may assist in assessing

disease severity for COPD.

Another test for assessing small airway dysfunction is the multiple breath nitrogen
washout test. Multiple breath nitrogen washout involves the patient inhaling 100%
oxygen at approximately 1 L tidal volumes with a respiratory rate of 8 — 12 breaths
per minute until tidal nitrogen concentration drops below a threshold. Although more
difficult to perform in COPD patients than oscillometry, the test measures the degree
of overall ventilation heterogeneity, which is expressed as the lung clearance index
(LCI) (125). In a general population of men, Zaigham et al. reported that greater
overall ventilation heterogeneity was associated with the future development of
airflow obstruction and greater incidence of COPD-related hospitalisations (126).
Ventilation heterogeneity in the small airways can also be assessed. Ventilation
heterogeneity within more proximal airways at the entrance to the acinar, with gas
transport dependent on convection, and more peripheral small airways, with gas
transport dependent on diffusion, are represented by Scond and Sacin, respectively
(127). Within a cohort of 172 smokers, multiple breath nitrogen washout detected
increased Scond and Sacin in smokers with a 10-pack year history compared to never
smokers (128). In comparison, spirometry could only identify abnormalities in
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smokers with a pack year history of at least 20 years. Furthermore, the presence of
emphysema was associated with greater increases in Sacin than Scond, indicating the
relationship between parenchymal damage, airway loss and ventilation
heterogeneity. According to Verbanck et al. (129), COPD participants possess
increased Scond and Sacin, With the former ranging from 1 — 5 times and the latter
ranging from 3 — 10 times the average normal values. Furthermore, increased Scond
was linked with reduced FEV1 and Sacin was linked with poorer gas diffusion. In a
different study by Verbanck et al. (130), the authors investigated the relationship
between the loss of terminal bronchioles and Sacin With a reference model, which was
initially composed of 27,500 acini. This model was then “pruned” of its acini. As
ventilation was forcibly distributed to an increasingly fewer number of acini, Sacin
unsurprisingly increased. Multiple breath nitrogen washout could be particularly
useful for an earlier diagnosis of COPD or for the characterisation of a ‘pre-
COPD’/’at risk’ patient subgroup, which was previously suggested in the 2001 GOLD

report (40).

1.7 Phenotyping a heterogeneous disease

As previously mentioned, assessing the clinical severity of disease remains a
challenge. Staging COPD must consider not only lung function but also other
markers such as exacerbation history, symptom severity, and quality of life, and of
course, disease severity allows us to ascertain the risk of worse clinical outcomes.
These outcomes can vary between increased risk of mortality and hospitalisations
and deterioration of quality of life. The complexity of assessing COPD severity is

reflected by the numerous updates to GOLD guidelines. The utility of spirometry,
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which again, predominately reflects airflow within the larger, proximal airways,
instead of the small airways beyond diagnosis is unclear. To clear up the
heterogeneous nature of COPD, there have been efforts to phenotype the disease.
Simply, phenotyping involves categorising patients into separate subgroups with
unique clinical features (131). The end goal of phenotyping is to provide a more
personalised approach to therapy and management, so that a patient’s future risks
may be accurately predicted and prevented with new therapeutics or strategies more

complex than ICA/LABA/LAMA combinations (132, 133).

It must be noted that COPD phenotypes are not a recent invention. Although
currently antiquated, the ‘pink puffer’ and ‘blue bloater’ terms were once used to
characterise COPD patients into two phenotypes as either predominately
emphysematous or predominately bronchial, respectively (134). Other than the
presence of emphysema, which had been assessed with a plain radiograph, the
‘pink puffer’ phenotype was characterised by underweight BMI, hyperinflated lungs,
and hyperventilation, and the ‘blue bloater’ phenotype was characterised by chronic
bronchitis, overweight — obese BMI, chronic cough, and hypoxemia (135). More
recent studies into the ‘pink puffer’ or emphysematous phenotype show it to be
associated with poorer health status and reduced capacity and lacking response to
ICS therapy (136), and the non-emphysematous phenotype to be associated with
increased risk of diabetes and hypertension (137). However, Makita et al. (138)
observed that chronic bronchial symptoms, which should uniquely characterise the
‘blue bloater’ or bronchial phenotype, were equally prevalent in the ‘pink puffer’ or
emphysematous phenotype, and the utility of the predominately bronchial phenotype
was thought to be questionable.
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COPD phenotyping has since moved beyond the dichotomous ‘pink puffer’/’blue
bloater’ classifications, and of course, the complexity of this disease makes it difficult
to strictly characterise patients with only two phenotypes. Thus, there have been
attempts at identifying additional or more precise COPD phenotypes. A widely
acknowledged example would be the ‘frequent exacerbator’ phenotype. As the name
suggests, it describes a subgroup of patients who experience frequent exacerbations
(e.g., = 2 exacerbations per year) despite optimal bronchodilator treatment (139).
Aside from exacerbation history, this phenotype has been characterised with
increased airway inflammation (140) and increased blood eosinophil cell count (141,
142) and chronic bronchitis (143). ‘Frequent exacerbator’ patients are also
associated with worse clinical outcomes such as greater mortality (144), increased
number of cardiovascular events (145), and poorer health status compared to
patients who do not frequently exacerbate (146). Inhaled corticosteroids or oral anti-
inflammatory drugs appear to be particularly beneficial to ‘frequent exacerbators’ by
significantly reducing exacerbation rate (147, 148) and all-cause mortality (149).
Thus, recent GOLD reports specifically recommend ICS/LABA/LAMA triple therapy in
patients that present with ‘frequent exacerbator’ phenotype traits (previous

exacerbations and blood eosinophil count = 300 cells/uL) (6).

In 2014, the Spanish Guideline for COPD introduced two subcategories or
‘subphenotypes’ to the ‘frequent exacerbator’ phenotype by combining it with
characteristics from the older ‘pink puffer’ and ‘blue bloater’ phenotypes: ‘frequent

exacerbator with emphysema’ and ‘frequent exacerbator with chronic bronchitis’
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(150). Additionally, the guideline recognised two other phenotypes: ‘asthma-COPD
overlap’ and ‘non-exacerbator’. The prevalence for the ‘frequent exacerbator with
emphysema’ phenotype is generally lower than the ‘frequent exacerbator with
chronic bronchitis’ phenotype (approximately 5 — 19% and 12 — 40%, respectively)
(151, 152), and there is limited information regarding the clinical relevance of these
frequent exacerbator ‘sub-phenotypes’. A retrospective study conducted by Golpe et
al (153) revealed that patients with the ‘frequent exacerbator with emphysema’
phenotype had the highest risk of death resulting from an exacerbation or COPD
progression compared to the other three phenotypes. Furthermore, patients with this
phenotype had also died more frequently from exacerbations or disease progression.
Conversely, the ‘asthma-COPD’ overlap phenotype was associated with the best-
long term prognosis (153). According to Chai et al. (152), patients with ‘frequent
exacerbator with chronic bronchitis’ phenotype was found to possess the worst
health status and more severe symptoms, particularly cough, phlegm, chest
tightness, and dyspnoea, than the other phenotypes. Interestingly, despite increased
mortality risk, patients with the ‘frequent exacerbator with emphysema’ phenotype
was found to have similar levels of health status and symptom severity with the ‘non-
exacerbator’ phenotype. The utility of the frequent exacerbator ‘sub-phenotypes’ is
still relatively limited, and further investigations will be required to determine whether

different pharmacological intervention strategies could alter health outcomes.

The ‘asthma-COPD’ overlap phenotype is another well-recognised phenotype (150),
and Hardin et al. (154) observed that patients of this phenotype were younger with a
reduced smoking history compare to non-overlap COPD patients. This is conflicted

by findings from De Marco et al. (155) and Lee et al. (156) as they observed greater
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prevalence in the elderly who had increased smoking history. However, the
differences may be explained by patient populations. Specifically, the studies from
De Marco et al. (155) and Lee et al. (156) examined predominately Caucasian and
Northeast Asian patient populations, respectively. On the other hand, approximately
18% of the participants in the study from Hardin et al. (154) were of African American
descent, who have greater prevalence of asthma than Caucasian and Asian
populations (157, 158). Nonetheless, the ‘asthma-COPD’ overlap phenotype has
been consistently associated with poorer health status, greater symptom severity,
and reduced exercise capacity (154-156, 159), and although GOLD no longer
recognises a distinct ‘asthma-COPD’ overlap phenotype, it does recommend the
combined use of asthmatic and COPD pharmacotherapy guidelines, i.e. ICS and

LABA/LAMA (6).

However, these newer phenotypes share a similar flaw to the older ‘pink puffer’/‘blue
bloater’ classification: non-specific clinical traits. Due to the heterogeneous nature of
COPD, patients often present with a variety of clinical features, and ‘unique’
characteristics such as frequent exacerbations, emphysema, asthma overlap, and
bronchitis can be observed across multiple phenotypes. Indeed, Hardin et al. (154)
had observed similar extents of emphysema between the ‘asthma-COPD’ overlap
and non-overlap phenotypes, and frequent exacerbations were also associated with
‘asthma-COPD’ overlap patients. Furthermore, both Hardin et al. (154) and Lee et al.
(156) reported the presence of increased gas trapping and hyperinflation in patients
with the ‘asthma-COPD’ phenotype. These traits have been used to define different
phenotypes such as the ‘frequent exacerbator’ and the ‘emphysematous’ or
‘emphysematous — hyperinflation’ phenotypes (139, 160). With ‘generic’ traits such
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as emphysema extent, exacerbations, and increased BMI, there could be potentially
an exceedingly large number of phenotypes, sub-phenotypes, and combinations
(e.g., asthma-COPD overlap with frequent exacerbations but no emphysema,
asthma-COPD overlap non-exacerbator with emphysema, etc...). Therefore, it
appears that the viability of traditional pathophysiological traits alone such as

emphysema as precise phenotypical markers is limited.

Thus, other traits will need to be identified for better phenotype characterisation, and
we must look at features beyond clinical presentation used in GOLD disease
assessment or spirometry. These features may include genetic, environmental,
inflammatory, and physiological factors. For a physiological approach to
phenotyping, the aforementioned lung function tests sensitive to small airway
dysfunction, ocillometry and multiple breath nitrogen washout, may be of tremendous
use. Various studies have examined the utility of lung volume measurements. In
1978, Corbin et al. (161) conducted a four-year follow up study on a cohort of
smokers, ex-smokers, and non-smokers. Between the first and second visits, there
were no significant changes to either FEV1 or FEV1/FVC in any of the participants.
However, measurements of total lung capacity (TLC), functional residual capacity
(FRC)/TLC ratio, which represents hyperinflation, and residual volume/TLC ratio,
which represents gas trapping, had all significantly increased in the smoker’s group.
The inspiratory capacity (IC)/TLC ratio, which is measured with body
plethysmography, is representative of static hyperinflation. The IC/TLC ratio has
been demonstrated to strongly correlate with dyspnoea (162) and predict decline of

exercise capacity, increased risk of death, and exacerbations (163-165).
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Imaging is an especially promising resource for COPD characterisation, and there
has been significant progress within the realm of quantitative analysis techniques.
Various pathophysiological changes in COPD such as airways disease, emphysema,
gas trapping, and ventilation impairment can be assessed with either computed

tomography (CT) or ventilation imaging techniques.

1.8 Quantitative computed tomography imaging analysis in COPD

Although quantitative CT analysis is beyond this thesis’s objectives, it should be
noted that a substantial amount of work towards COPD characterisation and
phenotyping has been completed with CT. This section on various quantitative CT
imaging analysis techniques briefly reviews the progression from global estimations
on the extent of abnormal lung regions (e.g., emphysema) to more complex
techniques, which assess airway narrowing, emphysema patterns, and structural
heterogeneity. Due to the nature of CT, this form of imaging has been primarily
reserved for assessing structural abnormalities and not lung function. The latter is
typically reserved for ventilation imaging techniques. However, this section will also
briefly describe recent innovations that have allowed CT to measure lung function as
well. All these techniques have allowed us to better identify COPD patients at
increased risk of poor clinical outcomes and distinct subgroups. Of course, whilst
imaging techniques can differ greatly from each other, there can be similarities in
image analysis methods (i.e., applying a global threshold to the image data). Some

approaches in quantitative CT imaging analysis, such as investigating both gas
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trapping and airway abnormalities, may potentially be applied to other ventilation

imaging techniques.

Quantitative CT imaging analysis has been typically used to examine the extent of
emphysema, hyperinflation, and other parenchymal abnormalities. The most
common techniques involve measuring mean lung density and estimating areas of
low attenuation in the lung (LAA). LAA is typically defined with a predetermined
Hounsfield unit (HU) threshold on the image data and then expressed as a
percentage of total CT lung volume (LAA%) (166). The most common predetermined
HU threshold to assess emphysematous regions is -950 HU. This threshold can be
attributed to a study from Gevenois et al. (167), which showed that a HU threshold of
-950 HU threshold produced the strongest correlations between both macroscopic
and microscopic measurements of emphysema (167, 168). Although alternative
threshold techniques have since been proposed (169, 170), the -950 HU threshold
remains the more predominant threshold due to “interests of balancing sensitivity
and specificity” (171). A supplementary HU threshold can also be applied to assess
lung regions affected with gas trapping and airflow obstruction instead of
emphysema. According to Schroeder et al. (172), LAA defined with the -856 HU
correlated with airflow obstruction more strongly than LAA defined with -950 HU

threshold.

LAA% analysis has been used to identify patients with emphysema and non-
obstructive lung function measurements (173) and predict greater risk of death (174)

and exacerbations (175) and lung function decline (95). Dirksen et al. demonstrated
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LAA% analysis to be a more sensitive technique for measuring treatment outcomes
in COPD patients with a1-antitrypsin deficiency than health status assessed by
SGRQ or spirometry (176). However, it should be noted that global LAA% analysis
alone is unlikely to be sufficient for more precise physiological phenotyping. As noted
previously, similar global extents of emphysema can be observed across supposedly
distinct phenotypes. According to the findings from Gietema et al. (177), visual
estimates of emphysema take additional factors in account such predominant
emphysema type, abnormal patterns, legion sizes, and the presence of airways
disease. In comparison to the Fleischer Society classification system, which
comprehensively identifies different emphysema patterns and presence of airway
diseases and abnormal features such as pulmonary vascular disease (178), LAA%
analysis is reported to be less sensitive to smoking related injuries such as lung

cancer (179-181).

There have been efforts to supplement LAA% analysis with complementary
techniques so that information beyond global estimates is acquired. One example
would be the combination of LAA analysis with fractal analysis, which was initially
developed to quantitatively evaluate heterogeneity in size and shape of natural
objects (182). Within the context of LAA analysis for CT imaging, fractal analysis can
provide information concerning the heterogeneity and complexity of LAA regions
within the lung. Mishima et al. reported that in seemingly non-emphysematous
COPD patients who possessed similar total LAA% to healthy patients (< 30% of total
CT lung volume), the number and complexity of small LAA clusters was decreased,
and had been suggested to reflect the enlargement and reducing complexity of
terminal airspace geometry in early emphysema (183). A study from Tanabe et al.,
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who utilised similar LAA — fractal analysis techniques, reported that exacerbations
could accelerate the progression of emphysema by both enlarging and adjoining
existing LAA regions possibly as a result of further alveolar wall destruction (184).
Additionally, LAA — fractal analysis has been shown to be sensitive to
emphysematous changes to diffusing capacity in currently smoking COPD patients

over a period of five years (185).

Recently, a completely alternative approach to quantitative CT analysis for
emphysema has also been developed referred to as ‘texture analysis’. This analysis
technique assesses a variety of CT image properties such as spatial relationships
between areas of different intensity counts and size or patterns of low attenuation
areas within a region of interest (ROI) in the lung. Unlike LAA% analysis, which has
been generally standardised with the -950 HU threshold method, ‘texture analysis’ is
far more complicated, and a variety of different algorithms have been proposed. The
‘adaptive multiple feature method’ (AWFM), which assesses various first and second
order features such as mean intensity, variance, and non-uniformity within a ROI,
has been used to evaluate emphysema (186). AWFM is also demonstrated to
recognise different regional lung disease patterns on CT scans such as honeycomb
lung tissue in pulmonary fibrosis, ‘ground glass opacities’ in pneumonia, and

emphysema as well as experienced human observers (187).

In comparison to LAA%, emphysema severity as measured with AWFM and other
‘texture analysis’ methods correlate significantly better with lung function tests, such

as spirometry and diffusing capacity for carbon monoxide (188, 189). According to
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Sgrensen et al., ‘texture analysis’ may be utilised to identify COPD patients with
increased risk of rapid lung function decline. More recent ‘texture analysis’ methods
such as the automated ‘gray-level run-length’ and ‘gray-level gap-length’ methods
were able to successfully distinguish between healthy lungs, centrilobular
emphysematous lungs, and lungs with respiratory bronchiolitis from non-
emphysematous smokers (190). One limitation to the ‘texture analysis’ algorithms
are their relative complexity and high computational cost compared to LAA%
analysis. Therefore Mendoza et al. (191) proposed a simpler quantitative method for
emphysema pattern analysis. In their study, Mendoza et al. hypothesised that rather
than including spatial analysis, measuring local variations in pixel intensity alone
would be sufficient to distinguish six CT lung tissue patterns: normal tissue,
paraseptal emphysema, panlobular emphysema, and mild/moderate/severe
centrilobular emphysema. By estimating intensity probability distribution functions for
each lung tissue pattern with kernel density estimation (192), Mendoza et al. (191)
reported that the simpler intensity distribution method classified emphysema patterns
more successfully than the more complex ‘texture analysis’ method that incorporated
both intensity and spatial analysis. LAA% analysis via the traditional -950 HU
threshold and the intensity distribution method were later utilised by Castaldi et al.
(193) to examine the relationships between emphysema patterns and demographics
and measurements of lung function and symptoms in 9313 smokers. In comparison
to -950 HU LAA% analysis, areas of low attenuation as assessed by the intensity
distribution method (e.g., severe centrilobular emphysema) were more predictive of

airflow obstruction, dyspnoea severity, exercise capacity, and exacerbations.
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Although there have been numerous advancements and refinements to quantitative
CT analysis of emphysema, emphysematous destruction is only one, important facet
to COPD pathophysiology. Other anatomical and physiological manifestations such
as airway wall thickening or small airways disease have been extensively examined
with quantitative CT imaging analysis. Nakano et al. utilised a -500 HU threshold and
an automatic algorithm that fanned out 128 rays over 360° from the centroid point of
the lumen to estimate the airway wall area and thickness of the apical bronchus of
the right upper lobe. They demonstrated that in smokers with airflow obstruction both
airway wall area and thickness were significantly increased compared to smokers
without airflow obstruction. These measurements had also correlated with worse
airflow obstruction and gas trapping as determined by FEV1 and residual
volume/total lung capacity ratio, respectively. There was no correlation between the
outer area of the apical bronchus and severity of airflow obstruction. Thus, the
authors suggested that airway wall thickening in COPD may be mostly characterised
with internal encroachment towards the lumen rather than outward airway wall
expansion. In patients with similar airflow obstruction severity, patients with greater
emphysema (as assessed by LAA%) had thinner airway walls than patients with
reduced or minimal emphysema. This was thought to indicate two COPD
phenotypes, predominately emphysematous and predominately airways disease

(194).

Subsequently, Nakano et al. developed a more complex software that was capable
of placing seed points in the lumen of all larger airways that were visible on CT
scans (195). By projecting 64 rays from the seed points within the lumens, the total
airway area, luminal area, airway wall area, and wall area percentage of total airway
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area were measured and compared with quantitative morphology of excised human
lungs. After initially finding that the CT measurements were overestimated, the
morphology data was used to correct the algorithm, and the average errors were
reduced by 23% and 7% for airway lumina area and wall area, respectively. In a
different study, Nakano et al. used the corrected algorithm and reported that the
mean dimensions (e.g., internal perimeter and square root of airway wall area) of the
smaller conducting airways with an internal diameter of 1.27 mm could be predicted
by the dimensions of the larger airways, provided the minimum internal perimeter
was 0.75 cm (196). However, it is important to note that while there was a correlation
between measurements obtained from this algorithm and histological

measurements, the former had again overestimated the airway wall area.

The algorithm from Nakano et al. that could predict the dimensions of small airways
from larger CT visible airways were subsequently used in a multitude of COPD
studies in conjunction with LAA% emphysema analysis. In a study by Patel et al.,
one of the objectives were to examine whether the contributions of airway wall
thickness and emphysema to COPD severity were independent (197). To quantitively
assess airway wall thickness from high resolution CT scans, Patel et al. had utilised
the algorithm developed by Nakano et al. (195) to predict the square root of airway
wall area of a ‘theoretical’ airway with an internal perimeter of 10 mm (AWT-Pi10),
which conforms to an internal diameter > 2 mm. They reported that airway wall
thickness and emphysema did indeed make independent contributions to airflow
obstruction in COPD. Furthermore, the development of emphysema and airway wall
thickening had distinctly clustered within families, and this possibly suggested
genetic susceptibility to either the predominately emphysematous or predominately
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airways disease phenotypes. However, it is important to note two potential limitations
of this study. Firstly, AWT-Pi10 assesses the dimensions of a theoretical airway with
an internal diameter > 2 mm, but as the authors themselves also note, the major site
of airflow narrowing in COPD patients are instead in airways with an internal
diameter < 2 mm. The second potential limitation with AWT-Pi10 and the algorithm
from Nakano et al. in general (195) is its inability to consider the dynamics of airway
wall thickness, particularly with airway smooth muscle contraction, narrowing, and
dilation. Noble et al. utilised both histology and a fibre optic anatomical optical
coherence tomography (aOCT) probe in 6 dissected pig airways to examine changes
in internal diameter of the airway and airway wall movements induced by airway
smooth muscle contraction (198). The authors reported that during contraction,
airway diameter and the inner airway wall, comprising of both mucosa and airway
smooth muscle, reduced and increased, respectively. Thus, neither airway wall area
nor airway diameter remain static. As stated previously, the algorithm essentially
calculates the dimensions of an airway wall from a seed point placed within the
airway lumen and the rays projected from this seed point to the outer perimeter. It is
unlikely that complex airway wall dynamics in contraction or dilation are accounted

for, particularly when small airway wall dimensions are predicted from larger airways.

Grydeland et al. (199) investigated the relationships between quantitative CT
measurements of airway wall thickness (as measured by AWT-Pi10), emphysema
(as measured by LAA%), and clinical characteristics such as age, sex, smoking
history, and degree of current smoking in COPD patients. The extent of emphysema
was increased in patients who were older, ex-smokers with greater smoking pack
years. Conversely, airway wall thickness had decreased with age and increased with
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the degree of current smoking. In another quantitative CT study, Grydeland et al.
(200) reported that whilst both emphysema (LAA%) and airway wall thickening
(AWT-Pi10) independently related to the severity of dyspnoea in COPD patients,
cough and wheezing were best predicted by AWT-Pi10. Thus, increased AWT-Pi10
was thought to be indicative of various pathological changes to the airways such as
airway inflammation, hyperplasia of goblet cells, and mucus hypersecretion.
Increased AWT-Pi10 positively correlated with diffusing capacity for carbon monoxide
(DLCO) in COPD, while LAA%, unsurprisingly, negatively correlated with DLCO

(201).

As noted previously, the classic ‘pink puffer’ and ‘blue bloater’ phenotypes are
traditionally associated with muscle wasting and increased BMI, respectively.
Utilising both LAA% and AWT-Pi10 techniques, Rutten et al. examined the
associations between the quantitative CT parameters and measurements of body
composition (202). Although decreased skeletal muscle mass was found to be
significantly associated with a greater extent of emphysema, it was not found to be
discriminatory for the predominately emphysematous phenotype. Additionally,
increased wall thickness had significantly correlated with fat mass index in both
COPD and healthy participants. Whilst the utility of traditional phenotypical markers
such as body composition and BMI were somewhat questionable, the findings were
supportive of the use of quantitative CT measurements as potential phenotyping

traits.
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AWT-Pi10 has also been demonstrated to be significantly associated with important
clinical outcomes. According to Kahnert et al. (203), increased AWT-Pi10, and thus
greater airway wall thickening, was associated with a history of myocardial infarction,
greater annual decline of FVC, and increase of gas trapping over 6 years in COPD
patients. AWT-Pi10 was shown to be a significant predictor of mortality. Furthermore,
COPD patients receiving triple LABA/LAMA/ICS therapy had significantly decreased
AWT-Pi10, and this was suggested by the authors to indicate morphological benefits
in more severe patients with increased rate and severity of exacerbations. In
participants without cardiovascular disease or prevalent chronic lower respiratory
diseases such as asthma, COPD, or chronic bronchitis, increased AWT-Pi10
predicted incidence of COPD, greater lung function decline, and increased risk of
mortality and respiratory-related hospitalisations (204). In a recent study by
Chaudhary et al. (205), the authors developed a predictive model that included AWT-
Pi10 and AMFM texture analysis, spirometry, and patient characteristics such as
age, race, and BMI to identify COPD patients with a high risk of a severe
exacerbation. The quantitative CT parameters were reported to be significantly better
at predicting future severe exacerbations in 3 years than either exacerbation history

or the BODE index.

Rather than analysing emphysema and small airways disease separately with LAA%
and AWT-Pi10 respectively, Galban et al. (206) sought to examine both and spatially
display abnormal lung regions. To do so, the authors adapted and modified the
“parametric response map” (PRM) technique for inspiratory and expiratory CT lung
scans. It had been originally developed by Moffat et al. (207) for magnetic resonance
imaging (MRI) scans from cancer patients to identify early therapeutic response on
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tumours. The modified PRM technique by Galban et al. (206) classified the image
voxels into three different lung tissue categories: emphysema was defined by a -950
HU threshold on full inspiration, “functional small airways disease” or gas trapping
was defined by a -856 HU threshold on expiration, and healthy lung tissue was
defined either by a =-856 HU threshold on expiration or 2-950 HU threshold on
inspiration. The distribution of voxels in an emphysema (inspiration) — healthy lung
tissue (inspiration) — functional small airways disease (expiration) — healthy lung
tissue (expiration) quadrant indicated an airway to emphysema disease progression
in COPD. This had not been previously observed with other quantitative CT imaging
analysis techniques. Unlike AWT-Pi10 analysis, PRM can display the three different
lung tissue categories three-dimensionally. This would potentially allow for regional

tissue analysis.

Quantitative analysis with micro-computed tomography (micro-CT) may also be used
to better characterise and phenotype COPD. Unlike CT, micro-CT allows for the
visual identification of small airways with an internal diameter < 2mm from ex-vivo
human lungs. Regarding COPD pathophysiology, this imaging technique has shown
small airway narrowing and destruction occurring prior to the onset of emphysema
(112). Additionally, micro-CT revealed that total small airway count and mean lumen
diameter of the small airways are lowest in COPD patients with centrilobular
emphysema, which is generally associated with cigarette smoking (4). This may
indicate a more destructive structural process than COPD patients with alpha-1
antitrypsin deficiency and panlobular emphysema. Tanabe et al. (208) applied CT
airway wall measurement techniques from Nakano et al. (194, 195) on micro-CT
scans of ex-vivo 95 human lung tissue samples to measure the dimensions of the
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small airways one generation proximal to the terminal bronchioles. They had also
measured the number of alveolar attachments with a technique originally designed
for histology (209), interalveolar distances for emphysema quantification, and length
of the “pre-terminal” airways along the centreline with ImagedJ (National Institutes of
Health, Bethesda, MD). It was observed that in comparison to the control lungs,
lungs with either centrilobular or panlobular emphysema had significantly decreased
wall volume, total airway volume, alveolar attachments, and airway length. However,
lungs with centrilobular emphysema had more severe and heterogeneous airway
wall thickening and airway narrowing than lungs with panlobular emphysema. This
again aligns with the findings from Hogg et al. that suggested a more destructive

structural progress in smoking COPD patients (4).

Various machine learning tools have recently been utilised with CT lung scans. One
example would be the Subtype and Stage Interference (SuStaln) machine learning
tool, and it was first developed by Young et al. to examine heterogeneity in
neurodegenerative diseases (210). However, Young et al. subsequently applied
SuStaln to examine distinct patterns of disease progressions in COPD from CT lung
data such as airway wall thickness and emphysema (211). They reported two distinct
patterns of disease progression. The most predominant pattern (approximately 70%
of patients) was defined by small airway wall changes and emphysema preceding
large airway wall changes, and this pattern, named ‘Tissue to Airway’ (TA), appears
to be aligned with the findings obtained from the micro-CT scans (small airways
changes occurring first) (112). However, the less prevalent pattern (approximately
30% of patients) was characterised by large airway wall changes preceding small
airway wall changes and emphysema, and this was named the ‘Airway to Tissue’
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pattern (AT). TA patients had significantly greater extent of emphysema (LAA%) and
tissue damage than AT patients. Conversely, AT patients had significantly greater
airway wall thickness (AWT-Pi10) than TA patients. Interestingly, patients with the
predominant ‘Tissue to Airway’ pattern possessed characteristics that resembled the
classic ‘pink puffer’ phenotype: significantly lower BMI and a greater extent of
emphysema. Conversely, the ‘Airway to Tissue’ pattern was associated with
increased incidence of chronic bronchitis symptoms and greater airway wall
thickening. Another characteristic of the ‘Airway to Tissue’ pattern was a greater

decline of lung function during the earlier stages of disease severity (211).

Whilst CT is predominately used to assess abnormalities in lung structure such as
emphysema and airway wall thickness, there have been several innovative
techniques that aimed to examine lung function (i.e. ventilation) instead. Ventilation
CT can be broadly categorised into two groups: tracer and non-tracer agent
methods. The former generally utilises xenon (Xe) gas, which is mixed in a fixed ratio
(e.g. 30%) with oxygen during wash-in periods, as a tracer or contrast agent and
dual energy CT, and this allows the differentiation of Xe from lung tissue (212). There
are a large variety of quantitative analysis methods available. One notable example,
particularly relevant for COPD, is from Park et al. (213). They divided dual energy CT
lung scans of 38 COPD participants into three areas based on HU thresholds: whole
lung = -1024 — -500 HU; normal attenuating lung = -950 — -500HU; and low
attenuating lung = -1024 — -950 HU. The presence of Xe was defined with a HU
threshold range of 1 — 50 HU, and pixels with attenuation > 50 were regarded as
noise. This threshold of 50 HU was reportedly based on their phantom data.
Furthermore, the presence and concentration of Xe was measured in both wash-in
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and wash-out periods. The authors reported positive and inverse correlations
between spirometric indices (FEV1, FEV1/FVC) and Xe presence in normal
attenuating and low attenuating lung regions, respectively. Furthermore, positive and
inverse correlations between DLCO and Xe presence in normal attenuating and low
attenuating lung regions, respectively, were observed. This technique can allow for
visualisation, mapping, and quantification of ventilation within distinct regions of
emphysematous and normal lung tissue. However, the high cost and concerns with
radiation exposure appear to be this technique’s primary limitations (214), and Xe
dual CT ventilation imaging studies that measure other phenotypical markers such
as lung volumes or negative clinical outcomes or with treatment in COPD

participants remain sparse.

Assessing lung function, without the expense and radiation concerns associated with
Xe dual CT imaging is a highly attractive option. The general steps with non-tracer
ventilation CT consist of the following: 1) multiple images are acquired at different
levels of inflation (e.g. from TLC to either FRC or RV); 2) the lung CT images are
segmented, and a non-rigid algorithm is used to register the lung CT images at
different levels of inflation to each other (215); and 3) specific changes in air volume
are calculated to estimate regional ventilation. This form of functional CT imaging,
particularly with improved air volume calculation methods, has been shown to
significantly correlate with Xe CT based measurements of ventilation (216).
Furthermore, significant associations between ventilation defects, as measured by
CT, and reduced FEV1 and increased FEV1/FVC in COPD participants have been
reported (217). Similar to the Xe CT ventilation study from Park et al. (213), who
mapped and compared ventilation in emphysematous and normal lung regions,
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Yamamoto et al. demonstrated with non-tracer CT that emphysematous regions to

have consistently lower ventilation than non-emphysematous regions (218).

There has been a vast amount of progress made in quantitative CT analysis.
Although global estimations on emphysematous regions via LAA% are too simplistic
for precise phenotyping, various modifications with supplementary thresholds have
been proposed over the years to better analyse emphysematous subtypes and
categorise abnormal lung tissue. Quantitative CT has also been used extensively to
examine pathological airway changes in COPD. Analysing both abnormal lung
parenchyma and airways has allowed to identify various patient subgroups who are
at increased risk of adverse clinical outcomes with different disease progressions.
CT had historically been unable to assess lung function, hence the use of non-CT
ventilation imaging. However, recent innovations in technology and analysis
techniques have allowed CT to measure ventilation defects as well. CT imaging has

been demonstrated to be an invaluable tool for COPD characterisation.

1.9 Quantitative three-dimensional ventilation single photon emission

computed tomography analysis in COPD

Non-CT three-dimensional ventilation imaging shows promise in COPD
characterisation and phenotyping. This form of imaging technique has generally
been the primary method for viewing and assessing the ventilatory consequences of
airway obstruction, small airway dysfunction, and emphysema. It may also be used
to identify COPD patients with unremarkable spirometric parameters (e.g., FEV1 or

FEV1/FVC) or demographics (e.g., smoking history) who nonetheless possess poor
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ventilation. Another promising avenue for ventilation imaging analysis is the
investigation of pharmacological treatment, which can potentially provide new
treatment endpoints in clinical studies. This imaging technique could be used to
better understand how bronchodilators work in COPD and examine whether these
drugs are capable of reventilating previously unventilated lung regions. COPD
patients who respond or don’t to pharmacological treatment may also be identified.
The improvements made to image resolution, scanner technology, analysis software,

and cost make quantitative ventilation imaging analysis more accessible than ever.

Three-dimensional ventilation imaging is predominantly performed with either single
photon computed tomography (SPECT) or hyperpolarised magnetic resonance
imaging (MRI). For ventilation SPECT (VSPECT), it requires the participant to inhale
radioactive aerosols, and common examples would be either Technegas, which are
ultrafine Technetium-99m nanoparticles with a diameter of approximately 100 nm, or
99m-Technecium-labelled diethylene triamine pentaacetic acid (DTPA). Jogi et al.
(219) compared these two agents. To summarise, Technegas is overall superior to
DTPA, as the former was shown to deposit more evenly and peripherally in
participants with both obstructive and non-obstructive airways disease. Although
exaggerated deposition of aerosols, which create ‘hot spots’ (Figure 4), occur in both
agents, DTPA is far more susceptible of the two. ‘Hot spots’ are thought to form due
to turbulent airflow (i.e. deviating streamlines) in partially narrowed airways impacting
aerosol particles onto the airway wall. In more severely narrowed or peripheral
airways with consequently reduced or non-turbulent airflow, aerosol impaction should
be minimised. Additionally, the likelihood of aerosol deposition is naturally higher with
larger particles, hence the superiority of Technegas. Whether with DTPA or
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Technegas, proximal airways and bifurcation points appear to be the predominant
location of ‘hot spots’ in COPD patients (220). Another advantage of VSPECT and
Technegas is the radioactive agent’s ability to adhere to lung structure for
approximately twenty minutes after inhalation (221). Therefore, if the participant
inhales tidal volumes of Technegas from FRC in a seated position, the supine
VSPECT scan should reflect tidal ventilation distribution at the seated position. This
is a unique advantage to VSPECT as hyperpolarised MRI scans are typically
performed with a 1 L inhalation and breath hold manoeuvre from FRC. Although not
a true gas, Technegas has been observed to disperse and penetrate peripheral lung
spaces in a manner similar to gas, even in patients with severe airflow obstruction
(222). However, whether Technegas deposition is reflective of diffusive flow in
alveolar or collateral ventilation is unknown. In recent years, registration of SPECT
and CT scans (SPECT/CT) has allowed for the examination of ventilation or non-
ventilation within accurately defined lung borders (Figure 5) (223). It was previously
difficult to distinguish the lung border with VSPECT alone if peripheral lung regions

were poorly ventilated.
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Figure 4: Technegas ventilation single photon computed tomography/computed
tomography (VSPECT/CT) axial image of a 72-year-old COPD patient. A ‘hot spot’, a

region with increased deposition of Technegas, is indicated with a white circle.
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Figure 5: Technegas ventilation single photon computed tomography (VSPECT)
axial images of a 74-year-old COPD patient with and without computed tomography

(CT) registration. (A) VSPECT scan; (B) VSPECT/CT registered scan.
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Despite the unique advantages of VSPECT to portray seated tidal ventilation, there
have been minimal investigations involving global measurements of non-ventilated
volume in COPD patients. However, VSPECT studies have long since demonstrated
there to be limited ventilation in COPD patients with more severe disease. In a novel
study, Cuna et al. (224) reported that a cohort of five COPD patients, those with
more severe airflow limitation as measured by FEV1 had increased non-ventilated
volume. Unfortunately, no other lung function tests were performed. In a recent
VSPECT and hyperpolarised gas MRI comparison study in a mixed cohort of
asthma, COPD, and non-obstructed patients by Radadia et al. (225), the authors
observed that increased non-ventilated volume in the VSPECT scans correlated
significantly with poorer gas transfer (DLco) and increased airflow obstruction
(FEV1/FVC). COPD patients possessed significantly increased non-ventilated
volume compared to both asthma and non-obstructed patients. This could indicate
that VSPECT is sensitive to the effects on ventilation from parenchymal damage and
airway abnormalities such as mucus plugging and obliteration. However, this study
from Radadia et al. (225) did not examine lung volume measurements of gas
trapping or hyperinflation nor oscillometric parameters related to small airway
dysfunction. An older VSPECT and high resolution CT study by Stavngaard et al.
(226) applied both quantitative and qualitative analysis techniques on non-ventilated
volume in COPD patients. Qualitative assessment for non-ventilation consisted of
visual scoring. The quantitative estimate for increased non-ventilated volume
correlated with reduced FEV1 and reduced gas transfer (DLco). There were no
associations between non-ventilated volume and RV or LAA% as measured with
high resolution CT. Interestingly, qualitative scores indicating increased non-

ventilation correlated with reduced FEV1, reduced D.co, increased RV, and
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increased emphysema extent, despite both visual assessment and quantitative
estimations correlating with each other. This discrepancy and the limited number of
studies may have been due to the limitation and inadequacies of VSPECT
quantitative techniques, but this will be covered in more detail later. Currently, there
is only one VSPECT study that has investigated the effects of bronchodilator therapy
on non-ventilation in COPD patients (227). According to Diba et al. (227), LAMA did
not decrease non-ventilated volume. However, it should be noted that this study
involved a small number of COPD patients (10), and quantitative analysis was

performed with an unvalidated technique.

Whilst analysing non-ventilated volume has remained the primary focus of
quantitative VSPECT studies, some studies have opted to examine ‘hot spots’ as
well. As mentioned previously, ‘hot spots’ (Figure 4) occur from exaggerated
deposition of the radioactive agent in lung regions with turbulent flow (e.g. narrowed
airways) and/or at bifurcation points. To our knowledge there has been only one
quantitative VSPECT study that analysed total ‘hot spots’ count but none for COPD.
Pellegrino et al. (228) observed that following bronchoconstriction in asthma
patients, the number of ‘hot spots’ in two-dimensional scintigraphic VSPECT images
had increased, particularly in proximal lung regions. Qualitative VSPECT studies
have consistently noted there to be more numerous and brighter ‘hot spots’ (from
increased agent deposition) in more severe COPD patients (220). Bajc et al. (229)
reported there to be both poorer overall ventilation and increased ‘hot spots’ count,
both visually assessed, in patients affected with emphysema. The authors
speculated that increased ‘hot spots’ count in more peripheral lungs regions resulted
from small airways disease. Scores from visual grading systems that assess non-
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ventilation and ‘hot spots’ count together has been shown to correlate with GOLD
2013’s COPD severity grades and to distinguish healthy participants from long-time
smokers without COPD (230). A few qualitative studies have also examined the
effect of interventions on ‘hot spots’. Paludan et al. (231) presented a qualitative
VSPECT case report in which they examined the effects of continuous positive
airway pressure (CPAP) therapy on two COPD patients. On the ventilation scans,
they observed that either ‘hot spots’ count decreased or ‘hot spots’ occurred in more
peripheral lung regions following CPAP therapy. This may have been due to reduced
expiratory flow limitation and/or removed mucus plugs or clots through increased
mucus mobilisation. Imai et al. (232) demonstrated that following lung volume
reduction surgery in emphysematous patients, the number of ‘hot spots’ count
reduced, and there was a correlation between improvement in spirometry and
visually assessed scores for non-ventilation and ‘hot spots’. For a quantitative
approach to ‘hot spot’ analysis, applying a ‘hot spot’ threshold in conjunction with a

non-ventilation threshold would be simple to perform.

1.10 Inadequacies with current ventilation imaging analysis methods

for single photon emission computed tomography

Much like the use of the -950 HU threshold in CT imaging analysis, measuring the
extent of non-ventilated volume with VSPECT is also done with a threshold to the
imaging data. In a three-dimensional VSPECT image, the intensity (i.e., ‘brightness’)
of the three-dimensional pixels or ‘voxels’ ranges from zero or low in areas with no
agent deposition (e.g., areas outside the lung or non-ventilation regions) to very high

in areas with exaggerated agent deposition (i.e., ‘hot spots’). Applying an intensity
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threshold to VSPECT data would classify the voxels above or below the intensity into
either ventilated or non-ventilated categories. However, unlike the -950 HU
threshold, which is demonstrated to correlate with macroscopic and microscopic
measurements of emphysema (167, 168), none of the currently existing threshold
techniques for VSPECT are validated. The primary challenge for quantitatively
measuring non-ventilated volume with VSPECT is the unpredictable, heterogeneous
range of voxel intensities that are found in patients with respiratory diseases such as
COPD (Figure 6). ‘Hot spots’, particularly in patients with more severe obstructive
lung disease, can produce voxels with substantially increased intensities from
concentrated Technegas deposition within a small lung region. This will consequently
increasing data heterogeneity and complicate imaging analysis. The range of voxel
intensities would also be dependent on the radioactivity of the agent inhaled by the
participant, which typically varies between 1.5 — 2.0 kilocounts. The intensity
threshold for non-ventilation in a participant who inhales 1.3 kilocounts would be
lower than the non-ventilation threshold in another participant who inhales 2.2

kilocounts.
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Figure 6: Two voxel frequency — voxel intensity plots from ventilation single-photon
computed tomography/computed tomography (VSPECT/CT) scans of two different
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Despite the variability in maximum voxel intensities, VSPECT studies have
traditionally opted for a percentage of maximum threshold. In a systematic review of
fifteen SPECT studies of lung cancer patients, the authors reported the percentage
of maximum thresholds for VSPECT had widely ranged from 30% to 70% (233).
According to Cufa et al, in which various percentages of maximum thresholds were
assessed in five patients COPD, a threshold of 27% of maximum correlated best
with FEV1 (224). However, heterogeneous maximum intensities in patients with
varying severity of airflow obstruction is a significant issue for the traditional
threshold method. A ‘fixed’ percentage of maximum threshold may accurately
determine non-ventilated activity in one patient and inaccurately determine it in a
different patient with substantially increased or decreased Technegas deposition in a
‘hot spot’. This problem has been noted by Nagao et al. (234) as they had attempted
to adapt the same percentage of maximum threshold from a different VSPECT study

but then noted that it had ‘defined’ ventilation in regions outside the lung.

To overcome this issue of variable maximum intensities, an alternative ‘adaptive’
threshold method was developed by Farrow et al. (223) for their VSPECT study on
patients with asthma. Rather than solely relying on the maximum count to determine
the threshold for non-ventilated activity, the authors used the mean activity as it
would be relatively less affected by ‘hot spots’, which possess high intensities but a
small amount of voxels. Specifically, their threshold was calculated by multiplying the
mean count of the voxels between 5% and 80% of the maximum intensity by 50%.
The 5% — 80% of maximum intensity was chosen to exclude extremely high and low
intensities from ‘hot spots’ and non-ventilated regions, respectively. Farrow et al.
(223) reported there to be no systematic differences between this method'’s
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measurement of ventilated volume at tidal breathing and FRC as measured with
multiple breath nitrogen washout. So far, this threshold method has only been used
in one VSPECT study that included COPD patients, and this was the aforementioned
VSPECT and hyperpolarised gas MRI comparison study by Radadia et al. (225).
Whilst no complications with the adaptive threshold technique from Farrow et al.
were reported (223), it is still unknown whether the technique is accurate and robust

enough for the heterogenous voxel data encountered in COPD.

In the broader realm of computer vision, there are a plethora of widely used
automatic threshold techniques that may be suitable for VSPECT imaging analysis
due to their robustness to data heterogeneity. Such examples include Otsu’s method
(235) (Figure 7), which determines its threshold by maximising variance between two
different categories of voxel activity, and the IsoData method (236), which iteratively
updates its threshold until the threshold value is larger than the average of the
average intensities of the two voxel categories. Otsu’s method has found use in CT
imaging analysis for the purposes of segmentation of organ volumes (237), but itis

yet to be utilised in VSPECT studies.
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Figure 7: Otsu’s method applied to Technegas ventilation single photon computed

tomography/CT (VSPECT/CT) axial images of a 75-year-old COPD patient. (A)
VSPECT/CT axial scan without Otsu’s method thresholding; (B) Otsu’s method
thresholding to CT scan, categorising the lungs (and bronchus) and chest into binary
classes. (C) Otsu’s method thresholding to VSPECT scan, categorising Technegas
voxel intensities into binary classes. This may be applied to identify ventilation/non-

ventilated regions.
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1.11 Quantitative three-dimensional magnetic resonance imaging

analysis in COPD

As mentioned previously, another common example of three-dimensional ventilation
imaging is hyperpolarised MRI, which involves the inhalation of a noble gas such as
helium-3 or xenon-129. For hyperpolarised MRI, helium-3 possesses a stronger MRI
signal than xenon-129, and so, most ventilation MRI studies were initially completed
with helium-3 as its noble gas agent. However, helium-3 is also scarce (238) and
expensive (239) due to it being exclusively sourced from the radioactive decay of
tritium. Conversely, xenon-129 is cheaper and more abundant. Due to innovations in
xenon-129 polarisation technology, such as increased production of highly polarised
xenon-129 (240) and optimisation of the production process (241), in addition to
improved MRI imaging technology (242), the use of xenon-129 for ventilation MRI
studies have since increased in recent years. For measuring ventilation defects, it
should be noted that there are differences between helium-3 and xenon-129 MRI
scans. Two studies from Kirby et al. compared the volume and homogeneity of
ventilation defects in COPD patients as measured with hyperpolarised helium-3 and
xenon-129 MRI scans (243, 244). They observed that ventilation defects were both
larger and more heterogeneous in xenon-129 MRI scans, and this most likely
resulted from the relatively reduced diffusivity of xenon-129 compared to helium-3.
Thus, xenon-129 may penetrate peripheral and/or diseased lung regions more slowly
than helium-3, and helium-3 may also be a superior indicator of collateral ventilation.
The inhalation technique for hyperpolarised MRI requires the participant to inhale 1 L

of the noble gas and then hold their breath in a supine position throughout the scan.
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Despite hyperpolarised MRI being more expensive than VSPECT, there are a
greater number of ventilation imaging studies that have utilised the former method to
assess COPD. A critical study by Kirby et al. (245) examined 91 COPD patients over
a 5-year period with lung function tests, SGRQ, six-minute walk tests, quantitative
CT, and helium-3 MRI. The authors reported that increased non-ventilated volume
percentage of total lung volume (VDP%) significantly related to quantitative CT
measurements of emphysema (LAA%) and airway wall thickening (airway wall area).
Increased VDP% was speculated to represent functional consequences from both
emphysema and airways disease, and so, it may assist in characterising the mixed
airways-emphysematous COPD phenotype. In all COPD patients, the risk of
hospitalisations throughout the 5-year period were not related to FEV1 or diffusing
capacity (DLco). Instead, history of prior hospitalisations, exercise capacity, LAA%,
and VDP% were significantly related to hospitalisation risk. In mild — moderate
COPD patients specifically, increased VDP% was found to be the sole predictor of
hospitalisation risk. Increased VDP% is also found in patients with worse airflow
obstruction (FEV1/FVC) and gas diffusion (DLco) and greater smoking pack year
history (225). In patients with mild — moderate COPD, baseline VDP% can predict
minimum clinically important changes in health status, measured with SGRQ scores,
throughout a 30-month period (246). Furthermore, VDP% changes within this time
correlated with SGRQ scores. According to Davis et al. (247), increased VDP%
correlates with COPD severity and increased ventilation heterogeneity as measured
with the alveolar volume/total lung capacity ratio. Young et al. (248) reported a
correlation between increased VDP% and poorer quality of life in COPD patients.
Furthermore, there was also a significant association between increased small

airways resistance heterogeneity due to heterogeneous airway narrowing in the lung
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periphery (R5 — R19 Hz) and increased VDP% in COPD patients. Another common
quantitative analysis technique for hyperpolarised MRI, either with helium-3 or
xenon-129 (249), is apparent diffusion coefficient (ADC) of the noble gas agent. ADC
is reflective of the restriction of the diffusion of noble gas atoms within an airspace.
Compared to explanted healthy lungs, ADC in emphysematous lungs is reported to
be significantly increased due to enlarged airspaces, resulting in less restriction of
gas atom diffusion (250). Additionally, ADC appears to be a useful tool in detecting
early lung damage as increased ADC is reported to be increased in both
asymptomatic smokers (251) and participants exposed to second hand smoke (252).
Regarding correlations with lung function measurements, increased ADC is
significantly related to worse airflow obstruction, gas trapping, and DLCO in COPD
patients (249, 253), and ADC was reported by Tafti et al. to have similar diagnostic
performance to quantitative CT (254). Furthermore, in a case report by Kirby et al. on
a 77-year-old COPD ex-smoker over a four-year period, they observed that six
months prior to an acute exacerbation, both VDP% and ADC were increased by 13%
and 0.34 cm?/s compared to results from two and a half years prior. However, FEV1
was paradoxically increased by 6%. Following treatment, both VDP% and ADC

returned to similar levels to four years prior.

Quantitative ventilation imaging techniques, primarily with MRI, have been
extensively utilised to investigate physiological abnormalities in COPD, such as
emphysema and airways disease. Objective imaging parameters were shown to be
associated with important clinical outcomes such as hospitalisations, progression,
and mortality. Such parameters can be helpful in either identifying patients with
increased risk of poor clinical outcomes or defining more specific COPD phenotypes.
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1.12 Ventilation imaging & bronchodilator responsiveness in COPD

Although there is a growing body of literature showing correlations between
ventilation imaging parameters and a wide variety of measurements on lung function,
clinical outcomes, and symptoms, very few quantitative ventilation imaging studies
have studied the effects of bronchodilator treatment in COPD. But hyperpolarised
MRI has revealed significant reductions in non-ventilated and poorly ventilated
volumes following salbutamol (255) and dual LABA/LAMA therapy (256). As noted
previously, VSPECT has not been used to investigate bronchodilators in COPD, but
this technique possesses numerous advantages. These include its relatively lower
cost to hyperpolarised MRI, easier inhalation technique (only tidal breaths and no
breath holds throughout the scan), Technegas’s ability to adhere to lung structure
during seated inhalation, and the visualisation of tidal ventilation distribution. The
physiological effects on ventilation in COPD patients with clinically significant
bronchodilator responsiveness (BDR), a somewhat contentious phenotypical trait,

has not been extensively examined with quantitative ventilation imaging.

Clinically significant BDR has traditionally been once regarded as diagnostic marker
for asthma, and it is defined with a spirometric response to a known dose of SABA
such as salbutamol. According to the most recent American Thoracic
Society/European Respiratory Society (ATS/ERS) guideline, a positive BDR is
defined by a = 10% change in the predicted FEV1 value (257). The previous
ATS/ERS guideline from 2005 defined positive BDR as a change of = 12% and = 200

mL in either FEV1 or FVC (258).
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Whether defining BDR along 2005 or 2021 ATS/ERS guidelines, the prevalence of
the ‘asthmatic’ trait in COPD patients is to range between 22.9% — 44.6% (259, 260).
According to a recent study by Beasley et al. (261), the prevalence of BDR in
asthma, mixed asthma/COPD, and COPD patients were 19.7%, 29.6%, and 24.7%,
respectively. Although it is frequently observed, the utility of BDR, defined
conventionally with spirometry, as a prognostic or phenotypical marker has been
controversial. In asthma patients, positive BDR is associated with increased
responsiveness to inhaled corticosteroids (262). Positive BDR in COPD has been
speculated to indirectly reflect a variety of physiological responses, such as
relaxation of airway smooth muscle tone, improved small airway function, reduced

inflammation, and lung volume recruitment (260, 263, 264).

The associations between positive BDR in COPD and important clinical outcomes
remain mixed. According to a study by Vestbo et al., in which changes in FEV1 over
a three-year period were analysed in 2163 COPD patients, increased rate of FEV1
decline was observed in patients with positive BDR, alongside current smokers and
emphysematous patients (95). Marin et al. investigated the impact of BDR on a
variety of long-term clinical outcomes, which included time to hospitalisation, hospital
visits, and mortality, in 1203 COPD patients without significant comorbidities. They
reported that positive BDR was associated with an increased time to hospitalisation,
reduced risk of hospitalisation, and reduced all-cause mortality (265). This
connection between BDR and less severe clinical outcomes is supported by a study
from Kim et al. (266), as they had also found a significant association between

positive BDR and a reduced risk of acute exacerbations in COPD patients.

57



In COPD patients classified as ‘airways-predominant’ due to asthma-like symptoms
and minimal emphysema severity as assessed with CT, positive BDR is significantly
more common than ‘emphysema-predominant’ COPD patients (267). A high-
resolution CT study from Kitaguchi et al. proposed three COPD phenotypes based
on visually assessed emphysema severity and bronchial wall thickening: absent or
minimal emphysema with or without bronchial wall thickening (group A), emphysema
without bronchial wall thickening (group E), and emphysema with bronchial wall
thickening (group M). In concordance with Marin et al., one of the characteristic traits
for group A was greater prevalence of BDR, and there was a significant association
between increased eosinophil count in sputum (268). Contrary to these findings that
support BDR as phenotypical tool, Choi et al. (269) observed no significant
differences in exacerbation rate or FEV1 decline over a three year period between
positive and negative BDR COPD patients, despite the former group possessing
patients with reduced BMI and increased symptom severity. A study by Albert et al.
observed that in 1831 COPD patients, those with consistent BDR had no significantly
different rates of mortality, exacerbation, or hospitalisations in one year than non-
BDR patients once adjusted for differences in baseline FEV1 (270). BDR status was
also shown to vary with repeated testing. Due to the temporal variability of the BDR
status and lack of any associations to clinical outcomes, the authors surmised BDR
to be an unreliable phenotypical marker. Janson et al. observed that whilst BDR in
asthma was associated with wheeze, atopy, and higher exhaled nitric oxide, BDR in
COPD was not associated with symptom burden, exacerbation, or health status
(271). Due to the contentious status of BDR as prognostic marker or phenotypical

trait, GOLD currently recommends against it as tool to inform therapeutic decisions

(6).
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Thus, BDR in COPD is still far from understood and the utility of this trait for COPD
phenotyping or characterisation remains unknown. However, the reduction of airflow
obstruction, as measured with spirometry, may not be the most suitable method of
assessing bronchodilator response in COPD. As already mentioned, spirometry is an
insensitive lung function test. Alternative tests that assess small airway dysfunction,
hyperinflation, or ventilation distribution may help us further understand BDR in
COPD. Indeed, instead of accompanying increased forced expiratory airflow,
bronchodilator may predominately induce reduced static hyperinflation. According to
Ramsdell and Tisi, approximately 19% of participants with airflow obstruction had a
significant increase in vital capacity and decrease in functional residual capacity
without change to FEV1/FVC (272). The finding of decreased hyperinflation and
increased inspiratory capacity following bronchodilator in patients with COPD and
airflow obstruction has been consistently shown (273-275). Donnell et al. (276)
observed that even in patients with ‘irreversible emphysema’ and absent BDR can
nonetheless experience significantly reduced hyperinflation following bronchodilator,
and the changes were greatest in patents with more severe COPD. Aside from body
plethysmography, oscillometry has been used to examine other physiological
responses to bronchodilator such as reduced total mechanical load (277) and
reduced respiratory system resistance and increased respiratory system reactance
(278, 279). Ventilation imaging techniques may also be used to investigate changes
in ventilated volume and distribution. A study from Kirby et al. (255) revealed
significant improvements in VDP% following salbutamol administration in COPD
patients. Furthermore, the authors reported there to be no significant differences in
the change in VDP% between positive and negative BDR, as defined by spirometry,

in COPD patients (255).
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1.13 Airway hyperresponsiveness in COPD

AHR is characterised as excessive airway narrowing or closure in response to
inhaled stimulus, and it is defined with a 20% FEV1 reduction in response to a
specific bronchoconstrictor dose such as < 4 pmol of methacholine or with the dose
response slope. AHR has traditionally been associated with asthma, and is used as
a clinical marker for diagnosis, severity, treatment management, and prognosis. For
example, greater AHR severity is associated with increased risk of asthma
exacerbation during ICS dose reduction (280). An asthma treatment strategy centred
on reducing AHR was demonstrated to decrease exacerbation rate by 1.8-fold and
significantly improve FEV1 compared to the 1995 Global Initiative for Asthma (GINA)

strategy, which primarily assesses symptom severity and FEV1 exclusively (281).

Like BDR, AHR is again not traditionally considered a characteristic of COPD.
However, the prevalence of AHR in COPD has been shown to range between 23%
to 50% (282, 283). A greater proportion of female COPD patients have AHR, and
there is a significant relationship between AHR and baseline FEV1 (284). Tkacova et
al. (285) used data from two studies, Groningen Leiden Universities Corticosteroids
in Obstructive Lung Disease (GLUCOLD) and Lung Health Study cohort (LHS), to
investigate the relationships between AHR and lung function decline, respiratory
mortality, and systematic inflammation. According to their findings, COPD patients
with AHR were at a 2-fold increased risk of respiratory mortality and AHR patients
from the larger LHS cohort experienced significantly greater lung function decline.
Thus, the authors suggested AHR to be a possible characteristic for the asthma-

COPD patient subgroup who are in urgent need of disease modification. Similar
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findings of increased mortality risk in COPD with more AHR and/or more severe AHR
have been reported by Vestbo et al. (286) and Teferra et al. (287). AHR is also
reported to be associated with increased sputum eosinophils, worse symptoms, and
increased exacerbations (288). In a cohort of 114 COPD participants from the
GLUCOLD study, Berge et al. (289) noted that gas trapping, as measured by
RV/TLC, was increased in COPD patients with greater AHR severity. Furthermore,
improvement in AHR following ICS treatment were not associated with the reduction
of airflow obstruction, as assessed by FEV1. Interestingly, improvement was instead
associated with the reduction of gas trapping, possibly through dilating closed
airways (290). Changes in gas trapping from airway dilation, and thus ventilation

distribution, should also be measurable with VSPECT.

Currently, there are no VSPECT studies that examine airway closure following
bronchoprovocation and AHR in COPD. However, VSPECT imaging has been used
to investigate AHR in asthma. During induced bronchoconstriction, greater increase
in non-ventilated volume independently correlated with more severe AHR and
increased ventilation heterogeneity in convective-dependent airways (Scond) (223).
Asthma patients with more severe AHR also possessed increased non-ventilated
volume at baseline. According to computational model simulations of smooth muscle
activation in the airway tree from Venegas et al. (291), the formation of poorly
ventilation lung regions after smooth muscle contraction are exacerbated by
heterogeneity, which may either be structural (e.g., airway wall thickness) or
functional (ventilation heterogeneity) in nature. However, it should be noted that
there are noted differences between AHR in asthma and COPD. For example, AHR
in asthma is predominately associated with eosinophilic airway inflammation (292).

61



However, AHR in COPD is associated with airway inflammation marked by increased
neutrophils, lymphocytes, and macrophages (289) and reduced airway calibre (68).
When Hardaker et al. (293) examined AHR in both older age-matched asthma and
COPD patients, they observed that increased peripheral ventilation heterogeneity in
the diffusive-dependent lung regions (Sacin) and increased RV predicted AHR in
asthma. This was consistent with the model simulations from Venegas et al. (291).
However, despite increased Sacin correlating with worse gas diffusion (DLco) in COPD
patients, AHR was conversely predicted by reduced Sacin and decreased FVC. Thus,
the authors speculated that COPD-specific processes such as parenchymal
destruction, reducing tethering forces, and airway obliteration may put COPD
patients with the emphysematous phenotype at reduced risk of AHR. Instead, COPD
patients with a predominately airways disease phenotype may possess an increased
AHR risk. From these findings, it is reasonable to assume there to be a different

response in ventilation, as measured with VSPECT, to bronchoconstriction in COPD.
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1.14 Summary and aims of the thesis

COPD has long been recognised as a highly heterogeneous disease, with variable
symptom presentations, progression, and responses to treatment. Although disease
characterisation or phenotypes are hardly a novel concept, efforts in identifying
patient subgroups are complicated by non-specific traits. The path for more precise
COPD phenotyping will require a variety of parameters beyond conventional clinical
markers and spirometry. Quantitative ventilation imaging is a promising technique
that can be used to investigate the extent of non-ventilated volume resulting from
parenchymal destruction and airway closure in COPD patients. VSPECT is
especially attractive due to its comparatively lower cost and easier preparation than
ventilation MRI and its unique ability to visualise tidal ventilation. From the limited
number of previous VSPECT studies, it is apparent that COPD patients with more
severe disease are less ventilated. However, even fewer COPD studies have
investigated correlations between non-ventilated volume and lung function tests
beyond spirometry. There has yet to be any analysis into the relationships between
non-ventilated volume and small airways disease, as measured by oscillometry, or

lung volume measurements of hyperinflation.

For some time, VSPECT studies have noted seemingly more numerous ‘hot spots’ in
patients with greater COPD severity. Increased ‘hot spots’ count and extent of non-
ventilation have been previously used to visually grade ventilation impairment in
COPD studies. However, the relationships between the total number of ‘hot spots’
and lung function measurements, such as lung volumes and oscillometry or FEV1,

and non-ventilated volume remain unknown.

63



Whilst ventilation MRI studies demonstrated decreased non-ventilated volume post-
bronchodilator in COPD patients, there is a gap in the literature regarding
bronchodilator response in COPD patients as measured with quantitative VSPECT.
Due to differences in techniques between VSPECT and MRI, the bronchodilator
response on ventilation is also likely to differ between the two. Furthermore, no
VSPECT studies have examined the relationships between changes in oscillometric
parameters and imaging parameters post-bronchodilator. Whilst VSPECT has been
used to investigate AHR and bronchoconstriction following a methacholine challenge
in asthma patients, there are currently no VSPECT studies that examine AHR and
ventilation in COPD. Current literature suggests there to be different physiological

mechanisms behind AHR to each disease.

Finally, there have been a few different threshold techniques for quantitative
ventilation SPECT analysis, but none are currently validated. The accuracy of these
threshold techniques in differentiating non-ventilated activity from ventilated activity
and their robustness to image data heterogeneity from ‘hot spots’ or areas with low
intensities remain unexamined. Thus, it is paramount to validate these existing
threshold techniques and develop an accurate, robust technique if existing

techniques are problematic.
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The primary aim of this thesis is to examine COPD patients with the use of the
VSPECT/CT parameters, global non-ventilated volume and ‘hot spots’ count, at
baseline, post-bronchodilator, and post-methacholine. Furthermore, we aim to
examine the relationships between these VSPECT/CT parameters and lung function
measurements. Prior to these investigations, we also aim to validate existing

threshold techniques and assess a novel threshold technique for VSPECT.

The specific aims of the thesis are as follows:

1. Validate and assess existing threshold techniques in addition to a novel
technique with physical lung phantom models for VSPECT.

2. Examine the relationships between non-ventilated volume and ‘hot spots’ and
various lung function measurements in COPD patients at baseline.

3. Examine the changes in VSPECT parameters, non-ventilated volume and ‘hot
spots’, following the administration of bronchodilator in COPD patients.

4. Examine the effects of bronchoconstriction on non-ventilated volume and ‘hot
spots’ count in COPD patients with ventilation SPECT and the relationship

between the imaging parameters and AHR.
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Chapter 2 — Comparison of threshold techniques for
determining ventilation using Single Photon Emission

Computed Tomography
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2.1 Abstract

Introduction: For quantitative VSPECT/CT analysis, there are a variety of threshold
methods that can be used to define ‘ventilated’ and ‘non-ventilated’ volumes. Clinical
application for such methods requires them to be optimised, but none have been
validated. Our objective was to assess threshold methods and to develop a novel

threshold method.

Methods: 10 phantom lung models were scanned with SPECT/CT. These 10
containers of known volume, packed with foam beads to simulate lungs, were filled
with ®¥™Tc solution, which simulated Technegas deposition. Smaller containers also
of known volumes, with no radioactivity, were inserted to simulate non-ventilated
regions. Small vials with increased ®*™Tc solution were attached to simulate ‘hot
spots’. We assessed four threshold methods: 15% of maximum activity
(Thr_15%Max), weighted average intensity of all voxels between 5 — 80% of the
maximum multiplied by 50% (Thr_50%Means-so0), Otsu’s method (Thr_Otsu), and the
curve-fitting method (Thr_Slope). The methods were also applied in 23 COPD

participants.

Results: Thr_Slope provided the most accurate and robust measurements on non-
ventilated volume as determined by Lin’s concordance correlation (pc = 0.988), and
it was the only method that had been unaffected by ‘hot spot’ vials. Thr_Slope
produced significantly different measurements of non-ventilated volume compared to

all other methods.

Conclusion: Thr_Slope is superior to existing threshold methods, and so, it is ideal

for human VSPECT/CT studies.
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2.2 Introduction

Airways diseases are characterised by severe airway narrowing and closure. With
ventilation imaging, these airways can appear as an apparent absence of ventilation
in lung regions. These regions of apparently absent ventilation are of interest
because they represent airways and lung tissue that are most severely affected by
disease, and they are potentially targets for tissue sampling and for treatment. A
common 3-dimensional imaging method is single-photon emission computed
tomography (SPECT), which generally uses *®™Tc-labeled Technegas as its agent.
SPECT has been used in respiratory research to investigate ventilation and
perfusion, in asthma, chronic obstructive pulmonary disease (COPD) and COVID-19
(1-4). Fusion of SPECT with computed tomography images (SPECT/CT) also allows
correlation of function with structural information. Accurate separation of ventilation
versus non-ventilation requires accurate classification of voxels into presence or
absence of radioactivity. There are several available methods to distinguish
ventilated and non-ventilated lung regions on ventilation SPECT (VSPECT) images.
However, no studies have assessed the accuracy of methods to measure *°™Tc

activity with physical lung phantom models of known volumes with and without *°™Tc.

Distinguishing ventilated from non-ventilated voxel activity requires the use of a cut-
off value to the image data, where voxels below the cut-off become classified as
non-ventilation. This technique is referred to as a threshold method. It is important
for a threshold method to be both accurate and robust, especially for images with
highly variable data. Regarding VSPECT/CT, the image data is indeed often highly

variable due to heterogeneous ventilation in subjects with asthma or COPD (5, 6).
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Poor or absent ventilation results in large proportions of voxels with low activity i.e.,
‘noise’. Conversely, voxels with extraordinarily high activity or ‘hot spots’ could also
be present. These ‘hot spots’ are caused by deposits of Technegas at locations with
uneven ventilation or severe airway narrowing (7). If ventilation and non-ventilation is
to be accurately determined, then ideally the threshold method should be accurate

and robust against non-ventilation and ‘hot spots’.

Traditionally, the presence of ventilation in VSPECT has been determined as an
arbitrary percentage of the maximum activity, using thresholds values that can range
from 10-70% of maximum activity (6, 8, 9). There is no consensus on the most
optimal percentage of maximum activity threshold but Nagao et al. recommended a
threshold no less than 15% of maximum activity (10). However, when the image data
and hence maximum activity is highly variable within subjects, this method will
almost certainly be inaccurate. Because of this problem, Farrow et al. developed a
VSPECT/CT threshold method that was based on the average activity calculated
from all voxels in the ‘middle part’ of the count range (counts between 5% and 80%
of the maximum) (11). They reasoned that a threshold based on a large proportion of
the lung pixels, rather than a single pixel, would be more accurate for heterogeneous
ventilation scans in patients with asthma. Furthermore, they determined that
multiplying that average activity value by 50%, resulted in unbiased measurements
of ventilation volumes, when compared with the ‘gold standard’ lung function

measurements.
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The method of Otsu is also potentially suitable for VSPECT image analysis. It has
been applied to picture segmentation e.g., separating water versus land in aerial
photos or separating foreground objects from the bland background. It is an iterative
statistical method which assumes that the background will be bland or relatively
homogenous, compared with the foreground or object(s) of interest (12). Therefore,
the method finds a threshold that splits the image dataset into two classes,
background and foreground, where intraclass variance is minimal and interclass
variance is maximal. It should be ideal for VSPECT image data, where non-
ventilated lung (which is bland and has low variance), from ventilated lung (which
would have a higher variance). Indeed, Otsu’s method had superior performance in
images with heterogeneous data when compared to other popular automatic
threshold methods (8). The threshold is therefore based on the low, background
count rates, rather than the commonly used percent of maximum count, and can also

be automated.

In addition to these existing threshold methods, a new threshold could also be
developed. Instead of basing the threshold on a variable data point such as the
maximum activity value, which would be particularly sensitive to ‘hot spots’ and
random variation, the method may choose a specific data point on a fitted curve of
activity distribution. This could identify a consistent point across different VSPECT

images regardless of ventilation heterogeneity i.e. random variation.

Our primary aim was to determine the most accurate threshold method for

distinguishing ventilated from non-ventilated lung regions. Therefore, we used lung
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phantom models of known volumes with and without varying concentrations of %°mTc
solution to simulate non-ventilation, ventilation heterogeneity, and ‘hot spots’. Four
threshold methods were used: percent of maximum count, the method of Farrow et
al. (based on ‘middle range’ counts), Otsu’s method (based on low counts), and a
novel method using curve-fitting of the voxel activity distribution. We compared the
accuracy of each threshold method in estimating volumes with and without **™Tc
solution. We had also applied all four threshold methods in COPD patients to
determine whether they produced significantly different measurements of non-

ventilated volume.

2.3 Methods

2.3.1 Lung phantom models

10 lung phantom models were constructed from 10 plastic containers of various
sizes, which ranged from 0.4 to 5.1 L. True volumes of each lung phantom container

were calculated from their measured dimensions.

The lung phantom containers had been tightly packed with foam beads, after which a
premixed °™Tc solution, consisting of water and ®°™Tc eluted in saline, of a set
concentration was poured. The phantom was thus mostly air contained within the
foam beads, which were surrounded by water, thereby approximating the density of
human lungs. 3 different concentrations of %°™Tc solutions were used to simulate

different levels of ®*™Tc activity observed in human studies. 4 lung phantoms had a
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99mT¢ concentration of 0.04 mBg/mL; 3 lung phantoms had a concentration of 0.06

mBg/mL; the remaining 3 lung phantoms had a concentration of 0.08 mBg/mL.

Non-ventilated lung was simulated by inserting 1 — 2 smaller plastic containers,
ranging from 0.07 — 2.5 L in size, into 8 out of the 10 lung phantoms. These had
been filled with foam beads, but the spaces were filled with non-radioactive water,
thus simulating non-ventilated lung regions. The volumes of each lung phantom
container and their non-ventilated container(s) and ®*™Tc concentrations are

displayed in Table 1.

‘Hot spots’ due to high, localised Technegas deposition, were simulated with 7.6 mL
vials, filled with foam beads. They were filled with 0.18, 0.24, or 0.30 mBg/mL
solutions of ®*™Tc which, given their high concentrations compared with the
concentrations that filled the phantoms, would appear as localised ‘hot spots’. These
vials were placed on the exterior of all lung phantoms so that the lung phantoms

could be analysed with and without ‘hot spots’.

The protocol for the preparation of the %°™Tc solutions consisted of the following. On
the day of the scan, 4 doses of ®™Tc, 1 mL in volume, were dispensed from a
molybdenum-99 generator. The radioactivity of the 4 doses were 224, 204, 120, and
60 mBq. Fo the %™Tc¢ solution concentration of 0.04 mBg/mL, the 204 mBq dose was
mixed into a container with 3400 mL of water. For 0.06 mBg/mL, the 120 mBq dose
was mixed into a container with 2000 mL of water. For 0.08 mBg/mL, the 224 mBq

dose was mixed into a container with 2800 mL of water. These solutions were then
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injected into their respective lung phantoms, which already contained ‘non-ventilated’
plastic containers with only water. For the ‘hot spot’ vials, the 60 mBq dose was
initially mixed into a container with 59 mL of water to create a ®*™Tc solution
concentration of 1 mBg/mL. For the 0.18 mBqg/mL vial, 3.2 mL of 1 mBg/mL solution
was mixed into a container with 14.8 mL of water. For the 0.24 mBqg/mL vials, 4.3 mL
of 1 mBg/mL solution was mixed into a container with 13.7 mL of water. For the 0.30
mBg/mL vials, 5.4 mL of 1 mBg/mL solution was mixed into a container with 12.6 mL
of water. These solutions were then injected into their respective ‘hot spot’ vials. The
timing from the initial preparation of the 4 ®*™Tc doses to the final scan was kept
within 5 hours. The varying concentrations and therefore activities of the **™Tc
solutions should not have changed radioactive decay characteristics of the tracer

agent.

The lung phantoms and ‘hot spots’ were set up in 2 different configurations (Figure
1). 4 phantoms had ‘hot spot’ vials attached directly to the exterior (Figure 1A), and
the remaining 6 phantoms were separated from ‘hot spot’ vials (Figure 1B). These 2
configurations simulated the presence of ‘hot spots’ near ventilated and non-
ventilated lung. As shown in Figure 1, the ‘true’ ventilated volume (Ventvol) of the

phantom which contained %°™Tc was thus:
Container volume + ‘hot spot’ vial — volume of internal container(s) with no 9mTc

The ‘true’ non-ventilated volume (Ventnon) was simply the volume of the internal non-

radioactive container(s).
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Table 1: Technetium-99m concentrations and true measurements of total volume,

ventilated volume (Ventval), and non-ventilated volume (Ventnon).

Phantom Total volume (L) Ventvol (L) Ventnon (L) Concentration
lung # (mBg/mL)
1 5.13 4.34 0.79 0.04
2 4.44 2.57 1.79 0.04
3 1.25 1.00 0.25 0.04
4 0.41 0.39 0 0.04
5 5.13 2.66 2.47 0.06
6 1.38 1.38 0 0.06
7 0.66 0.45 0.21 0.06
8 5.13 3.16 1.98 0.08
9 2.86 2.49 0.37 0.08
10 0.93 0.86 0.08 0.08

L = litre; mL = millilitre; mBq = millibecquerel
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Figure 1: Configurations of lung pahntoms with simulated hot spots. Representation
of lung phantom with vials attached to the exterior of the containing simulating ‘hot
spots’ of 0.18 mBg/mL (0.18 HS), 0.24 mBqg/mL (0.24 HS), and 0.30 mBg/mL (0.30

HS) (A). Lung phantom with unattached ‘hot spot’ vials (B).
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2.3.2 COPD participants

23 participants with physician diagnosed COPD (13 men, 10 women) were recruited
from the Department of Respiratory Medicine at Royal North Shore Hospital. The
inclusion criteria were as follows: 18 — 80 years old, physician diagnosed COPD, and
a smoking history of at least 10 pack years. Exclusion criteria were other active or
chronic respiratory diseases, history of lung surgery, history of chronic kidney
disease, significant cardiac disease, intensive care unit admissions in the last 12
months, and significant respiratory infection or documented exacerbation within the
previous 6 weeks. All participants provided written, informed consent. The study was
approved by the local Human Research Ethics Committee (Northern Sydney Local

Health District, RESP/18/198).

For this study, a single visit was required. Prior to attending the visit, participants had
withheld short-acting bronchodilators for 6 hours and LABA and/or LAMA medication

for 24 hours.

2.3.3 VSPECT/CT imaging

VSPECT/CT imaging was conducted at the Department of Nuclear Medicine, Royal
North Shore Hospital, using a Siemens Symbia T16 SPECT/CT system. To acquire
the VSPECT/CT scans from COPD participants, the participants inhaled 500 — 700
mL of Technegas from functional residual capacity (FRC) at approximately 0.5 — 1
L/sec in a seated, upright position. The volume and flow rate of each inhalation was
monitored with a MGC Diagnostics CPFS/D USB spirometer and MGC Breeze Suite
interface (v. 8.6.0.56, MGC Diagnostics Corporation, Saint Paul). Two — four
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inhalations were generally taken to achieve the required radioactivity of
approximately 1.5 — 2.0 kilocounts/s. Approximately 40 mBqg of Technegas was
inhaled. For accurate VSPECT/CT registration, contrast bead markers,
approximately 1 mm in diameter, were attached to the suprasternal notch,

xiphisternum, and 12th ribs.

VSPECT and CT scans were acquired with a 128 x 128 matrix and 512 x 512 matrix
respectively. VSPECT acquisitions employed the same settings used in previous
human studies (11, 13, 14) of 60 stops x2 projections (total 120 projections), 15
seconds per stop, non-circular clockwise orbit and continuous acquisition). Low dose
CT scans were acquired (30 mA, 110 kVp, pitch 1.5, slice thickness 3 mm). The
count rates from each phantom also reproduced the activity seen in our previous
human studies of at least 1.5 kilocounts/s. Four VSPECT/CT scans were needed to
image all 10 lung phantoms. Prior to scanning, the count rate of the lung phantoms

were measured and the scan times were adjusted for 1.8 — 2.0 counts/sec.

2.3.4 Imaging reconstruction and registration

Using 128 slices, VSPECT images were reconstructed with an ordered subset
expectation maximization (OSEM) Siemens Flash 3D algorithm, CT-based
attenuation correction, and a Gaussian filter. CT image reconstruction was
completed with a 512 x 512 matrix and OSEM Siemens Flash 3D algorithm. Both
VSPECT and CT images were converted to Digital Imaging and Communication in

Medicine (DICOM) file format.
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VSPECT scans had initially been registered to CT scans by using the known, fixed
spatial relationship between the VSPECT and CT scanners. However, more
accurate registration was performed using a HERMES (Nuclear Diagnostics,
Stockholm, Sweden) workstation. Due to the disparity of matrix sizes between the
VSPECT and CT images, the smaller 128 x 128 matrix of VSPECT was increased to
512 x 512, while preserving the original counts. Following this, registration of the
lung phantoms was manually performed with HERMES’s Multimodality software
package (Nuclear Diagnostics) by visually confirming the correct alignment of the
edges of the radioactive volumes of the lung phantom, with the edges of the
containers on CT. Therefore, the voxel width and height and slice thickness of the
final VSPECT and CT images were approximately 0.977 mm, 0.977 mm and 3 mm,
respectively. As noted previously, the contrast bead markers were used to aid

registration of the human VSPECT and CT images.

2.3.5 Imaging analyses

All imaging analyses, including the extraction of histogram VSPECT data, was
performed with Fiji (National Institutes of Health, United States of America). Outlines
of the phantom lungs, non-ventilation, and hot spots were manually defined from the
CT images of the containers. From these outlines, a ‘lung mask’ was constructed,
which included the total volume of each ‘lung container’ + external ‘hot spot’ vial. The
volume of the ‘CT derived lung mask’ (Maskct) was calculated as total voxels x
volume per voxel (0.003 mL). The Maskct were then overlain onto the VSPECT

images, and all voxel activity outside the mask were set to 0 (Figure 2).
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Lung outlines from the human CT scans were defined differently. Instead of manual
definition, a region growing algorithm (15), which had been implemented within a
MATLAB script (R2019b, MathWorks, Natick) (16), was used. The script also
produced binarized ‘lung masks’, similar to the lung phantoms. These ‘lung masks’
were then applied to the VSPECT images, setting all voxel activity outside the mask
to 0. VSPECT voxel data within the mask were exported onto Microsoft Excel (2021,

Microsoft, Redmond).
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[C]Non-ventilated
[ Ventilated

Figure 2: Imaging analysis process for lung phantom and hot spot vial. Images were
modified to include the lung phantoms in 2 different hot spot configurations for visual
purposes. (A) Computed tomography (CT) image of two lung phantoms and ‘hot
spots’, arranged in two different configurations, with red arrows that indicate lung
phantom and ‘hot spot’ selected for analysis; (B) single-photon emission computed
tomography (SPECT) image of the same lung phantoms and ‘hot spots’; (C)
SPECT/CT fusion image with no CT mask applied; (D) CT masks of the selected
lung phantom and ‘hot spot’; (E) SPECT/CT fusion image with CT mask applied; (F)
threshold applied to selected lung phantom and ‘hot spot’ vial. 0.24 HS = 0.24

mBg/mL ‘hot spot’ vial.
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We calculated thresholds using 4 different methods to measure Ventvo and Ventnon.

1) “Thr_15%Max” threshold: The maximum count of the remaining voxels was
determined and then multiplied by 15%. All voxels with values = Thr_15%Max

threshold were determined to contain ®°*™Tc activity.

2) “Thr_50%Means.g0” threshold was calculated by the method of Farrow et al (11).
The weighted average intensity of all voxels between 5 — 80% of the maximum was
calculated. The threshold was determined as the average multiplied by 50%. All
voxels with values = Thr_50%Means-so threshold were determined as ventilated

volume.

3) The “Thr_Otsu” threshold was calculated by the method of Otsu (12), using the
threshold tool on Fiji. However, unlike other threshold methods, Thr_Otsu included
the voxels with 0 activity outside of the lung phantom in its algorithm. The Fiji
threshold tool cannot exclude voxel data. All voxels with values = Thr_Otsu threshold

were determined to contain %MTc activity.

4) The curve-fitting threshold, “Thr_Slope”, was calculated by first obtaining the
frequency for each voxel activity in the SPECT image. This was then followed by
calculating the cumulative voxel frequency for each voxel activity, starting with the
lowest activity, and this was expressed as a percentage of total voxel frequency. For
example, voxels with an activity of 35 or lower and 80 or lower would constitute 60%

and 90% of the total voxel frequency of a lung phantom, respectively. The
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cumulative frequency was then plotted against voxel activity (Figure 3). From this
plot, slopes of straight lines (cumulative frequency/voxel activity) between every
sequential pair of data points = 90% cumulative frequency (approximating the upper
plateau) were calculated using the equation: slope = (y2 — y1)/(x2 — x1). A specific
slope cut-off value was then selected. The initial voxel activity (‘x2”in the slope
equation) corresponding to a slope < cut-off value was referred to as the ‘slope
point’. The voxel activity at ‘slope point’ was then multiplied by a fixed percentage to
obtain the threshold voxel activity. All voxels with values = threshold voxel activity
were determined to contain %™Tc activity. To develop the most accurate version of
Thr_Slope, a sensitivity analysis was conducted on slope cut-off values, which
ranged from 0.001 — 1.000, and percentages of the ‘slope point’, ranging from 20 —
40%. The values that produced the most accurate measurements of Ventvo and
Ventnon compared to their corresponding true measurements from all lung phantoms,
including ‘hot spots’ (Table 1) were used for Thr_Slope when it was assessed and
compared to the previously noted threshold methods. The same ‘slope point’ and %

of ‘slope point’ values would then be used for the human VSPECT/CT scans.

Threshold measured Ventvol was calculated by multiplying the number of voxels = the
threshold x volume/voxel (0.003 mL). Conversely, threshold measured Ventnon was
calculated by multiplying the number of voxels < the threshold x volume/voxel (0.003

mL).
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Figure 3: Voxel frequency — activity histogram from a masked lung phantom with no
hot spot (A), and plot of cumulative frequency — activity from the same lung phantom
with curve fitting threshold method (B). (B) This plot is an example of the curve-fitting
threshold method that multiplied the ‘slope point’ voxel activity with < 0.010 slope by
30%. The unit of a threshold is voxel activity. In this lung phantom, the threshold was
45 voxel activity, and it corresponded to 34% cumulative frequency. Different slope
points and percentages were assessed to determine the most ideal threshold

method; Vent = ventilated activity; Non-vent = non-ventilated activity.
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2.3.6 Statistical analyses

GraphPad Prism version 10.0.2 was used to analyse data and generate graphs,
except when assessing strength of agreement between true and threshold calculated
Ventvol and Ventnon. This was done by calculating Lin’s concordance correlation
coefficient (pc) (17) on IBM SPSS Statistics 27. The pc syntax for SPSS had been

sourced from Nass et al. (18). The equation for pc was:

2p0ox0y

Pc =
0% + 0% + (ux — Wy)

e pc= Lin’s concordance correlation coefficient

e p = Pearson’s correlation coefficient

e Ox, Oy = standard deviation of methods X’ (threshold method) and ‘y’ (true
measuements)

e 0%, 0% = variances of methods ‘X’ and ‘y’

e Ux, My = means of methods X’ and ‘y’

To summarise, pc is a measurement of the agreement between two sets of variables,
typically between a ‘gold standard’ method and a ‘new’ method, and it evaluates how
closely the variables from the new method cluster around a theoretical ‘perfect’ 45°
line of concordance with the ‘gold standard’ method. In this study, the ‘gold standard’
were the true Ventvorand Ventnon measurements as measured from the lung
phantoms (Table 1), and the new methods were Ventvo and Ventnon as measured by
the threshold methods. A perfect agreement between the true and threshold
measurements will produce pc= 1. As recommended by McBride, the strength of
agreement for pc was determined as follows: < 0.90 indicated poor strength, 0.90 —
0.95 indicated moderate strength, 0.95 — 0.99 indicated substantial strength, and >

0.99 indicated near perfect strength (19). This form of agreement analysis was

101



performed to confirm the optimal values of ‘slope point’ and % of ‘slope point’ for
Thr_Slope with lung phantom Ventvol and Ventnon measurements. Additionally, the pc
of the three other threshold methods were also calculated. The same values were
used in human VSPECT/CT scans. Furthermore, the accuracy of the four threshold

methods were also assessed with pc.

The errors in volume measurements of Maskct, Ventvo, and Ventnon were also
assessed using methods of Bland-Altman. The effect of ‘hot spots’ on threshold
values was examined using either repeat measures one-way ANOVA for parametric
variables or Friedman test for nonparametric variables, with post-hoc Dunnett’s
multiple comparisons test for both. Friedman’s tests compared Ventnon
measurements from human participant VSPECT/CT scans. Data are presented as

mean * SD unless otherwise stated. Statistical significance was p-value < 0.05.
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2.4 Results

2.4.1 Validation of parameters for curve-fitting threshold method

To determine the optimal curve-fitting parameters for the slope threshold method we
compared the pc between the true measurements of Ventvo and Ventnon and
Thr_Slope measured Ventvo and Ventnon using different values for the curve fitting
parameters (Tables 2 and 3). Compared to other slope values, using the slope value
of 0.010 for ‘slope point’ possessed the greatest strengths of agreement, with near-
perfect strength for Ventvo (pc = 0.997) and substantial strength for Ventnon (pc =
0.988). Furthermore, multiplying the 0.010 ‘slope point’ by 30% produced the most

accurate Ventvo and Ventnon measurements.
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Table 2: Strengths of agreement analysis for 30% of slope 0.001 — 1.000

measurements of ventilated (Ventvol) and non-ventilated volume (Ventnon).

Ventvol (L) Ventnon (L)
30% of Slope 0.001 0.984 0.967
30% of Slope 0.010 0.997 0.988
30% of Slope 0.100 0.994 0.978
30% of Slope 1.000 0.978 0.927

Data presented as Lin’s concordance correlation coefficient, with the strongest

coefficients in bold.

Table 3: Strengths of agreement analysis for 20 — 40% of slope 0.010

measurements of ventilated (Ventvo) and non-ventilated volume (Ventnon).

Ventyo (L) Ventyon (L)
20% of Slope 0.010 0.953 0.837
25% of Slope 0.010 0.984 0.987
30% of Slope 0.010 0.997 0.988
35% of Slope 0.010 0.994 0.987
40% of Slope 0.010 0.970 0.955

Data presented as Lin’s concordance correlation coefficient, with the strongest

coefficients in bold.
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2.4.2 CT and true volume comparison

The mean difference between Maskct and true total volumes of the lung phantom
containers and ‘hot spot’ vials was -0.001 + 0.06 L (Figure 4). No significant size

dependent error was detected (p = 0.06).
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Figure 4: Bland-Altman plot of true and computed tomography mask (Maskcr)
measurements of lung phantoms and ‘hot spot’ vials volumes, expressed in litres (L).
Data plotted as true volumes minus Maskct volumes versus true volumes. Mean
difference and 95% limits of agreement are displayed in dotted lines. No significant

size dependent error was found (p-value = 0.06).
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2.4.3 Comparison of accuracy of threshold methods for measuring ventilated

and non-ventilated volumes

The pc between true and threshold measured Ventvol and Ventnon are displayed in
Figures 5 and 6, respectively. For Ventvo, Thr_15%Max had poor strength of
agreement (pc = 0.874), both Thr_50%Means-so and Thr_Otsu had substantial
strength of agreement (pc = 0.969 and 0.994, respectively), and Thr_Slope had near
perfect strength of agreement (pc = 0.997). For Ventnon, both Thr_15% and
Thr_50%Means-so possessed poor strength of agreement (pc = 0.774 and 0.897,
respectively), while Thr_Otsu and Thr_Slope had substantial strength of agreement
(pc = 0.980 and 0.988 respectively). Overall, Thr_Slope provided the most accurate

measurements for Ventvo and Ventnon.
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Figure 5: Relationships and Lin’s concordance correlation coefficients (pc) between
true and threshold measurements of ventilated volume (Ventvol), expressed in litres
(L). (A) 15% of maximum threshold method (15%Max); (B) 50% of the mean activity
of 5 — 80% of maximum activity threshold method (50%Means-so); (C) Otsu’s method
(Otsu); (D) Slope threshold method (Slope). pc = Lin’s concordance correlation
coefficient; No HS = no ‘hot spot’ included in analysis; 0.18 HS = 0.18 mBg/mL ‘hot
spot’ vial included in analysis; 0.24 HS = 0.24 mBg/mL ‘hot spot’ vial included in

analysis; 0.30 HS = 0.30 mBg/mL ‘hot spot’ vial included in analysis.
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Figure 6: Relationships between true and threshold measurements of non-ventilated
volume (Ventnon), expressed in litres (L). (A) 15% of maximum threshold method
(15%Max); (B) 50% of the mean activity of 5 — 80% of maximum activity threshold
method (50%Means-go); (C) Otsu’s method (Otsu); (D) Slope threshold method
(Slope). pc = Lin’s concordance correlation coefficient; No HS = no ‘hot spot’
included in analysis; 0.18 HS = 0.18 mBg/mL ‘hot spot’ vial included in analysis; 0.24

HS = 0.24 mBqg/mL ‘hot spot’ vial included in analysis; 0.30 HS = 0.30 mBg/mL ‘hot

spot’ vial included in analysis.
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2.4 .4 Effect of non-ventilation on threshold methods

Bland-Altman plots of the differences between true and threshold measurements of
Ventnon are shown in Figure 7. The mean difference + SD between true Ventnon and
Thr_15M, Thr_50%Means-so, Thr_Otsu, and Thr_Slope Ventnon were -0.196 £ 0.653,
0.160 + 0.316, -0.006 + 0.168, 0.02 + 0.129, respectively. Aside from Thr_15M (p =
0.96), significant size dependent errors were found in the other 3 threshold methods.
Specifically, larger non-ventilated containers had been underestimated by
Thr_50%Means-so, Thr_Otsu, and Thr_Slope. According to the linear regression
slopes for these 3 threshold methods, Thr_50%Means.so was most affected by true

Ventnon volume (m = 0.319) and Thr_Slope was the least affected (m = 0.094).
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Figure 7: Bland-Altman plots of non-ventilated volume measurements from true and

threshold methods. Data plotted as true minus threshold measured non-ventilated,

expressed as absolute difference versus true non-ventilated volume. Mean

difference and 95% limits of agreement shown in dotted lines. (A) 15% of maximum

activity threshold method (15%Max); (B) 50% of the mean activity between 5-80% of

maximum activity threshold method (50%Means.so); (C) Otsu’s method (Otsu); (D)

slope threshold method. Significant size dependent errors were found for 50%Means.

8o (p < 0.0001), Otsu (p < 0.0001), and Slope (p < 0.0001), but not for 15%Max (p =

0.96).
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2.4.5 Effect of ‘hot spots’ on thresholds

The threshold cut-off values from all methods are displayed in Figure 8. For
Thr_15%Max, the thresholds for lung phantoms with a 0.24 mBg/mL or a 0.30
mBg/mL ‘hot spot’ vial were significantly increased (p = 0.0097 and < 0.0001,
respectively) from the thresholds calculated from the lung phantoms with no ‘hot
spot’ vials. Thr_50%Means-go’s thresholds for lung phantoms with either a 0.18
mBg/mL or a 0.30 mBg/mL ‘hot spot’ vial were significantly increased (p = 0.0097
and < 0.0001, respectively) from the method’s thresholds for the lung phantoms with
no ‘hot spot’ vials. Thr_Otsu had calculated significantly increased threshold cut-off
values for lung phantoms with a 0.30 mBg/mL ‘hot spot’ vial from lung phantoms with
no ‘hot spot’ vials (p = 0.03). When using Thr_Slope, ‘hot spot’ vials had no

significant effect on threshold cut-off values (p = 0.34).

112



A: 15%Max

*kkkk

B: 50%Means_gg

150 %k %k 150
[ N ] sk
T 100 © g0 e, T 100+ |
9] o *
5 5 —
@ oo s ® e
= ® £ =] ] ] u
i~ 50 ole ° = 50+ = _ﬁ.
¥l 8 e
0 T T T T 0 I 1 1 1
NoHS 0.18HS 0.24 HS 0.30HS NoHS 0.18HS 0.24 HS 0.30 HS
C: Otsu D: Slope

150 150
T 100 B 100+
[=] * <]
= £
] [ 1 n
E \ A A A E
E 50 Agfﬁﬁﬁ&g% g‘_:l E 50 0mrd Cmm® Omm® Sgext

A A A
0 0

(].18I HS 0.24I HS 0.30I HS NoIHS ().18I HS 0.241 HS 0.3[‘.|| HS
Figure 8: Threshold cut-off values in lung phantoms with no hot spots (No HS), with
a 0.18 mBg/mL *"Tc ‘hot spot’ vial (0.18 HS), 0.24 mBg/mL °*™Tc ‘hot spot’ vial
(0.24 HS), and 0.30 mBg/mL °¥™Tc ‘hot spot’ vial (0.30 HS) calculated by different
threshold methods. (A) Threshold cut-off values as calculated by 15% of maximum
threshold method (15%Max); (B) threshold cut-off values as calculated by 50% of the
mean activity between 5-80% of maximum activity threshold method (50%Means.-go);
(C) threshold cut-off values as calculated by Otsu’s method (Otsu); (D) threshold cut-
off values as calculated by slope threshold method (Slope). Comparisons of
threshold cut-off values for 15%Max were carried out with Friedman’s test. For the
other threshold methods, RM one-way ANOVA was used for comparisons of

threshold cut-off values. Post-hoc analysis for all threshold methods was done with

Dunnett’s multiple comparisons test. *p < 0.05; ** p < 0.01; **** p < 0.0001.
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2.4.6 Applying thresholds in human lungs

For all threshold methods, the same steps used in the lung phantoms were taken
(Figures 9). Thus, the ‘slope point’ and % of ‘slope point’ for Thr_Slope were 0.01
and 30%, respectively For Thr_Slope, voxel frequency — activity histograms and
cumulative frequency — activity plots with corresponding ‘slope points’ and thresholds
for four lung phantoms (two with and two without hotspots) and four COPD
participants are shown in Figures 10 and 11, respectively. Ventnon for human
VSPECT/CT scans was expressed as a % of total CT lung volume. Although lung
phantoms with ‘hot spots’ possessed a longer tail at the end of the cumulative
frequency — activity plot than lung phantoms without ‘hot spots’, the ‘slope points’
were unaffected. The varying volumes of Ventvo/Ventnon volumes in the lung
phantoms also seemed to have minimal effect on the ‘slope points’. These two
observations in the lung phantoms can also be seen in the human cumulative
frequency — activity plots as well. Not only were the human plots similar in shape to

the lung phantoms, the ‘slope points’ and thresholds appeared to be little affected.

The mean = SD Ventnon as measured with Thr_Slope, Thr_Otsu, Thr_Means.so, and
Thr_15%Max were 49.29 + 21.14, 39.27 + 19.37, 31.00 + 15.97, and 37.14 + 26.06,
respectively (Figure 12). There were significant differences in Ventnon as measured
with Thr_Slope compared to all other threshold methods (p = 0.0097, < 0.0001, <
0.0001 for Thr_Otsu, Thr_50%Means, and Thr_15%Max, respectively). Thr_Otsu
produced significantly different Ventnon measurements from Thr_Means-so (p =
0.0097) but not from Thr_15%Max. Ventnon measurements between Thr_Means-so

and Thr_15%Max were not significantly different.
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Figure 9: Masked single-photon emission tomography (SPECT)/computed
tomography (CT) scan of a 59-year-old COPD participant with no applied threshold
(A) and applied thresholds (B — E). Technegas activity is shown by the colour scale
from dark blue (lowest activity) to red (highest activity). Non-ventilation is
represented by the colour black; (B) SPECT/CT image with threshold calculated by
15% of maximum activity threshold method (15%Max); (C) SPECT/CT image with
threshold calculated by 50% of the mean activity between 5-80% of maximum
activity threshold method (50%Means-so0); (D) SPECT/CT image with threshold
calculated by Otsu’s method (Otsu); (E) SPECT/CT image with threshold calculated

by slope threshold method (Slope).
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Figure 10: Voxel frequency — activity histograms from two lung phantoms without

hot spots (A, C) and two lung phantoms with hot spots (E, G) and their respective

cumulative frequency — activity plots (no hot spots: B, D; with hot spots: F, H). Both

the ‘slope points’ and the thresholds, which was obtained by multiplying the voxel
activity at the ‘slope point’ by 30%, are displayed on the cumulative frequency —

activity plots. Vent = ventilated activity; Non-vent = non-ventilated activity.
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Figure 11: Voxel frequency — activity histograms from four COPD participants (A, C,
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‘slope points’ and the thresholds, which was obtained by multiplying the voxel activity
at the ‘slope point’ by 30%, are displayed on the cumulative frequency — activity

plots. Vent = ventilated activity; Non-vent = non-ventilated activity.
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Figure 12: Non-ventilated volume (Ventnon) as measured with slope threshold
method (Thr_Slope), Otsu’s method (Thr_Otsu), 50% of the mean activity between
5-80% of maximum activity threshold method (Thr_50%Means.so0), and 15% of
maximum threshold method (Thr_15%Max). Comparisons of Ventnon between
threshold methods were carried out with Friedman’s test. Post-hoc analysis was

done with Dunnett’s multiple comparisons test. ** p < 0.01; **** p < 0.0001.
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2.5 Discussion

We are the first study to address the need for accurately defined volumes with and
without ®*MTc in SPECT by assessing 4 different threshold methods in physical lung
phantoms. A novel analysis method utilising the slope of the cumulative frequency
graph (Thr_Slope) was the most accurate method for measuring Ventvo and Ventnon,
with the highest pc values and strongest strengths of agreement, which were near-
perfect for Ventvol and substantial for Ventnon. In contrast, defining ventilation based
on a standard threshold of 15% of maximal intensity (Thr_15%) performed the worst
with poor strength of agreement for both Ventvo and Ventnon. All threshold methods,
excluding Thr_15%Max, significantly underestimated Ventnon in lung phantoms with
larger non-ventilated containers. However, out of these 3 methods, Thr_50%Means.
8o was the most affected by true Ventnon and Thr_Slope was the least affected. It was
also observed that Thr_15%Max, Thr_50%Means.so0, and Thr_Otsu had been
significantly affected by ‘hot spots’, leading to significant increases in threshold cut-

off values. Only Thr_Slope remained unaffected by 'hot spots’.

2.5.1 15% of maximum activity value threshold method

As noted previously, Thr_15%Max produced the most inaccurate measurements in
this study. These results are generalisable to other percentage values (e.g. 5%,
20%, etc...) since any “fixed” percentage of a maximum activity value would still be

susceptible to ‘hot spots’.
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Although the ®*™Tc concentrations of the lung phantoms and ‘hot spot’ vials were
controlled, the maximum activity value was nonetheless unpredictable and
inconsistent. Various issues such as photon scatter from nearby ‘hot spot’ vials and
other lung phantoms and the heterogeneous deposition of ®*™Tc¢ solution in the foam
beads meant that the maximum activity value was highly variable. Consequently,
Thr_15%Max measurements of both Ventvo and Ventnon were also variable, even in
ideal conditions when ‘hot spots’ were excluded for analysis. Furthermore, as the
threshold cut-off value was dictated solely by the maximum activity value,
Thr_15%Max calculated significantly increased threshold cut-off values in lung
phantoms with ‘hot spots’ vials. This method’s overall poor accuracy, high variability,

and susceptibility to ‘hot spots’ explains why no size dependent error was found.

In human VSPECT imaging, ‘hot spots’ from airway narrowing or uneven ventilation
and variable activities from heterogeneous %*"Tc deposition are common in disease
such as asthma and COPD (5, 20). Naturally, the same issues responsible for poor
accuracy and high variability for Thr_15%Max in this study would then be present in
human scans as well. Indeed, difficulties with this method and other percentage
values in human VSPECT studies have been reported. The same percentage of
maximum activity threshold method that appeared to be suitable for one COPD study
(6, 9) was observed by the authors to poorly delineate ventilated activity in a different
COPD study (10). Lee et al. had similarly determined that a “fixed” percentage of
maximum activity threshold used across different VSPECT images is unlikely to be

viable for imaging analysis (21).
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2.5.2 50% of the mean of 5 —80% of maximum activity value threshold method

Instead of the traditional percentage of maximum activity threshold method, several
studies have defined non-ventilated lung regions by multiplying the mean of 5 — 80%
of the maximum activity value by 50% (1, 11, 14). This study has found two critical
flaws to Thr_50%Means-so, which were poor accuracy for measurements of Ventnon

and susceptibility to ‘hot spots’.

The inaccuracies in estimated Ventnon appears to arise from the abrupt
underestimation of Ventnon in lung phantoms with = 1.8 L true Ventnon (Figure 6B).
The reason behind this phenomenon was the method’s use of the average activity
value to determine its threshold cut-off value. Greater proportions of voxels with low
activity i.e., “noise” from large non-ventilated containers reduced the lung phantoms’
average activity and consequently the threshold cut-off value. A low threshold cut-off
value would incorrectly classify non-ventilated image data as Ventvo and
underestimate Ventnon. If the mean activity between 5 — 80% of maximum activity
was multiplied by a higher percentage than 50%, the threshold cut-off values would
increase. Although this may produce more accurate Ventnon measurements in lung
phantoms with large non-ventilated containers, the high threshold cut-off values
would then result in poorer accuracy in lung phantoms with smaller non-ventilated
containers i.e., larger average activities. Thus, both Thr_15%Max and
Thr_50%Means-so share a common issue: multiplying an inconsistent value with a

fixed percentage.
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Farrow et al. (11) opted to rely on the average activity value with the reasoning that
its threshold cut-off value should be based on voxel activities with the largest
proportion instead of smaller ‘hot spots’. Theoretically, the threshold cut-off value
would be representative of overall activity and robust against ‘hot spots’ that are
common to diseases such as asthma (20). However, our study found that
Thr_50%Means.so was nonetheless susceptible to ‘hot spots’. It calculated
significantly increased threshold cut-off values in lung phantoms with a 0.18 mBg/mL
and 0.30 mBqg/mL ‘hot spot’ vial. This occurred because the range of activity when
calculating the mean, in this case 5 — 80% of maximum activity, was still determined
by the ‘hot spot’. As the ‘hot spots’ introduced larger maximum activities, the voxels
within 5 — 80% of the maximum activity also changed, significantly increasing the

threshold cut-off values.

Both flaws make Thr_50%Means.so unsuitable for VSPECT imaging analysis,
particularly in diseases with poor or heterogeneous ventilation (22-24). In subjects
with severe COPD, asthma, or lung cancer (25, 26), greater proportions of image
noise from poorly ventilated lung regions would result in low threshold cut-off values
and inaccurately defined non-ventilation. And like Thr_15%Max, the presence of ‘hot

spots’ in human VSPECT scans can also affect the method’s accuracy.
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2.5.3 Otsu’s method

Thr_Otsu iteratively selects the threshold cut-off value with the greatest interclass
variance between two classes of image data, which were non-ventilated and
ventilated activity in our study. The reasoning behind this approach is that one class
would generally be blander or more homogeneous and consequently distinct than
the other. We find that Thr_Otsu to be superior at accurately measuring Ventvo and
Ventnon than existing SPECT threshold methods, Thr_15%Max and Thr_50%Means.

80.

The overall good performance of Thr_Otsu aligns with the findings from other
threshold evaluation studies, which attest its high accuracy when measuring shape
and uniformity in pictures (8, 27). However, Thr_Otsu relies on homogeneous
backgrounds with a distinctly different foreground, meaning that this threshold
method is particularly susceptible to heterogeneous backgrounds which cause a loss
of the bimodal activity — frequency histogram (28). In images with non-bimodal
distributions, Xu et al. observed that the threshold cut-off value for Thr_Otsu were
biased towards the class with the larger variance (29). Therefore, increased
background heterogeneity would reduce the threshold cut-off value from the optimal
value, whereas a highly heterogeneous foreground would increase the threshold cut-
off from the optimal value. Consistent with this, we report that the Otsu method the
threshold cut-off values for lung phantoms with a 0.30 mBg/mL ‘hot spot’ vial were

significantly increased (Figure 9C).
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Nonetheless, Thr_Otsu managed to provide Ventvo and Ventnon measurements with
substantial strengths of agreement, and it was also more robust against ‘hot spots’
than either Thr_15%Max and Thr_50%Means.so. Unlike Thr_50%Means-so, the
accuracy of Thr_Otsu was unaffected by the presence and volume of Ventnon. This
surprisingly accurate and robust performance of Thr_Otsu, despite its sensitivity to
heterogeneity, is explained by how Fiji performs thresholding on default settings. As
opposed to all other threshold methods in this study, which exclusively analysed the
voxel data within the Maskcr of the lung phantoms, Thr_Otsu included all the voxels
with 0 activity outside of the Maskcr in its algorithm. This ensured an ideal
homogenous background with generally consistent variance for all lung phantoms,
and thus, at least one class of activity possessed minimal intra-class variance. For
ventilated activity, the small voxel frequencies of ‘hot spot’ vials meant that variance
did not significantly increase until the activities of the 0.30 mBg/mL ‘hot spot’ vial was
included. With multiple ‘hot spots’ or in potential lung phantom designs with greater
image heterogeneity, which creates increased intra-class variance for Ventvol, it is
likely that the accuracy of Thr_Otsu will be further affected by the greater variance of

the Ventvol class.

Unlike the other threshold methods in this study, Thr_Otsu is substantially more
difficult to modify. We had used the base version of Thr_Otsu, which is readily
available as one of the default threshold options in Fiji. Modifying this method’s
iterative thresholding that selects for maximum between-class variance through
custom coding Fiji was beyond the scope of this study. However, like Thr_Slope, it is
possible that with a more accurate and robust version of Thr_Otsu may be
developed with if its iterative algorithm was optimised with sensitivity analysis.
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Compared to existing VSPECT threshold methods, Thr_Otsu should undoubtedly be
more accurate for human VSPECT imaging analysis, provided the algorithm
replicates the default settings in Fiji. If the background outside of the lung borders is
included for Thr_Otsu, this method is far less sensitive to noise and ‘hot spots’ that

are common to diseased lungs.

2.5.4 Curve-fitting threshold method

Using the cumulative frequency — activity plot, Thr_Slope identified the ‘slope point’,
which was the initial activity value = 90% cumulative frequency with a specific slope
cut-off value (cumulative frequency/voxel activity), and then multiplied it with a fixed
percentage. We assessed different parameters for both the ‘slope point’ and
percentage of ‘slope point’ with lung phantoms and confirmed the optimal values

were a 0.010 slope and 30%, respectively.

Our results show Thr_Slope to be more accurate and robust at measuring Ventvol
and Ventnon than all other threshold methods in this study. It was the only method
that had a near perfect strength of agreement for Ventvo.. Furthermore, the threshold
cut-off values remained uniquely unaffected when ‘hot spots’ vials were included for
analysis. This can be primarily attributed to the identification of the ‘slope point’ as
the basis for its threshold. Unlike maximum or average activity and class variance,
which are susceptible to substantial changes from varying amounts of Ventvo or ‘hot
spots’ presence, the presence of a flat ‘tail’, with varying lengths, and its relative
position on the cumulative frequency — activity plot remained consistent in both lung

phantoms and human VSPECT/CT scans. All images, regardless of ‘hot spots’
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presence or Ventvo or Ventnon volumes, possessed a ‘tail’, in which voxel activity
was very high and voxel frequency was very low. In a completely ‘ventilated’ lung
phantom without ‘hot spots’, the onset of this tail (i.e. ‘slope point’) can be thought of
as a precise border between the upper end of ‘ventilated’ activity, hence the minimal
frequency, and the beginning of any ‘hot spot’ activity. Once ‘hot spots’ were
included for analysis, the voxel activity of the ‘slope point’ did not significantly shift
but the length of the tail increased instead due to larger voxel activities but still
relatively minor voxel frequencies. Ventnon volume also failed to affect the ‘slope
point’. This was expected as theoretically the upper end of ventilated activity has no

relationship to the presence and volume of non-ventilated activity or noise.

The primary benefit of utilising sensitivity analysis with pc was that it located the
‘slope point’ voxel activity on the cumulative frequency — activity plot that best
aligned with the theoretical border between ‘ventilated’ and ‘hot spot’ activities. If the
slope or ratio of vertical change was too high (e.g. 1.00), the ‘slope point’ preceded
the onset of the tail, being instead placed within the upper end of ‘ventilated’ activity.
Conversely, if the slope was too low (e.g. 0.001), the ‘slope point’ succeeded the
onset of the tail as it was shifted towards ‘hot spot’ activity. The former had likely
made the threshold sensitive to the heterogeneity of ventilated activity, and the latter
was consequently sensitive to ‘hot spots’. Performing sensitivity analysis with either
Thr_15%Max or Thr_50%Means.go is unlikely to have resolved their accuracy issues.
Maximum or mean voxel activities are inherently sensitive to ‘hot spots’ and
‘ventilated’ activity, respectively. Therefore, altering the percentages of maximum or

mean values cannot desensitise either of these values to heterogeneity.
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Regarding human VSPECT imaging analysis, the primary concern for accurate
thresholds is data heterogeneity from issues such as poor ventilation or ‘hot spots’.
As Thr_Slope is both highly accurate and insensitive to heterogeneity, even more so
than Thr_Otsu in lung phantoms, it should be the ideal threshold method for
analysing human VSPECT images. However, as Thr_Slope was optimised with only
10 lung phantoms that do not simulate the full spectrum of image heterogeneity
found in human VSPECT/CT scans, it is possible that the most accurate ‘slope point’
and % of ‘slope point’ values for human scans are different to 0.010 slope and 30%,
respectively. This can be explored in future studies with more complex lung phantom

designs with greater image heterogeneity.

2.5.5 Threshold methods in human scans

Although we did not have a gold standard measure of true Ventnon in human
VSPECT/CT images, there were some similar findings with the results from our lung
phantoms. We observed no difficulties when applying Thr_Slope on human VSPECT
images. Thr_Slope produced significantly different estimations of Ventnon from all
other threshold methods. Like the lung phantoms, Thr_50%Means-so produced the
smallest estimations of Ventnon, which was expected as COPD participants tended to
possess large lung regions of low activity voxels. Furthermore, Thr_Otsu calculated
a significantly smaller Ventnon than Thr_Slope. This was consistent with the lung
phantom results since Thr_Otsu was susceptible to increased noise and voxel

activity heterogeneity.
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2.5.6 Size dependent errors in threshold methods

Thr_50%Means.so, Thr_Otsu, and Thr_Slope, had a size dependent error when
measuring Ventnon (Figure 7). Thr_15%Max did not possess a size dependent error,
but this was attributable to its very poor accuracy. The existence of the size
dependent errors in threshold measurements of Ventnon can arise from two factors.
One is a threshold method’s sensitivity to increased proportions of low activity
voxels, such as Thr_50%Means-so. The second factor is photon scatter. True Ventnon
of the non-ventilated contained included their exterior dimensions, such as the lid,
handles, and outer plastic surface. However, photon scatter from the ventilated lung
phantom and ‘hot spots’ resulted in ventilated activity around and within the thin 2
mm plastic exterior of the non-ventilated containers in the SPECT image. Therefore,
SPECT images would appear to have “eroded” regions of non-ventilation and
“dilated” ventilated regions when compared to CT images. Discrepancies between
true Ventnon and SPECT Ventnon would increase in lung phantoms with larger non-
ventilated containers. Since scatter is inherent to SPECT imaging, this error could
not be completely remedied with a threshold method. But the size dependent error
can be reduced in threshold methods that are less sensitive if not wholly insensitive
to noise. In this study, we found Thr_Slope to have the smallest size dependent

error.

2.5.7 Limitations

The primary limitation for this study was the design of the lung phantoms
themselves. Our study opted for a conventional design by using plastic containers

and polystyrene foam beads that were mixed with ®*™Tc solution. However, foam
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beads have a higher density than either healthy or diseased lungs. Alternative lung
phantom designs such as expanding polyurethane foam can better replicate healthy
and diseased lung densities (30, 31). Another limitation related to the simple
simulation of non-ventilation. For this study, the containers without any *™Tc solution
acted as a broad surrogate for non-ventilated lung regions. However, in human
lungs, poorly ventilated regions may still contain albeit markedly reduced depositions
of 99MTc. Furthermore, as the lung phantoms were simply static containers of **™Tc
solution, the effects of tidal breathing on motion blurring and regional ventilation on

99mTc delivery and deposition could not be replicated in this study.

Due to the labour-intensive process of preparing the ®®™Tc solutions and the lung
phantoms, the time between the initial generation of the ®Tc doses and the final
scan was approximately 5 hours. As the half-life for %°mTc is approximately 6 hours,
there must have been substantial reduction in radioactivity, and the timing was not
controlled. Compared to human VSPECT imaging, the time from Technegas
generation to the scan was generally 15 minutes, and during inhalation, Technegas
radioactivity was approximately 40 mBq. Whilst scan time for the lung phantoms was
adjusted for 1.8 — 2.0 kilocounts/s, similar to human VSPECT/CT scanning, the
substantial differences between human and lung phantom imaging in radioactivity at
the time of scanning and the time from %°™Tc generation to scanning were limitations
in this study. It is possible that newer lung phantom designs that make use of
expanding polyurethane foam may be prepared faster than conventional lung
phantom designs, but this will need to be assessed. Another method for future lung

phantom studies would be to dedicate only one or two lung phantoms for one scan
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date. This should reduce the time between %™Tc generation and scanning to a

minimum.

There was also another limitation related to lung phantom design, particularly the
placement of the ‘hot spot’ vials. For convenience, all the ‘hot spot’ vials were all
external to the lung phantoms (Figure 1). This allowed us to analyse the lung
phantoms with and without direct ‘hot spot’ activity. However, this does not simulate
human VSPECT/CT images as accurately as lung phantom designs with interior ‘hot
spot’ vials. Interior ‘hot spot’ vials would have likely produced greater image
heterogeneity, particularly from photon scatter contained entirely within the lung
phantom mask, than external vials that emitted only partial photon scatter. Another
limitation with the ‘hot spot’ vials were their unrealistic identical volumes. Larger ‘hot
spots’ that introduce greater image heterogeneity and greater frequency of voxels
with high activity were also not simulated. Finally, multiple ‘hot spots’ vials nor
multiple lung phantom containers with varying ®™Tc concentrations were not
analysed in this study. Both should again introduce greater image heterogeneity and
better simulate some human VSPECT/CT images. It is unknown how exactly greater
image heterogeneity under these conditions would affect the threshold methods. We
may presume that the accuracy issues with Thr_15%Max and Thr_50%Means.so
would be exacerbated. Thr_Otsu should also be theoretically affected by greater
image heterogeneity, as the method relies on the homogeneity of one class and
distinct differences between the ventilated and non-ventilated classes of voxel
activity. Future studies may explore how the ‘curve-fitting’ method may perform with

more realistically simulated and more heterogenous lung phantoms.
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2.5.8 Conclusion

In conclusion, current VSPECT/CT threshold methods such as Thr_15%Max or
Thr_50%Means.so are demonstrably inadequate at classifying ventilated and non-
ventilated volume in heterogeneously ventilated lungs. A new alternative method,
Thr_Slope, can provide very accurate measurements, and it is generally robust
against data heterogeneity in VSPECT/CT. This makes the novel threshold method
developed in this study as an ideal analysis method for human VSPECT/CT imaging,

particularly in patients with heterogenous ventilation.
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Chapter 3 — Relationships between non-ventilated
volume and ‘hot spots' from Single Photon Emission
Computed Tomography imaging and baseline lung

function in COPD
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3.1 Abstract

Introduction: In COPD, VSPECT has long since shown the loss of ventilation in
patients with more severe disease and emphysema. But the relationships between
quantitative estimates on non-ventilated volume and ‘hot spots’ count, which depict
regions of turbulent airflow, and lung function measurements beyond spirometry
remain poorly understood. Thus, our objective was to examine the relationships
between non-ventilated volume and ‘hot spots’ count and various lung function

measurements in COPD.

Methods: 23 COPD participants underwent lung function testing, consisting of
spirometry, body plethysmography, gas diffusion (DLco), and oscillometry, which was
then followed by a VSPECT/CT scan. Non-ventilated volume (Ventnon) and ‘hot

spots’ were defined with the curve-fitting threshold method.

Results: Both VSPECT/CT parameters correlated with a multitude of lung function
measurements. Increased Ventnon primarily correlated with worse FEV1/FVC
(r=-0.51; p = 0.01) and measurements relating to worse emphysema (DLco:
r=-0.61; p = 0.003). Increased ‘Hot spots’ count had correlated with reduced FEV1
(r=-0.57; p = 0.005), greater hyperinflation (FRC/TLC) (r = 0.65; p = 0.001), gas
trapping (RV/TLC) (r = 0.54; p = 0.009), and ventilation heterogeneity (VA/TLC)

(r=-0.53; p = 0.01). Ventnon did not correlate with ‘hot spots’ count.

Conclusion: Ventnon and ‘hot spots’ count provide complementary information on
ventilation impairment in COPD, and they relate to different lung function
measurements. Whether these parameters are sensitive to the effects of

bronchodilator treatment or bronchoconstriction remains to be determined.
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3.2 Introduction

Chronic obstructive pulmonary disease (COPD) is a progressive obstructive lung
disease, characterized by partially reversible airflow obstruction and parenchymal
lung destruction i.e., emphysema (1). The effects of these characteristics on
ventilation can be visualized with three-dimensional ventilation techniques, such as
single-photon emission computed tomography (SPECT) or magnetic resonance
imaging (MRI). Ventilation SPECT (VSPECT), which generally uses Technegas
(%¥mTc) as its ventilation agent, allows for the estimation of lung volumes with absent
and reduced deposition of the ventilation agent at functional residual capacity (2, 3).
Bajc et al. reported significant correlations between their qualitative estimation of
unventilated and hypo-ventilated lung volume as visualised by VSPECT and airflow
obstruction severity (4). In quantitative ventilation studies, whether completed with
VSPECT or MRI, unventilated and hypo-ventilated lung volume is typically calculated
as a percentage of total lung volume and reported simply as ventilation defect
percentage (VDP) (5, 6). Both VSPECT and MRI measurements of VDP have been
shown to correlate with airflow obstruction severity (7) in addition to gas diffusion (5).
In our study, the term ‘non-ventilated volume’ (Ventnon) is used as an alternative title

for VDP.

Another parameter from VSPECT imaging is the presence of voxels with extremely
high activity i.e., ‘hot spots’. These ‘hot spots’ are suggested to represent an
increased deposition of Technegas particles in narrowed airways or regions with
turbulent ventilation (8, 9). Although ‘hot spots’ are usually determined qualitatively,

increased number of ‘hot spots’ was found to be associated with worse airflow
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obstruction and increased disease severity (10, 11). We recently developed a novel
curve-fitting method for quantitatively defining non-ventilated volume. In our previous
chapter, we demonstrated the method to be superior in accuracy to current methods.
However, this curve fitting method may also be used to quantitatively define ‘hot
spots’. It is currently unknown how both measurements, non-ventilated volume and
‘hot spots’ count, as defined by our novel method would relate to each other and lung

function tests in COPD patients.

Aside from spirometry and other standard lung function tests, oscillometry provides
complementary information on small airway function and respiratory mechanics such
as respiratory system resistance and reactance. Small airways disease, which
involve obstruction, remodelling, and obliteration of the small airways (12, 13), is one
of the characteristic features of COPD, and it has been linked to disease progression
(14) and poor clinical outcomes (15). Unlike spirometry (16), oscillometry is
purported to be sensitive to small airways function and early changes in lung function
(17, 18). Whether VSPECT is also sensitive to small airways function and respiratory

mechanics is unknown.

Therefore, our primary research objective for this study was to examine the
relationships between the two imaging parameters, non-ventilated volume and ‘hot
spots’ count, and measurements of lung function and small airways in COPD. We
hypothesized that 1) the extent of non-ventilated volume would be related to
emphysema and 2) the presence of ‘hot spots’ to be related to ventilation

heterogeneity.
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3.3 Methods

3.3.1 Participants and Study Design

23 participants with physician diagnosed COPD (13 men, 10 women) were recruited
from the Department of Respiratory Medicine at Royal North Shore Hospital. The
inclusion criteria were as follows: 18 — 80 years old, physician diagnosed COPD, and
a smoking history of at least 10 pack years. Exclusion criteria were other active or
chronic respiratory diseases, history of lung surgery, history of chronic kidney
disease, significant cardiac disease, intensive care unit admissions in the last 12
months, and significant respiratory infection or documented exacerbation within the
previous 6 weeks. All participants provided written, informed consent. The study was
approved by the local Human Research Ethics Committee (Northern Sydney Local

Health District, RESP/18/198)

For this study, participants were required to attend a single visit. Prior to each visit,
the participants withheld short-acting bronchodilators for 6 hours and LABA and/or
LAMA medication for 24 hours. During the visit, participants completed the COPD
Assessment Test (CAT) (19) and underwent lung function testing in this order:
oscillometry (FOT), spirometry, body plethysmography, and single breath diffusing

capacity. The visit was concluded with a VSPECT/CT scan.
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3.3.2 Lung Function Testing

Spirometry, body plethysmography, and diffusing capacity had been performed with
the Jaeger MS Body/Diff Master Screen (Jaeger, Hoechberg, Germany) according to
American Thoracic Society (ATS)/European Respiratory Society (ERS) criteria (20-

22).

FOT was performed with the tremoFlo C-100 oscillometry system (v. 1.0.43.44,
Thorasys Thoracic Medical Systems Inc, Montreal) at 5 — 37 Hz. Device calibration
was performed prior to the testing session. Following the ERS technical standards,
participants underwent at least 3 breathing measurements. For each measurement,
the participant was instructed to breathe tidally in a seated position and support their
cheeks for 60 seconds, whilst wearing a nose clip. The mean resistance (R5) and
reactance (X5), both at 5 Hz, were then obtained. Measurements with signs of leak,
coughs, swallows, or incorrect technique were excluded for quality control. AR5

coefficient of variation < 10% was required for each testing session.

The z-scores for spirometry, body plethysmography, and diffusing capacity were
determined with reference equations from the Global Lung Initiative (GLI) (23-25).
Reference equations from Brown et al. were used to calculate FOT z-scores (26) as

one participant’s weight was outside the range of the latter’s reference equations.
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3.3.3 Ventilation Imaging

VSPECT/CT Imaging was conducted at the Department of Nuclear Medicine, Royal
North Shore Hospital, using a Siemens Symbia T16 SPECT/CT system. Technegas,
consisting of 100 nm Technetium (**™Tc) carbon nanoparticles, was used as the
ventilation agent. The inhaled distribution of Technegas has been demonstrated to
resemble gas, even in participants with severe airway obstruction (27), and its

distribution should also remain fixed for at least 20 minutes after inhalation (28, 29).

Participants were required to breathe in 500 — 700 mL of Technegas from functional
residual capacity (FRC) at approximately 0.5 — 1 L/sec in a seated, upright position.
The volume and flow rate of each inhalation was monitored with a MGC Diagnostics
CPFS/D USB spirometer and MGC Breeze Suite interface (v. 8.6.0.56, MGC
Diagnostics Corporation, Saint Paul). Two — four inhalations were generally taken to
achieve the required radioactivity of approximately 1.5 — 2.0 kilocounts/s, and
approximately 40 mBq of Technegas was inhaled. As VSPECT/CT scans from this
study were compared to post-bronchodilator and post-methacholine scans in
subsequent studies (Chapter 4 and 5), participants were administered with 400 ug of
salbutamol. Contrast bead markers were then attached to their suprasternal notch,

xiphisternum, and 12" ribs.

Supine VSPECT and low dose CT scans (30 mA, 110 kVp, pitch 1.5, slice thickness
3 mm) were acquired with a 128 x 128 matrix and 512 x 512 matrix, respectively.
Participants breathed tidally throughout the VSPECT scan, but they were then

instructed to hold their breath at FRC for the CT scan. Following the settings on
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other human VSPECT studies (30-32), VSPECT acquisitions employed 60 stops x2
projections (total 120 projections), 15 seconds per stop, non-circular clockwise orbit

and continuous acquisition.

3.3.4 Image Reconstruction and Registration

Using 128 slices, VSPECT images were reconstructed with an ordered subset
expectation maximization (OSEM) Siemens Flash 3D algorithm, CT-based
attenuation correction, and a Gaussian filter. CT image reconstruction was
completed with a 512 x 512 matrix and OSEM Siemens Flash 3D algorithm. Both
VSPECT and CT images were converted to Digital Imaging and Communication in

Medicine (DICOM) file format.

VSPECT and CT scans were first registered using the known, fixed spatial
relationship between the VSPECT and CT scanners. The DICOM files of both scans
were then transferred onto a HERMES (Nuclear Diagnostics, Stockholm, Sweden)
workstation. The matrix size of the VSPECT scan was increased from 128 x 128
matrix to 512 x 512, and the original counts remained preserved. Additional three-
dimensional registration was completed with the multimodality software package on

HERMES by visually aligning the markers on the VSPECT and CT scans.
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3.3.5 Imaging Analysis

Lung outlines on the CT scans were defined through a region growing algorithm (33)
that had been implemented within a MATLAB script (R2019b, MathWorks, Natick)
(34). The script produced a binarized mask of the lung outlines, which was applied
onto the VSPECT scan (Figure 1). All VSPECT voxel activity outside of the lung
borders were set to 0. VSPECT voxel data within the mask were exported onto

Microsoft Excel (2021, Microsoft, Redmond).

Definition of non-ventilated volume (Ventnon) and ‘hot spots’ required the curve-fitting
threshold method (Figure 2), as described in Chapter 2. To summarize, the
cumulative voxel frequency was first plotted against activity, and the slopes of each
data point were then calculated. The initial activity value = 90% cumulative frequency
with a slope < 0.010 was selected as the ‘slope point’. Voxels < 30% x the ‘slope
point’ were determined to be Ventnon. Ventnon was expressed as a percentage of total
lung volume, which had been derived from the CT mask of the lungs. Voxels 2 the
‘slope point’ were determined to be ‘hot spot’ activity. To count the number of ‘hot
spots’ in three-dimensional space, the masked VSPECT image was first opened in
Fiji (National Institutes of Health, United States of America). Secondly, the VSPECT
image was binarized, in which all voxel activity < the ‘slope point’ was set to 0 and all
voxel activity = the ‘slope point’ was set to 255 i.e., the maximum activity in an 8-bit
image. Finally, the 3D Objects Counter plugin had been used to count the number of
‘hot spots’ in three-dimensional space. Examples of both Ventnon and ‘hot spot’

counting are shown in Figure 3.
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3.3.6 Statistical Analysis

GraphPad Prism version 10.0.2 was used to analyse data and generate graphs. All
data were expressed as mean = SD unless otherwise stated. Correlations between
Ventnon and measurements of lung function and demographics were examined by

Spearman correlation. A p-value of < 0.05 was considered statistically significant.
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Figure 1: Masking for ventilation single-photon emission computed tomography

(VSPECT)/computed tomography (CT) scan. (A) VSPECT scan; (B) CT scan; (C)
binarised mask of lung outlines from CT scan; (D) fused VSPECT/CT scan with

overlain mask, setting all activity outside lung borders to 0.
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Figure 2: Curve-fitting threshold method for ventilation single-photon emission
computed tomography (VSPECT)/computed tomography (CT) scan. (A) Fused and
masked VSPECT/CT scan; (B) Voxel activity — frequency plot of masked
VSPECT/CT scan; (C) Voxel activity — cumulative frequency plot with curve-fitting
threshold method. Slope Point = initial activity value = 90% cumulative frequency

with < 0.010 slope; Threshold = 30% x ‘slope point’; Ventnon = non-ventilated volume
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Figure 3: Measurement of non-ventilation (A) and number of hot spots (B) in
ventilation single-photon emission computed tomography (VSPECT)/computed

tomography scan.
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3.4 Results

3.4.1 Participant Demographics and Lung Function

Participant demographics and lung function measurements are displayed in Table 1.
23 participants were recruited for this study, but 1 participant was unable to perform
the Technegas inhalation manoeuvre correctly. On average, participants were
overweight (BMI: 28.0 £ 6.2) and moderately impacted by the disease (CAT: 17.9 +
6.9). Furthermore, participants overall had severe airway obstruction (FEV1/FVC z-
score: -3.5 £ 1.0) with minimal hyperinflation (FRC/TLC z-score: 1.1 + 1.4) and gas
trapping (RV/TLC z-score: 1.7 £ 1.8). The mean DLco and Kco z-scores indicated
moderate impairment of gas diffusion (DLco and Kco z-scores: -3.0 £ 2.4 and -2.2 +
2.1, respectively). Although, mean R5 z-score was within the limits of normal, the
mean X5 z-score was abnormal (-5.1 £ 3.5). For VSPECT parameters, mean £ SD

Ventnon and ‘hot spots’ count were 49.3 £ 21.1 and 6 + 3, respectively.

3.4.2 Relationship between non-ventilation and hot spots

The relationship between Ventnon and ‘hot spot’ count is plotted in Figure 4. There

was no correlation between the two imaging parameters (p-value = 0.36).
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Table 1: Participant demographics, lung function, and imaging parameters

Participants, n 23
Males/females, n 13/10
Age, years 67.3+£8.3
Height, m 1.7 £0.08
BMI, kg/m? 28.0+6.2
Smoking history, pack years 39.6 +25.5
CAT 179+6.9
FEV1, z-score -27+£1.0
FVC. z-score -0.5+1.1
FEV1/FVC, % 445+12.4
FEV1/FVC, z-score -3.5+1.0
TLC, z-score 06+1.3
IC, z-score -0.8+0.8
FRC, z-score 14+15
RV, z-score 1.7+£1.8
FRC/TLC, % 63.5 £ 8.1
FRC/TLC, z-score 11+14
RVITLC, % 472+9.5
RV/TLC, z-score 1.5+14
Dico, z-score -3.0+x24
Kco, z-score -22+2A1
VA/TLC 0.8+0.1
R5, z-score 14+11
X5, z-score -26+0.7
Ventnon, % 49.3 + 29.1
Hot spots, n 6+3

BMI = body mass index; CAT = chronic obstructive pulmonary disease assessment
test; FEV1 = forced expiratory volume in 1 second; FVC = forced vital capacity; TLC
= total lung capacity; IC = inspiratory capacity; FRC = functional residual capacity;
RV = residual volume; DLco = diffusing capacity for carbon monoxide; Kco = carbon
monoxide transfer coefficient; VA = alveolar volume; R5 = respiratory system
resistance measured at 5 Hz; X5 = respiratory system reactance measured at 5 Hz;

Ventnon = non-ventilated volume
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Figure 4: Relationship between non-ventilated volume (Ventnon) and ‘hot spots’

count. The number of ‘hot spots’ did not correlate with Ventnon (rs = 0.20, p = 0.36).
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3.4.3 Correlations between imaging and demographics and lung function

Univariate correlations between the imaging parameters, Ventnon and ‘hot spots’
count, and demographics and lung function are shown in Table 2. Ventnon did not
correlate with age, smoking history, or CAT, but decreased Ventnon correlated with
increased BMI (rs = -0.68, p-value = 0.0005), . There were no correlations between
Ventnon and FEV1 z-score or FVC z-score. Increased Ventnon correlated with
decreased absolute FEV1/FVC (rs = -0.51, p-value = 0.01), but the strength of the
correlation was lost when looked at FEV1/FVC z-score (rs = -0.41, p-value = 0.06).
Increased Ventnon correlated with multiple lung volume measurements; greater
Ventnon was associated with greater TLC z-score (rs = -0.58, p-value = 0.005), FRC
z-score (rs = -0.54, p-value = 0.009), and RV z-score (rs = -0.49, p-value = 0.02).
However, Ventnon was not correlated with IC z-score, FRC/TLC z-score, and
RV/TLC z-score. Ventnon correlated with DLco z-score (rs = -0.61, p-value = 0.003),
Kco z-score (rs = -0.68, p-value = 0.0004), and VA/TLC (rs = -0.74, p-value < 0.0001).
There were no correlations between Ventnon and FOT measurements (R5, R5 z-

score, X5, and X5 z-score).

‘Hot spots’ count did not correlate with age, BMI, smoking history, or CAT. For
spirometry, increased ‘hot spots’ count was associated with a decreased FEV1 z-
score (rs = -0.57, p-value = 0.005), and a borderline significant correlation was seen
with FVC (rs = -0.42, p-value = 0.05). However, there were no correlations with either
FEV1/FVC or FEV1/FVC z-scores. Increased ‘hot spots’ count was significantly
associated with increased TLC z-score (rs = 0.42, p-value = 0.05), FRC z-score (rs =

0.50, p-value = 0.02), RV z-score (rs = 0.56, p-value = 0.007), FRC/TLC z-score (rs =
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0.65, p-value = 0.001), and RV/TLC z-score (rs = 0.54, p-value = 0.009). No
correlations were found with IC z-score. ‘Hot spots’ count correlated with VA/TLC (rs
= -0.53, p-value = 0.01), but there were no significant relationships with either DLco
z-score or Kco z-score. Increased ‘hot spot’ count correlated with more abnormal
(I.e. decreased) absolute X5 (rs = -0.51, p-value = 0.01), but did not correlate with

R5, R5 z-score, or X5 score.
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Table 2: Univariate correlations between demographics, lung function, and non-

ventilated volume.

Ventnon Hot Spots

rs p-value rs p-value
Age, years 0.26 0.24 -0.01 0.97
BMI, kg/m? -0.68 0.0005 -0.39 0.07
Smoking history, pack years 0.28 0.20 0.02 0.94
CAT -0.03 0.88 0.31 0.16

FEV1, z-score -0.22 0.32 -0.57 0.005
FVC, z-score 0.11 0.62 -0.42 0.05
FEV1/FVC, % -0.51 0.01 -0.39 0.06
FEV/FVC, z-score -0.41 0.06 -0.41 0.06
TLC, z-score 0.58 0.005 0.42 0.05
IC, z-score 0.1 0.62 -0.37 0.09
FRC, z-score 0.54 0.009 0.50 0.02
RV, z-score 0.49 0.02 0.56 0.007
FRC/TLC, z-score 0.22 0.32 0.65 0.001
RV/TLC, z-score 0.35 0.1 0.54 0.009
Dvco, z-score -0.61 0.003 -0.39 0.07
Kco, z-score -0.68 0.0004 -0.34 0.13
VA/TLC -0.74 <0.0001 -0.53 0.01
R5, z-score -0.27 0.22 0.22 0.32
X5, z-score -0.41 0.06 -0.17 0.45

Univariate correlations between lung function and demographics and non-ventilated

lung volume (Ventnon) and ‘hot spots’ count using Spearman’s rank correlation. BMI
body mass index; CAT = chronic obstructive pulmonary disease assessment test;

FEV1 = forced expiratory volume in 1 second; FVC = forced vital capacity; TLC =

total lung capacity; FRC = functional residual capacity; RV = residual volume; DLco
diffusing capacity for carbon monoxide; Kco = carbon monoxide transfer coefficient;
VA = alveolar volume; R5 = respiratory system resistance measured at 5 Hz; X5 =

respiratory system reactance measured at 5 Hz.
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Figure 5: Relationships between non-ventilated volume (Ventnon) and ‘hot spots’
count with spirometric measurements. FEV1 = forced expiratory volume in 1 second;

FVC = forced vital capacity
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3.5 Discussion

In this study, we demonstrated that the two imaging parameters, Ventnon and ‘hot
spots’ count, were unrelated to each other. However, as hypothesized, they had
correlated with different lung function measurements. Increased Ventnon was
exclusively associated with poorer gas diffusion as measured by DiLco and Kco z-
scores. Additional correlations with worse absolute hyperinflation and gas trapping
indicate Ventnon to be mostly related to emphysema. Increased ‘hot spots’ count on
the other hand had related to a low FEV1 z-score and worse relative hyperinflation
and gas trapping, but no associations were found between ‘hot spots’ count and gas
diffusion measurements. Interestingly, both Ventnon and ‘hot spots’ count correlated
with ventilation heterogeneity. Our findings therefore suggest that increased ‘hot
spots’ count is primarily indicative of airflow impairment and worse ventilation
heterogeneity. Neither Ventnon and ‘hot spots’ count related with the oscillometric

parameters, R5 and X5.

3.5.1 Non-ventilated volume

We observed Ventnon had correlated strongly with Dico, Kco, and VA/TLC suggesting
that this parameter is likely predominantly affected by emphysema in people with
COPD. This is supported by the additional correlations with measurements of
hyperinflation and gas trapping as well as airway obstruction. In a study by Radadia
et al., increased Ventnon had also been associated with decreased FEV1/FVC and
decreased DLco, albeit calculated as % of predicted (5). However, another study had
shown a correlation not with FEV1/FVC, but with FEV1 instead (7). Although the

reasons for this conflict are unclear, it may be contributed to the use of different
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threshold methods. The former study opted for the method based on the mean
activity by Farrow et al. (30) and the latter study utilised the maximum activity
method, which we have shown both to be sensitive to noise or Ventnon and maximum
activity or 'hot spots', respectively (Chapter 2). Specifically, greater volumes of
Ventnon would cause the mean activity method to lower its threshold, and the
presence of 'hot spots' would cause the maximum activity method to increase its
threshold. This may explain the differences in our findings with these studies. A lower
threshold, which consequently underestimates Ventnon volumes, could also be more
sensitive to more peripheral alveolar regions with greater time constraints for
Technegas filling, hence the correlation between Dico and Ventnon as measured by
the mean threshold method. Conversely, a higher threshold that overestimates
Ventnon Volumes, such as the maximum activity method, may also be more sensitive

to airways in central lung regions with limited time constraints for Technegas filling.

Due to the physical properties of Technegas, it is not surprising that Ventnon relates
to parameters affected by emphysema. The small particle size of Technegas, which
is approximately 100 nm in diameter, allows for the aerosol agent to penetrate
peripheral lung spaces and into the alveoli beyond the conducting airways (35-37),
even in patients with severe airflow obstruction (27, 28). Therefore, if Technegas
deposition is reduced in COPD patients, increasing Ventnon, then there must be a
loss of accessible airways, either from complete obstruction or obliteration (38). For
our study, we observed that in some participants, Ventnon was very high (= 70%),
which indicates a significant loss of accessible airways. CT and micro-CT scans of

emphysematous lungs reveal not only severely narrowed if not completely
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obstructed small airways, but also a drastic loss in the number of terminal

bronchioles (39), ranging up to 89% reduction in patients with severe COPD (13).

Ventnon also did not appear to be merely restricted to the peripheral lung regions,
and we find it unlikely that physiological changes at the peripheral lung regions were
solely responsible for the high Ventnon observed in our study. Indeed, Milne et al. (40)
had proposed that the loss of proximal airways dependent on convective flow from
parenchymal damage should significantly affect Technegas deposition. Therefore,
the expansion of Ventnon into more proximal lung regions may be explained by two
additional factors. The first factor is the destruction of larger, proximal airways. This
has been corroborated by CT scans of COPD patients with emphysema and low
DLco % of predicted (41) and another older study that reported a reduced count of
macroscopic airways in emphysematous lungs (42). The second factor could be from
either complete obstruction or mucous plugging in the larger airways, which was
found to be characteristic of the emphysema COPD phenotype (43). These
widespread changes involving obstructed airways and loss of airways, in both the
peripheral and proximal lung regions, would explain why Technegas deposition was
so largely reduced in our participants with worse gas diffusion, hyperinflation, gas
trapping, and airway obstruction. Determining whether ventilation still occurs in these
damaged regions through smaller collateral pathways (44, 45) in conjunction will

require further examination.
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3.5.2 Hot spots

We observed several relationships between ‘hot spots’ count and FEV1 z-score, lung
volumes, and VA/TLC. These findings indicate a greater ‘hot spots’ count was
particularly associated with airflow impairment and ventilation heterogeneity as
measured by VA/TLC (46-48), but not with airway obstruction, which is defined with
FEV1/FVC. Previous VSPECT studies with COPD participants noted correlations
with ‘hot spots’ count and FEV1, FVC, and FEV1/FVC (4, 11). Unlike our methods,
these studies assessed ventilatory impairment by 4 grades, in which an increased
number of visible ‘hot spots’ and ventilation defects, both qualitatively defined,
indicated more severe impairment. The precise number of ‘hot spots’ from these

VSPECT images were not published, making comparisons of results difficult.

For aerosol ventilation agents like Technegas, ‘hot spots’ or particle aggregation is
noted to occur primarily from two reasons. The first reason is inertial impaction of
particles with the airway wall and at bifurcation points in lung regions with particularly
increased airflow velocity such as the trachea. Inertial impaction is also observed in
narrowed proximal airways, and it occurs more frequently with larger aerosol
particles such as *°™Tc-diethylenetriamine pentaacetate (approximately 0.5 — 2 ym in
diameter) (2). The second reason is turbulent airflow, which may also occur when
airways bifurcate or narrow (8). Previous VSPECT studies report ‘hot spots’, albeit
qualitatively defined, form almost exclusively in proximal or central lung regions via
inertial impaction or turbulent airflow, with minimal Technegas aggregation in
peripheral lung regions due to reduced airflow velocity and alternate deposition

mechanisms i.e., gravitational settling and random molecule collision i.e., Brownian
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motion (49, 50). However, Crawford et al. reported that ‘hot spots’ could indeed form
in peripheral lung regions, but whether this was from alternate mechanisms or
whether they related to measurements of airflow obstruction or ventilation

heterogeneity are unknown (27).

The strong association with FEV1 further indicates exaggerated Technegas
aggregation being related to proximal airway narrowing and airflow impairment, as
qualitative observations from VSPECT studies have previously suggested (28, 51).
The relationship between VA/TLC and ‘hot spots’ count may also suggest that the
imaging parameter is sensitive to ventilation heterogeneity between parallel sister
airways that have heterogeneously narrowed (52). It is possible that Technegas
aggregation and increased deposition occurs in the airway with greater airflow
velocity and turbulence, even in the peripheral regions, Measurements of ventilation
heterogeneity and peripheral airway narrowing are consistently shown to relate with
each other (53-55). The absent relationships between ‘hot spots’ and oscillometric
parameters challenges this idea since the latter’s parameters are also known to be
sensitive to small airway narrowing and ventilation heterogeneity. However, R5 and
X5 are global measurements of various other physiological mechanisms including
chest-wall abnormalities (56), airway length (57), communicating lung volume (58),
compliance across the entire airway ‘tree’ (59), and central airway shunting (60). ‘Hot
spots’ count may exclusively reflect airway narrowing, but more studies are required
to confirm this. Furthermore, oscillometry is performed during tidal breathing, and
respiratory mechanics is unlikely to remain consistent when inhaling 500 mL — 700
mL of Technegas via the patient administration kit. Multiple breath nitrogen washout
(MBNW) could provide insight on whether ‘hot spots’ count in COPD patients is
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primarily dictated by ventilation heterogeneity across the entire lung, the larger

conducting airways, or at the convective-diffusive front.

3.5.3 Non-ventilated versus hot spots

Interestingly, there was no relationship between Ventnon and ‘hot spots’ count despite
each of these parameters correlating with similar lung function measurements such
as TLC, FRC, and RV. This suggests that the aggregation of Technegas particles
from turbulent or abnormal airflow is largely unrelated to the loss of lung regions from
emphysema. Therefore, COPD patients with ‘pruned’ or plugged airways may not
necessarily experience airway narrowing and poor ventilation heterogeneity as well.
This suggests the possibility of at least two distinct COPD phenotypes:
emphysematous and bronchitis subgroups. Additionally, the non-relationship
between Ventnon and ‘hot spots’ count suggests that Technegas does not aggregate
in completely obstructed airways with no airflow. Since both parameters provide
complimentary information, they may be useful when phenotyping COPD and

investigating response to treatment.

The imaging parameters also possessed different lung function correlations. Ventnon
had unique relationships with gas diffusion measurements, as previously discussed,
and FEV1/FVC. Conversely, ‘hot spots’ count uniquely correlated with FRC/TLC and
RV/TLC. We speculate that the absent correlation between ‘hot spots’ count and
FEV1/FVC may be due to some participants experiencing premature airway closure,
thereby reducing FVC and increasing FEV1/FVC. Conversely, the relationship

between Ventnon and FEV1/FVC could be driven primarily by BMI as Ventnon failed to

162



correlate with FEV1/FVC z-score. Whilst increased TLC is largely reflective of
increased lung compliance from emphysema (61), increased FRC and RV relative to
TLC may also be indicative of small airway narrowing. This has been proposed
previously (62, 63) and indeed, increased FRC and RV correlated more strongly with

distal airway inflammation than TLC (64).

3.5.4 Limitations

One limitation for our study was inconsistent Technegas inhalation. Despite training
the participants on the required volumes and flow rate during inhalation, there was
nonetheless variation in inhalation technique. Consequently, despite achieving the
minimum radioactivity of 1.5 kilocounts/s for virtually all participants, Technegas
deposition would be more central and aggregated in those who inhaled more quickly
due to increased turbulent airflow and impaction. Another limitation was the lack of
any direct measurement of emphysema through dosimetry of high-resolution CT
scans. Regarding limitations in imaging analysis, it must be noted that both Ventnon
and ‘hot spots’ do not contain any topographical information and the distances of
Ventnon regions or ‘hot spots’ relative to proximal or peripheral lung regions were
unknown. A potential approach is segmenting the CT masks into peripheral and
proximal regions of interest. Generally, segmentation is an unstandardised technique
(65), where regions are defined arbitrarily e.g., outer shell is 2/3 of total lung volume
(66). More accurate definitions for these regions may instead be based on the
generation of airways, which can be visualised and defined even with low dose CT
scans (67). Airways beyond CT resolution such as >12t" generation could then be

segmented into a peripheral region of interest (68). Furthermore, masks or outlines
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of the airways could also be obtained through automated algorithms (69, 70) to

determine locations of Ventnon regions and ‘hot spots’.

3.5.5 Conclusions

In summary, our study observed that measurements of non-ventilation in
VSPECT/CT correlated strongly with lung function parameters associated with
emphysema whereas a greater number of ‘hot spots’ correlated with lung function
parameters associated with airflow impairment and ventilation heterogeneity. Both
imaging parameters were unrelated to each other, suggesting that these parameters

provide distinct and complementary information in patients with COPD.
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Chapter 4 — Effects of bronchodilator on Ventilation
Single Photon Emission Computed Tomography Imaging

in COPD
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4.1 Abstract

Introduction: COPD is a complex and heterogeneous disease, and the effects of
bronchodilator remain unclear. Bronchodilator response is measured with spirometry,
but the test is inadequate in assessing the complex pathophysiology of the disease.
VSPECT/CT may provide greater insight on the effects of bronchodilator on
ventilation in COPD. Our objective was to examine the effects of bronchodilator on

non-ventilated volume and ‘hot spots’ count in COPD with VSPECT/CT.

Methods: 22 COPD participants underwent baseline lung function testing, consisting
of spirometry, body plethysmography, gas diffusion (DLco), and oscillometry in the
first visit. The first visit then concluded with a baseline VSPECT/CT scan. The
second visit consisted of pre- and post-bronchodilator (400 ug salbutamol)
spirometry and oscillometry and a post-bronchodilator VSPECT/CT scan. Non-
ventilated volume (Ventnon) and ‘hot spots’ were defined with the curve-fitting

threshold method.

Results: Neither Ventnon nor ‘hot spots’ count significantly increased post-
bronchodilator. However, the responses for both VSPECT/CT parameters were
highly variable. There was a significant relationship between increased Ventnon and

decreased resistance at 5 Hz (R5) post-bronchodilator (r = -0.51; p = 0.02).

Conclusion: VSPECT/CT appears to be sensitive to the effects of bronchodilator on
ventilation. We speculate that the changes in Ventnon post-bronchodilator to possibly
reflect airway recruitment and redistribution of ventilation. Alternative imaging
analysis methods such as topographical analysis in peripheral lung regions should

be examined.
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4.2 Introduction

Chronic obstructive pulmonary disease (COPD) involves highly heterogeneous
pathology including small airway narrowing, emphysema and mucus plugging. For
both initial and long-term pharmacological therapy, bronchodilators are essential (1),
and the response in lung function to bronchodilator is assessed with spirometry
alone. However, bronchodilators are known to produce significant improvements
beyond FEV1 such as symptoms (2), small airway function (3, 4), and lung volumes
relating to hyperinflation and gas trapping (5, 6). The discordance between
spirometry and other lung function tests is likely due to the former’s measurements
primarily reflecting the larger proximal airways as it is measured throughout the lung
volume range. A three-dimensional imaging technique such as ventilation single-
photon emission computed tomography/computed tomography (VSPECT/CT) can
visualise and estimate the extent of non-ventilation and presence of ventilation
abnormalities. Despite differing analysis methods, VSPECT parameters are shown to
consistently relate with COPD disease severity (7-9). The use of VSPECT/CT may
be able to provide additional insight into the responses in ventilation to

bronchodilator in people with COPD.

Utilising our novel curve-fitting method, VSPECT/CT provides two complementary
quantifiable parameters of lung function — non-ventilated volume and number of
clusters of aggregated Technegas particles, termed hot spots. We have shown that
increased non-ventilated volume related to lung function measurements associated
with worse gas diffusion and gas trapping, whereas hot spots primarily related to

lung function measurements associated with airflow impairment and ventilation
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heterogeneity (Chapter 3). The effects of bronchodilator on ventilation in COPD have
almost exclusively been examined with hyperpolarised noble gas magnetic
resonance imaging (MRI), and results generally indicate that non-ventilated volume
is significantly reduced post-bronchodilator (10-12). However, non-ventilated volume
as measured by MRI significantly differ from VSPECT/CT measurements (7), and it
is currently unknown if the latter ventilation imaging method is also sensitive to the
effects of bronchodilator in COPD. ‘Hot spots’ are observed to occur more frequently
in more severe COPD patients (8), and although the effects of bronchodilator have
yet to be examined with ‘hot spots’ count, they have been previously noted to
decrease in number following interventions such as lung volume reduction surgery
(13) and continuous positive airway pressure (CPAP) (14). ‘Hot spots’ count may be
used to indicate the change from turbulent to laminar airflow in response to
bronchodilation. It is also unknown whether changes to small airway function post-
bronchodilator, as measured with oscillometry, correlate with changes in either of the

VSPECT/CT parameters.

Therefore, the aims for our study were to 1) examine the effects of bronchodilator on
non-ventilated volume and ‘hot spots’ count in COPD with VSPECT/CT, 2) determine
whether changes in non-ventilated volume and ‘hot spots’ relate to changes in
spirometric and oscillometric measurements, 3) determine whether baseline
VSPECT/CT predict changes in spirometry or oscillometry post-bronchodilator, and

4) determine whether baseline lung function predict changes in VSPECT/CT.
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4.3 Methods

4.3.1 Participants and Study Design

23 participants with physician diagnosed COPD (13 men, 10 women) were recruited
from the Department of Respiratory Medicine at Royal North Shore Hospital. The
inclusion criteria were as follows: 18 — 80 years old, physician diagnosed COPD, and
a smoking history of at least 10 pack years. Exclusion criteria were other active or
chronic respiratory diseases, history of lung surgery, history of chronic kidney
disease, significant cardiac disease, intensive care unit admissions in the last 12
months, and significant respiratory infection or documented exacerbation within the
previous 6 weeks. All participants provided written, informed consent. The study was
approved by the local Human Research Ethics Committee (Northern Sydney Local

Health District, RESP/18/198)

Participants attended two visits. At the first visit, baseline lung function testing, and
VSPECT/CT scans were completed as detailed in the previous chapter (Chapter 3).
For the second visit, participants underwent oscillometry and spirometry testing prior
to being administered 400 pg of salbutamol, followed by post-bronchodilator
oscillometry and spirometry testing. The second visit concluded with a VSPECT scan
but no CT scan. The VSPECT scan from the second visit was registered to the
baseline CT scan. As participants were tested on two separate visits, often beyond a
week apart, we required the FEV1 for both visits to be within 200 mL of each other.
Participants with FEV1 difference >200 mL were excluded from analysis. Participants
withheld short-acting bronchodilators for at least 6 hours and LABA and/or LAMA

medication for 24 hours prior to each visit. The study design is shown in Figure 1.
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Visit 1 —) | Visit 2
Oscillometry Oscillometry
Spirometry Spirometry
Lung Volumes Salbutamol
Gas Diffusion Oscillometry
VSPECT Spirometry
\d i

CT VSPECT

Figure 1: Study design. Visit 1 consisted of the baseline ventilation single-photon
emission computed (VSPECT) and computed tomography (CT) scan. Visit 2
involved pre and post bronchodilator spirometry and oscillometry (FOT) testing, and
a post-BD VSPECT scan. The VSPECT scan from Visit 2 was registered to the CT
scan from the Visit 1. VSPECT = ventilation single-photon emission computed

tomography; CT = computed tomography;
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4.3.2 Lung Function Testing

Spirometry was performed with a MGC Diagnostics CPFS/D USB spirometer and
MGC Breeze Suite interface (v. 8.6.0.56, MGC Diagnostics Corporation, Saint Paul),
according to American Thoracic Society (ATS)/European Respiratory Society (ERS)
criteria (15). Body plethysmography and gas diffusion (DLco) were also performed

with according to ATS/ERS guidelines (16, 17).

Oscillometry was performed with the tremoFlo C-100 oscillometry system (v.
1.0.43.44, Thorasys Thoracic Medical Systems Inc, Montreal) at 5 — 37 Hz. Device
calibration was performed prior to the testing session. Following the ERS technical
standards (18), participants underwent at least 3 breathing measurements. For each
measurement, the participant was instructed to breathe tidally in a seated position
and support their cheeks for 60 seconds, whilst wearing a nose clip. The mean
resistance (R5) and reactance (X5), both at 5 Hz, were then obtained.
Measurements with signs of leak, coughs, swallows, or incorrect technique were
excluded for quality control. A R5 coefficient of variation < 10% was required for each

testing session.

A significant bronchodilator response for spirometry was defined by a 200 mL and
12% increase in FEV1 or FVC as defined by ATS/ERS 2005 guidelines (19). For
oscillometric parameters, significant bronchodilator response was defined as a 30%
reduction (or -1.42 z-scores) for R5 or an increase of 0.57 cmH20-s:L™" (or 1.36 z-

scores) for X5 according to Jetmalani et al. (20).
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The z-scores for spirometry, body plethysmography, and diffusing capacity were
determined with reference equations from the Global Lung Initiative (GLI) (21-23).
Reference equations from Brown et al. instead of Oostveen et al. were used to
calculate FOT z-scores (24) as one participant’s weight was outside the range of the

latter’s reference equations.

4.3.3 Ventilation Imaging

VSPECT/CT Imaging was conducted at the Department of Nuclear Medicine, Royal
North Shore Hospital, using a Siemens Symbia T16 SPECT/CT system. Technegas,
consisting of 100 nm Technetium (**™Tc) carbon nanoparticles, was used as the
ventilation agent. The inhaled distribution of Technegas has been demonstrated to
resemble gas, even in participants with severe airway obstruction (25), and its

distribution should also remain fixed for at least 20 minutes after inhalation (26, 27).

Participants were required to breathe in 500 — 700 mL of Technegas from functional
residual capacity (FRC) at approximately 0.5 — 1 L/sec in a seated, upright position.
The volume and flow rate of each inhalation was monitored with a MGC Diagnostics
CPFS/D USB spirometer and MGC Breeze Suite interface (v. 8.6.0.56, MGC
Diagnostics Corporation, Saint Paul). Two to four inhalations were generally taken to
achieve the required radioactivity of approximately 1.5 — 2.0 kilocounts/s, and

approximately 40 mBq of Technegas was inhaled.
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Since the CT scan from the first visit was registered to both baseline and post-
bronchodilator VSPECT scans, participants were also administered with 400 pg of
salbutamol in the first visit. However, this occurred after the participants had inhaled
Technegas, preserving baseline ventilation in the 15t visit but allowing the CT scan to
register with the post-bronchodilator VSPECT scan as well. Contrast bead markers
placed on the suprasternal notch, xiphisternum, and 12" ribs, respectively, were

used to register the scans.

Supine VSPECT and low dose CT scans (30 mA, 110 kVp, pitch 1.5, slice thickness
3 mm) were acquired with a 128 x 128 matrix and 512 x 512 matrix, respectively.
Participants breathed tidally throughout the VSPECT scan, but they were then
instructed to hold their breath at FRC for the CT scan. Following the settings on
other human VSPECT studies (28-30), VSPECT acquisitions employed 60 stops x2
projections (total 120 projections), 15 seconds per stop, non-circular clockwise orbit

and continuous acquisition.

4.3.4 Image Reconstruction and Registration

Using 128 slices, VSPECT images were reconstructed with an ordered subset
expectation maximization (OSEM) Siemens Flash 3D algorithm, CT-based
attenuation correction, and a Gaussian filter. CT image reconstruction was
completed with a 512 x 512 matrix and OSEM Siemens Flash 3D algorithm. Both
VSPECT and CT images were converted to Digital Imaging and Communication in

Medicine (DICOM) file format.
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VSPECT and CT scans were registered using the known, fixed spatial relationship
between the VSPECT and CT scanners. The DICOM files of both scans were then
transferred onto a HERMES (Nuclear Diagnostics, Stockholm, Sweden) workstation.
The matrix size of the VSPECT scan was increased from 128 x 128 matrix to 512 x
512, and the original counts remained preserved. Additional three-dimensional
registration was completed with the multimodality software package on HERMES by

visually aligning the markers on the VSPECT and CT scans.

4.3.5 Imaging Analysis

Lung outlines on the CT scans were defined through a region growing algorithm (31)
and Otsu’s method (32) that had been implemented within a MATLAB script
(R2019b, MathWorks, Natick) (33). The script produced a binarised mask of the lung
outlines, which was applied onto the VSPECT scan (Figure 1). All VSPECT voxel
activity outside of the lung borders were set to 0. VSPECT voxel data within the

mask were exported onto Microsoft Excel (2021, Microsoft, Redmond).

Non-ventilated volume (Ventnon) and ‘hot spots’ were defined through the same
curve-fitting threshold method described in Chapter 2 and 3. To summarize, the
cumulative voxel frequency was first plotted against activity, and the slopes of each
data point were then calculated. The initial activity value = 90% cumulative frequency
with a slope < 0.010 was selected as the ‘slope point’. Voxels < 30% x the ‘slope
point’ were determined to be Ventnon. Ventnon was expressed as a percentage of total
lung volume, which had been derived from the CT mask of the lungs. Voxels = the

‘slope point’ were determined to be ‘hot spot’ activity. To count the number of ‘hot
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spots’ in three-dimensional space, the masked VSPECT image was first opened in
Fiji (National Institutes of Health, United States of America). Secondly, the VSPECT
image was binarized, in which all voxel activity < the ‘slope point’ was set to 0 and all
voxel activity = the ‘slope point’ was set to 255 i.e., the maximum activity in an 8-bit
image. Finally, the 3D Objects Counter plugin had been used to count the number of

‘hot spots’ in three-dimensional space.

4.3.6 Statistical Analysis

GraphPad Prism version 10.0.2 was used to analyse data and generate graphs. All
data were expressed as mean + SD unless otherwise stated. The changes in
VSPECT/CT parameters post-bronchodilator were calculated as absolute changes.
Normal distribution of the data was determined with a Shapiro-Wilk’s test.
Differences in imaging parameters and lung function measurements at baseline and
post-bronchodilator were assessed with a paired Student’s t-test and Wilcoxon’s
signed-rank test for parametric and non-parametric data, respectively. Correlations
between changes in imaging parameters, Ventnon and ‘hot spots’ count, and lung
function measurements post-bronchodilator were examined by Pearson’s correlation

coefficient. A p-value of < 0.05 was considered statistically significant.
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4.4 Results

4.4.1 Participant Demographics

Participant demographics are shown in Table 1. In total, 23 participants with
physician diagnosed COPD were recruited for this study. One participant was
excluded from analysis as they had been unable to perform the correct inhalation
manoeuvre for Technegas. Two participants were also excluded from analysis as

their FEV1 differed by more than 200mL between visits.
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Table 1: Participant Demographics

Participants, n
Males/females, n

Age, years

BMI, kg/m?

Smoking history, pack years
CAT

20
12/8
66.7 + 8.7
27.8+6.6
36.2+22.9
18.5+6.9

Data presented as mean = SD. BMI =

pulmonary disease assessment test.

body mass index; CAT = chronic obstructive
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4.4.2 Effect of bronchodilator on lung function and imaging parameters

Lung function and imaging parameters at baseline and post-bronchodilator are
shown in Table 2. Following bronchodilator, FEV1 z-score and FEV1/FVC z-score
both improved from baseline (p = 0.003 and 0.001, respectively). However, there
was no change in FVC z-score (p = 0.16). For oscillometry, there was a significant
decrease in R5 z-score (p = 0.05) while there was a trend towards an improvement
in X5 z-score (p = 0.06). In total, 10 participants had a significant bronchodilator
response; 3 participants had only a spirometric BDR, 5 participants had only an
oscillometric BDR, and 2 patients had both a spirometry and oscillometric BDR.
There was no mean change in Ventnon or number of hot spots following
bronchodilator (p = 0.29 and 0.42, respectively). However, changes in Ventvo and
‘hot spots’ count were highly variable (A Ventnon and A ‘hot spots’ count range: -16.10

—19.78 and -5 — 11, respectively) (Figure 2).
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Table 2: Baseline and post-bronchodilator lung function and imaging measurements

Baseline Post-bronchodilator p-value

FEV1, z-score -2.7+1.0 -25+1.0 0.003
FVC, z-score -06+1.1 -04+0.8 0.16

FEV1/FVC, % 471 +£12.1 49.8 £ 13.1 0.0002
FEV1/FVC, z-score -34+1.0 -3.1+21.2 0.001
R5, z-score 1.4+£1.0 1.2+1.1 0.05
X5, z-score -27+0.6 -26+0.6 0.06
Ventnon, % # 48.2+21.0 51.0 £ 191 0.29
‘Hot spots’, n # 6.0+3.0 54135 0.42

Data are presented as mean + SD. FEV1 = forced expiratory volume in 1 second;
FVC = forced vital capacity; R5 = respiratory system resistance measured at 5 Hz;
X5 = respiratory system reactance measured at 5 Hz; Ventnon = non-ventilated
volume. Differences between baseline and post-bronchodilator measurements were
examined with a paired Student’s t-test for parametric data and Wilcoxon’s signed-

rank test for nonparametric data. The # symbol indicated nonparametric data.
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Figure 2: Non-ventilated volume (Ventnon) (A) and ‘hot spots’ count (B) at baseline
and bronchodilator visits. Data presented as mean + standard deviation.
Comparisons of Ventnon and ‘hot spots’ count between baseline and bronchodilator
visits were completed with Wilcoxon tests. No significant differences were found for

either Ventnon (p = 0.29) or ‘hot spots’ count (p = 0.42).
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4.4 .3 Relationships between changes in non-ventilation and hot spots

There was no correlation between the changes in Ventnon and changes in ‘hot spot’

count (r=-0.17, p = 0.55).

4.4.4 Relationships between changes in imaging parameters and lung function

The mean changes + SD in FEV1 (%), FVC (%), and FEV1/FVC (%) were 8.53
12.26, 3.16 £ 7.53, and 2.6 £ 2.5, respectively. Neither change in Ventnon or change
in ‘hot spots’ count correlated with changes in spirometry measurements (Table 3).
The mean changes + SD for the oscillometric parameters, R5 (cmH20.s.L-') and X5
(cmH20.s.L"), were -0.31 £ 0.83 and 0.51 £ 0.77, respectively. Change in Ventnon
correlated with change in RS, but there was no association between change in ‘hot
spots’ count and change in R5. There were no correlations between changes in

Ventnon or ‘hot spots’ count and change in X5.

185



104

g s
(2] o o
° o o
t?)- e a o,@ ......................
° o
2 o R
< -5 o o]
-10 1 1 1 1 1
-20 -10 0 10 20 30

A Ventygn, (%)

Figure 3: Relationship between changes in non-ventilated volume (Ventnon) and ‘hot

spots’ count.
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Table 3: Univariate correlations between changes in imaging parameters and lung

function measurements post-bronchodilator

A Ventnon A Hot Spots
r p-value r p-value
AFEV1, % # 0.22 0.36 -0.25 0.30
AFVC, % # 0.07 0.78 -0.22 0.36
AFEV1/FVC, % 0.16 0.50 0.005 0.98
AR5, cmH20-s-L™ -0.51 0.02 0.38 0.09
A X5, cmH20-s-L™* -0.12 0.59 0.14 0.55

Univariate correlations between changes in non-ventilated lung volume (Ventnon) and

‘hot spots’ count and lung function post-bronchodilator using Pearson’s correlation

coefficient. FEV1 = forced expiratory volume in 1 second; FVC = forced vital

capacity; R5 = respiratory system resistance measured at 5 Hz; X5 = respiratory

system reactance measured at 5 Hz; # = Spearman’s rank correlation coefficient.
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Figure 4: Relationships between changes in non-ventilated volume (Ventnon) (A, C,
and E) and ‘hot spots’ count (B, D, F) with changes in forced expiratory volume in 1
second (FEV1), forced vital capacity (FVC), and FEV1/FVC. BDR = significant
bronchodilator response; R5 = respiratory system resistance measured at 5 Hz; X5 =

respiratory system reactance measured at 5 Hz
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Figure 5: Relationships between changes in non-ventilated volume (Ventnon) (A and
C) and ‘hot spots’ count (B and D) with changes in respiratory system resistance
measured at 5 Hz (R5) and respiratory system reactance measured at 5 Hz (X5).
Using Pearson correlation, Ventnon correlated with the change in R5 (A) (r =-0.51, p

= 0.02). BDR = significant bronchodilator response; FEV1 = forced expiratory volume

in 1 second; FVC = forced vital capacity.
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4.4.5 Relationships between baseline imaging parameters and changes in

imaging parameters and lung function

Changes in VSPECT, oscillometric, spirometric parameters were unrelated to pre-

bronchodilator Ventnon or ‘hot spots’ count (Table 4)

4.4.6 Relationships between changes in imaging parameters and baseline lung

function

Changes in Ventnon and ‘hot spots’ count post-bronchodilator were unrelated to pre-
bronchodilator lung function measurements (Table 5). The pre-bronchodilator lung
function measurements for spirometry and oscillometry were from Visit 2, and lung

volumes and gas diffusion measurements were from Visit 1.

191



Table 4: Univariate correlations between pre-bronchodilator imaging parameters and

post-bronchodilator changes in lung function measurements.

Ventnon, % # Hot spots, n #
r p-value r p-value

A Ventnon, % # -0.4 0.08 0.2 0.5
A Hot spots, n # -0.1 0.6 -0.2 0.4
AFEV1, % # -0.18 0.46 -0.16 0.51
AFVC, % # 0.06 0.82 -0.09 0.72
AFEV1/FVC, % -0.32 0.19 -0.32 0.19
AR5, cmH20-s-L™" 0.12 0.61 -0.24 0.31
A X5, cmH20-s-L™! 0.29 0.21 0.40 0.08

Univariate correlations between changes in non-ventilated lung volume (Ventnon) and
‘hot spots’ count post-bronchodilator and lung function post bronchodilator using
Spearman’s rank correlation. # = nonparametric variable; FEV1 = forced expiratory
volume in 1 second; FVC = forced vital capacity; R5 = respiratory system resistance
measured at 5 Hz; X5 = respiratory system reactance measured at 5 Hz; Ventnon =

non-ventilated volume.
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Table 5: Univariate correlations between changes in imaging parameters post-

bronchodilator and pre-bronchodilator lung function measurements.

A VerltNon, %

A Hot spots, n

r p-value r p-value
Ventnon, % # -0.4 0.08 0.2 0.5
Hot spots, n # -0.1 0.6 -0.2 04
FEV1, z-score -0.2 0.5 0.2 0.3
FVC, z-score -0.2 04 0.3 0.2
FEV1/FVC, % -0.09 0.7 0.02 0.9
FEV1/FVC, z-score -0.1 0.6 0.09 0.7
TLC, z-score -0.05 0.8 0.3 0.3
IC, z-score 0.4 0.1 0.2 0.5
FRC, z-score -0.2 0.3 0.3 0.3
RV, z-score -0.2 0.3 0.2 0.3
FRC/TLC, z-score -0.2 0.4 -0.06 0.8
RV/TLC, z-score -0.3 0.2 -0.09 0.7
DiLco, z-score 0.06 0.8 0.1 0.7
Kco, z-score 0.1 0.6 -0.04 0.9
VA/TLC 0.08 0.8 0.08 0.7
R5, z-score 0.08 0.1 -0.3 0.2
X5, z-score 0.7 0.6 -0.03 0.9

Univariate correlations between changes in non-ventilated lung volume (Ventnon) and

‘hot spots’ count post-bronchodilator and lung function post bronchodilator using

Pearson’s correlation coefficient for parametric variables and Spearman’s rank

correlation for nonparametric variables. # = nonparametric variable; FEV1 = forced

expiratory volume in 1 second; FVC = forced vital capacity; TLC = total lung

capacity; IC = inspiratory capacity; FRC = functional residual capacity; RV = residual

volume; DLCO = diffusing capacity for carbon monoxide; KCO = carbon monoxide

transfer coefficient; VA = alveolar volume; R5 = respiratory system resistance

measured at 5 Hz; X5 = respiratory system reactance measured at 5 Hz; Ventnon =

non-ventilated volume.
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4.5 Discussion

In this study, we demonstrated that bronchodilator had no significant effect on either
Ventnon or ‘hot spots’ and that changes in these parameters were unrelated to each
other. However, there was a widely variable response in Ventnon and ‘hot spots’
count, and we observed that increased Ventnon was associated with decreased R5.
Baseline imaging parameters failed to predict response in oscillometry and
spirometry. Furthermore, both baseline imaging and lung function parameters were
unable to predict the response in Ventnon or ‘hot spots’ count. To our present
knowledge, this is the first VSPECT/CT study to assess the effects of bronchodilator

on Ventnon and ‘hot spots’ in conjunction with spirometry and oscillometry.

4.5.1 The effect of bronchodilator on non-ventilation

In our study there was no significant mean change in Ventnon post-bronchodilator
(mean A+ SD: 2.7 £ 10.7). This is consistently with a previous VSPECT study by
Diba et al. (34) which also reported no mean change in non-ventilated volume.
However, other studies that have used different ventilation imaging techniques, such
as a hyperpolarised 3He study from Kirby et al. (10) or a '>®Xe MRI conference
abstract from Smith et al. (35) reported significant improvements in  Ventnon following
bronchodilator. This may be explained by the substantial differences in the properties
of the ventilation agents between VSPECT and hyperpolarised MRI. Technegas is an
ultrafine aerosol agent whereas MR utilises true gas. Therefore, Technegas particles
is subject to aerodynamics of airflow, aggregation, and collision, unlike 3He or '*°Xe.
And so, Technegas may be less sensitive to the effects of bronchodilator. It should

also be noted that unlike VSPECT, which scans tidal ventilation (26) throughout 15
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minutes, a hyperpolarised MRI scan depicts ventilation at higher lung volumes within
a shorter time frame, as the scan is performed during a 10 second 1 L inhalation
breath hold from FRC (36). Thus, there is likely to be greater variability in ventilation
with VSPECT than MRI. Furthermore, the physiological benefits of bronchodilator on
airway recruitment may compound with inspiration-induced airway distension,
resulting in greater reductions to non-ventilated volume as visualised with
hyperpolarised MRI. Differences in threshold techniques could be another reason
why our VSPECT results conflict with the findings from hyperpolarised MRI studies.
Indeed, Radadia et al. (7) demonstrated that VSPECT and MRI threshold methods
produce significantly different estimations of Ventnon as well as different correlations
with lung function and patient demographics. The differences in study protocol and
specifically patient demographics could have also been a factor for the conflicting
findings. For example, the hyperpolarised 3He study from Kirby et al. (10) exclusively
included ex-smokers, and the maijority of participants, 93 out of 136, from the '>°Xe
MRI conference abstract from Smith et al. (35) had mild FEV1 severity. The effects of

bronchodilator may be greater visualised in these patient populations.

It is important to consider how the Ventnon threshold method categorises VSPECT
data. Specifically, this approach to imaging analysis binarizes the data, defining
voxels as either ventilated or non-ventilated activity. However, the binary approach to
image analysis cannot distinguish between varying amounts of Technegas
deposition as it recognises only the presence of Technegas through a single voxel
activity threshold. If bronchodilator had reduced airway narrowing and improved
ventilation in poorly ventilated lung regions, without recruiting closed lung regions,
then it would not have significantly altered Ventnon. Instead, post-bronchodilator
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changes may have occurred in the voxel activities and frequencies within the
‘ventilated’ class, in which improved regional ventilation had increased the frequency
of higher activity voxels or decreased voxel activity heterogeneity. Other VSPECT
and hyperpolarised MRI studies have attempted to examine ventilation beyond
binarised categories, but this involves arbitrary and unvalidated thresholds of varying
levels of ventilation (28, 29, 37). Rather than categorising ventilation into ‘poorly
ventilated’ or ‘well ventilated’ through additional thresholds or simply expressing non-
ventilated volume as a percentage of total CT volume, Norberg et al. examined the
coefficient of variation in ventilated voxel activity with VSPECT (38, 39). This
alternative technique may provide complementary information on ventilation, but
further studies are needed to confirm this. The lack of a significant Ventnon response
to bronchodilators could also be due to the spatial resolution of VSPECT, which was
approximately 7 mm3. Bronchodilator may have primarily targeted the peripheral lung
regions < 7 mm3, but this is challenged by the findings from Timmins et al. (40), in
which peripheral airway closure and ventilation heterogeneity, as measured by
oscillometry and multiple breath nitrogen washout, respectively, were unaffected by
ICS/LABA treatment in COPD patients. In the previous chapter (Chapter 3), Ventnon
was suggested to result from the loss of airways in emphysematous COPD patients
(41, 42). If Ventnon in COPD is primarily a result of structural pathologies, then it is

not surprising that we would see no significant differences following bronchodilator.

Despite no mean change in Ventnon in the current study, there was very large
variability in response, with a maximum increase of 19.78 and maximum decrease of
28.19. This variability contributed to a significant correlation between the change in
Ventnon and change in R5. A reduction in Ventnon was associated with an increase in
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R5 (i.e. worsening), whereas an increase in Ventnon Was associated with a decrease
in R5. While seemingly counterintuitive, this relationship may indicate two different
physiological responses to bronchodilator, as illustrated in Figure 6. The first
response involves the recruitment of airways that had been completely obstructed at
baseline, which might reduce Ventnon, provided if the dilation was sufficient for stable
Technegas deposition from inhalation to scanning. As those airways were closed
prior to bronchodilator, they would not have contributed to the measurement of R5.
However, if a significant amount of previously obstructed airways were recruited
following bronchodilator, thus becoming assessable to 5 Hz pressure waves, but
were nonetheless narrow or if they introduced substantial regions or clusters of
airway narrowing to FOT, Ventnon and R5 might have decreased and increased,
respectively. Both Milne et al. (43) and Baldi et al. (44) have also reported there to be
increased airway recruitment and possibly greater ventilated lung volume, post-
bronchodilator in COPD. Additionally, bronchodilator, which should typically produce
greater dilation and thus reduced R5 by relaxing airway smooth muscle, may have
instead caused some airways to partially collapse, thereby increasing R5 but still
allowing Technegas deposition. The partial collapse of airways could be attributed to
low radial traction from emphysematous destruction of lung parenchyma (45). On the
other hand, if bronchodilator caused dilation of narrowed airways that were already
ventilated at baseline, both R5 and hyperinflation may be reduced (improve), barring
airway collapse. This could lead to greater lung emptying at end-expiratory lung
volume. Since Ventnon is calculated as a percent of total lung volume at FRC, then a
reduction in hyperinflation with no change in airway closure would lead to an
increase of Ventnon and reduced R5. The correlation between improved R5 and

reduced hyperinflation, measured with the inspiratory capacity/total lung capacity
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ratio (IC/TLC), following bronchodilator in COPD patients has been observed by
Milne et al. (43). Previous studies have suggested that the bronchodilator response
in COPD may primarily involve the reduction of hyperinflation and gas trapping
instead of improvements to FEV1 (5, 6). Both O’Donnell et al. (2) and Belman et al.
(46) reported associations between this response and improvements to dyspnoea
and exercise endurance. Further studies will be required to confirm the relationship

between increased Ventnon and reduced hyperinflation following bronchodilator.
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A: Baseline

Bronchodilator

B: Ventnon Decreases C: Ventnon Increases
& R5 Increases & R5 Decreases

Figure 6: Technegas deposition in airways and alveoli at baseline (A) and two
possible outcomes for Technegas deposition post-bronchodilator (B and C). (A)
Baseline, one airway (airway 1) is narrowed but ventilated, and the lung region is
hyperinflated. The second airway (airway 2) is severely narrowed or completely

closed, resulting in a trapped lung region. As airway 2 is closed and the lung region
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is trapped, there is no contribution to the measurement of respiratory system
resistance (R5). Thus Technegas (depicted with orange circles) is deposited through
airway 1 exclusively at baseline. (B) Post-bronchodilator, the narrowing in airway 2
has reduced, leading to ventilation and Technegas deposition. This results in
decreased Ventnon. However, due to reduced radial traction, the relaxation of airway
smooth muscle resulted in airway 1 to partially collapse, decreasing airway lumen
diameter. Consequently, airways 1 and 2 and their lung regions contribute to the
measurement of R5, and R5 is then increased. The lung region for airway 1 remains
hyperinflated. (C) Post-bronchodilator, airway 2 is still closed and non-ventilated, and
they do not contribute to the measurement of R5. However, airway 1 becomes
further dilated, reducing RS, and its lung region is deflated. As the lung region
decreases in size, there is a smaller ventilated space in comparison to baseline.

Thus, Ventnon becomes increased.
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4.4.2 The effect of bronchodilator on hot spots count

Like Ventnon, ‘hot spots’ count did not significantly change post-bronchodilator (mean
A £ SD: -0.6 £ 3.0) and the response was also variable (range: 11). Additionally, we
found that the change in ‘hot spots’ count had no relation with change in lung
function and that there were no correlations between change in ‘hot spots’ count and
baseline imaging parameters or lung function measurements. To our knowledge, this
has been the first study to examine the effects of bronchodilator on ‘hot spots’ count
with VSPECT. We believe that measuring the total ‘hot spots’ count without

topographical analysis is unhelpful for assessing bronchodilator response,

Regarding the increase in ‘hot spots’ count in some of our participants, we had
observed that a large ‘hot spot’ at baseline occasionally appeared to increase in
number by subdividing into smaller ‘hot spots’ within the approximately same region
post-bronchodilator. In these participants, the more numerous but smaller ‘hot spots’
likely reflect reduced Technegas deposition due to an incomplete transition from
turbulent to laminar flow following airway dilation. Additional ‘hot spots’ were also
observed when new lung regions became ventilated post-bronchodilator. Therefore,
these additional ‘hot spots’ could then be markers of ventilation redistribution through
recruited airways that were inaccessible at baseline and non-ventilation improving to
poor ventilation. Topographical analysis of ‘hot spots’ following bronchodilator may

be used to reveal greater ‘penetration’ of ‘hot spots’ into the peripheral lung regions.

We speculate that reduced ‘hot spots’ count had likely resulted from airway dilation.
The dilation of proximal airways would improve airflow and consequently reduce
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Technegas aggregation and both ‘hot spot’ count and size. Furthermore, we
previously discussed the possible transition from completely or severely obstructed
airways to open but narrowed airways following bronchodilator administration (Figure
6). Using positron emission tomography (PET) on asthmatic patients in addition to a
computational model of a 12-generation airway tree, Venegas et al. reported that
bronchoconstriction had led to large peripheral clusters of ventilation defects (47).
This mechanism may also apply to COPD. If so, peripheral clusters of narrowed
airways may have been formed post-bronchodilator, and ‘hot spots’ count could have
then been reduced as a result from laminar airflow and reduced airflow velocity.
Furthermore, the formation of these peripheral clusters could have also improved
Technegas penetration into distal lung regions and reduced deposition within the
central airways, which are the typical location for ‘hot spots’ (48). In the observed
cases of singular ‘hot spots’ segmenting into multiple smaller ‘hot spots’, thereby
increasing total ‘hot spots’ count, we speculate that this resulted from narrowed
airways ‘de-clustering’ post-bronchodilator. A single ‘hot spot’ within a cluster could
be transformed into smaller ‘hot spots’ in different airways once the cluster was
removed with bronchodilation. It is interesting to note that both reduced ‘hot spots’
count and size in proximal lung regions and the addition of ‘hot spots’ in new lung

regions were occasionally observed in the same participant.

4.4.3 Limitations

One of the limitations for our study was the lack of lung volume measurements post-
bronchodilator. This would have allowed us to confirm whether the paradoxical

increase of Ventnon was associated with reduced hyperinflation. Additionally, we had
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not assessed dyspnoea. The relationships between VSPEST imaging parameters
and dyspnoea measurements such as the modified Borg dyspnoea scale are
currently unknown, and it is possible that the changes in Ventnon and ‘hot spots’
could have correlated with changes to dyspnoea. Thus, we cannot conclusively
decide whether these VSPECT parameters possess clinical utility. There is also no
information on variability in either Ventnon or ‘hot spots’ count for VSPECT, and
therefore, we were unable to determine whether the large variability was due to

natural variability or true changes from bronchodilator.

4.4.4 Conclusion

In summary, our study observed that there were no significant changes in non-
ventilated volume or ‘hot spots’ from bronchodilator. The variability in response for
both parameters could have resulted from the complex physiology involved in the
response to bronchodilator in patients with COPD. Along with airway dilation,
ventilation imaging is likely sensitive to redistribution of ventilation and airway
recruitment. Instead of solely using global measurements of non-ventilated volume
and ‘hot spots’ count’, topographical analysis may be used to assess peripheral
changes in ventilation. Alternative VSPECT parameters, such as ventilation
heterogeneity, could also provide further insight on the effect of bronchodilator in

COPD.
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Chapter 5 — Effects of methacholine on Single Photon
Emission Computed Tomography Ventilation Imaging in

COPD
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5.1 Abstract

Introduction: Whilst airway hyperresponsiveness (AHR) is traditionally thought to be
a marker for asthma, it is also common in COPD. However, the physiological
mechanisms for AHR and bronchoconstriction in COPD is thought to be different
from those in asthma. Our objective was to examine the effects of
bronchoconstriction on non-ventilated volume and ‘hot spots’ count in COPD with

VSPECT/CT.

Methods: 7 COPD participants underwent a baseline VSPECT/CT scan. On the
second visit, the participants underwent pre- and post-methacholine spirometry and
oscillometry, and a post-methacholine VSPECT/CT scan was completed. Non-
ventilated volume (Ventnon) and ‘hot spots’ were defined with the curve-fitting

threshold method.

Results: Ventnon and ‘hot spots’ count did not significantly increase post-
methacholine, and the responses for both were variable. Neither VSPECT/CT
parameter predicted AHR. There was a trend towards a relationship between
increased ‘hot spots’ count and reduced Ventnon post-methacholine (r = -0.67; p =
0.10). Increased FVC z-score at baseline predicted greater ‘hot spots’ count post-
methacholine (r = 0.82; p = 0.02). Increased Ventnon at baseline predicted a lower
closing index (r = -0.76; p = 0.05) and reduced conductance at 5 Hz (G5) (r = -0.83;

p = 0.04) post-methacholine.

Conclusion: Contrary to results from VSPECT/CT asthma studies, airway closure
and airway narrowing did not seem to occur concurrently. Instead,
bronchoconstriction appeared to be characterised with greater ventilation

heterogeneity and hyperinflation or airway closure and reduced ventilation.
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5.2 Introduction

Airway hyperresponsiveness (AHR) is the increased sensitivity to excessive
narrowing or closure in response to inhaled stimulus and is considered a hallmark
characteristic for asthma. However, AHR also appears to be a common feature in
chronic obstructive pulmonary disease (COPD), with studies reporting AHR to occur
in 23 — 50% of COPD patients (1-3). COPD patients with AHR have accelerated
decline in lung function (4) and increased risk of mortality (5). Although the
physiological mechanisms behind AHR in COPD remain elusive, some evidence

appears to suggest that they differ from AHR asthma.

In asthma, studies have shown AHR to be predicted by increased gas trapping and
increased ventilation heterogeneity at baseline (6, 7). According to a computational
modelling study by Venegas et al. (8), heterogeneity in the bronchial tree
predisposes the airways to catastrophic formation of poorly ventilated lung regions
following smooth muscle activation. Although ventilation heterogeneity and gas
trapping are common in COPD as well, Hardaker et al. (9) instead observed that
AHR in COPD had been predicted by decreased ventilation heterogeneity and
increased airway closure, as measured by forced vital capacity (FVC) (10).
Additionally, COPD participants with AHR were reported to have significantly
increased gas diffusion, and thus less evidence of emphysema, compared to those
without AHR. The authors thus speculated that COPD patients with the airway
disease phenotype may be more susceptible to AHR than those with emphysema.
These findings by Hardaker et al. (9) suggest that despite physiological similarities

between asthma and COPD patients with AHR, such as severe airway narrowing
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(11-13), AHR may be ultimately determined by physiological mechanisms that are

unique to each disease.

The effects of bronchoconstriction on ventilation, as visualised and assessed with
three-dimensional imaging techniques, and relationships between AHR and
ventilation have been previously examined in asthma patients. Despite differences in
imaging techniques and analysis methods, bronchoconstriction is consistently
demonstrated to increase the extent of non-ventilated volume (14-16). Utilising
ventilation single-photon emission tomography/computed tomography
(VSPECT/CT), Farrow et al. (17) reported a correlation between more severe AHR
and increased non-ventilated volume due to airway closure following the bronchial
challenge in asthma. Like previous asthma studies, Farrow et al. also noted there to
be correlations between increased ventilation heterogeneity at baseline and more
severe AHR and a greater loss of ventilation. In another VSPECT/CT asthma study
by Farrow et al. (16), the development of poorly ventilated lung regions from airway
narrowing was predicted by greater ventilation heterogeneity at the acinar lung
regions. These findings are strongly aligned with the observations made by Hardaker
et al. (7) and Venegas et al. (8). However, the findings from Hardaker et al. (10)
suggest that these effects and relationships observed by Farrow et al. in asthma
patients (16, 17) may not apply to COPD patients. For COPD, reduced non-
ventilated volume at baseline, potentially indicative of reduced emphysematous
destruction, may be predictive of more severe AHR and greater airway closure

following the bronchial challenge.
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In Chapter 2, we demonstrated that popular analysis methods for VSPECT, which
include the one used by Farrow et al. (16), fail to provide accurate estimations of
non-ventilated volume in lungs with heterogeneous imaging data. This makes the
findings of previous VSPECT studies possibly suspect. In comparison, our novel
‘curve-fitting’ analysis method was shown to be significantly more accurate despite
varying extents of image data heterogeneity. In addition to estimating non-ventilated
volume, we also developed a technique that analyses the number of ‘hot spots’ in the
image, which results from the particles of Technegas ventilation agent aggregating or
‘clumping’ in lung regions with abnormal airflow and airway narrowing (18, 19).
These two parameters, non-ventilated volume and ‘hot spots’ count, were
demonstrated to provide complementary information on lung function in a previous
chapter (Chapter 3). ‘Hot spots’ count has not been previously utilised to investigate
AHR and bronchoconstriction with three-dimensional VSPECT imaging. In a
scintigraphic VSPECT study in asthma patients, the number of ‘hot spots’ were noted
by Pellegrino et al. (19) to be increased following a bronchial challenge test.
However, the exact number of ‘hot spots’ at baseline nor the change in ‘hot spots’
count in all asthma participants were not presented. We hypothesize that
bronchoconstriction would increase both non-ventilated volume and ‘hot spots’ count.
However, we also hypothesize that more severe AHR in COPD is predicted by
reduced non-ventilated and greater ‘hot spots’ at baseline. For this study, our primary
objectives were to 1) examine the effects of bronchoconstriction on non-ventilated
volume and ‘hot spots’ count, 2) determine whether changes in VSPECT/CT
parameters correlate with AHR and changes in lung function, 3) determine whether
baseline lung function predicts change in VSPECT/CT parameters, and 4) determine

whether baseline VSPECT/CT parameters predict AHR and change in lung function.
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5.3 Methods

5.3.1 Participants and Study Design

Out of 22 participants with physician diagnosed COPD recruited from the
Department of Respiratory Medicine at Royal North Shore Hospital, only 10 (13 men,
10 women) met inclusion criteria for bronchial challenge testing. The inclusion
criteria were as follows: 18 — 80 years old, physician diagnosed COPD, a smoking
history of at least 10 pack years, and FEV1 greater than or equal to 40% of the
predicted value. Exclusion criteria were other active or chronic respiratory diseases,
history of lung surgery, history of chronic kidney disease, significant cardiac disease,
intensive care unit admissions in the last 12 months, and significant respiratory
infection or documented exacerbation within the previous 6 weeks. All participants
provided written, informed consent. The study was approved by the local Human

Research Ethics Committee (Northern Sydney Local Health District, RESP/18/198)

Participants attended two visits. The first visit involved baseline lung function testing
and a VSPECT/CT scan as noted in Chapter 3. For the second visit, participants
performed oscillometry and spirometry before undergoing a methacholine challenge
test using spirometry only. Oscillometry was performed at the end of the challenge
which was then immediately followed by the post-methacholine VSPECT/CT scan.
Participants with > 200 mL FEV1 difference between the two visits were excluded
from the study so that lung function was consistent throughout the study. Prior to
each visit, the participants withheld short-acting bronchodilators for 6 hours and

LABA and/or LAMA medication for 24 hours.
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5.3.2 Lung Function Testing

Spirometry was performed with a MGC Diagnostics CPFS/D USB spirometer and
MGC Breeze Suite interface (v. 8.6.0.56, MGC Diagnostics Corporation, Saint Paul),
according to American Thoracic Society (ATS)/European Respiratory Society (ERS)

criteria (20).

Oscillometry was performed with the tremoFlo C-100 oscillometry system (v.
1.0.43.44, Thorasys Thoracic Medical Systems Inc, Montreal) at 5 — 37 Hz. The
device calibration was performed prior to the testing session. Following the ERS
technical standards, participants underwent at least 3 breathing measurements. For
each measurement, the participant was instructed to breathe tidally in a seated
position and support their cheeks for 60 seconds, whilst wearing a nose clip. The
mean respiratory system resistance (R5), respiratory system conductance (inverse
of resistance, G5), and respiratory system reactance (X5), which had all been
measured at 5 Hz, were then obtained. Measurements with signs of leak, coughs,
swallows, or incorrect technique were excluded for quality control. A R5 coefficient of

variation < 10% was required for each testing session.

The z-scores for spirometry, body plethysmography, and diffusing capacity were
determined with reference equations from the Global Lung Initiative (GLI) (21-23).
Reference equations from Brown et al. instead of Oostveen et al. were used to
calculate oscillometry z-scores (24) as one participant’s weight was outside the

range of the latter’s reference equations.
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5.3.3 Methacholine Challenge Test

The methacholine challenge test was conducted by administering cumulative
methacholine doses, which ranged from 0.08 to 48.5 uymol, with the Koko dosimeter
(PDS Instrumentation, Louisville, KY). Participants performed a minimum of two
spirometry measurements after methacholine was administered. The test concluded
if FEV1 decreased by at least 20% or after giving the maximum dose. Airway
hyperresponsiveness was defined by dose response slope for FEV1 (DRSrev1) =2 8
(% decrease in FEV1/umol in methacholine + 3), (DRSes) = 9.75 (% decrease in
G5/umol in methacholine + 3), or = 3.23 DRSxs (decrease in X5/ umol in
methacholine + 3) (25, 26). The cutoffs for these dose response slopes were
equivalent to a 2 20% reduction in FEV1, = 27% reduction in G5, and = 0.93
cmH20.L.s™ reduction in X5 at 4 ymol cumulative dose of methacholine. The closing
index (% AFVC/%AFEV1) was calculated to determine the proportion of change in

FEV1 from airway closure (27).

5.3.4 Ventilation Imaging

VSPECT/CT Imaging was conducted at the Department of Nuclear Medicine, Royal
North Shore Hospital, using a Siemens Symbia T16 SPECT/CT system. Technegas,
consisting of 100 nm Technetium (**™Tc) carbon nanoparticles, was used as the
ventilation agent. The inhaled distribution of Technegas has been demonstrated to
resemble gas, even in participants with severe airway obstruction (28), and its

distribution should also remain fixed for at least 20 minutes after inhalation (29, 30).
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Participants were required to breathe in 500 — 700 mL of Technegas from functional
residual capacity (FRC) at approximately 0.5 — 1 L/sec in a seated, upright position.
The volume and flow rate of each inhalation was monitored with a MGC Diagnostics
CPFS/D USB spirometer that had been connected to the Technegas patient
administration kit and MGC Breeze Suite interface (v. 8.6.0.56, MGC Diagnostics
Corporation, Saint Paul). Two — four inhalations were generally taken to achieve the
required radioactivity of approximately 1.5 — 2.0 kilocounts/s, and approximately 40
mBq of Technegas was inhaled. Following Technegas inhalation, 400 ug of
salbutamol was administered to the participants. As noted in the previous chapters (3
and 4), the baseline CT scan was also registered to post-bronchodilator VSPECT

scan. This ensured that CT scans for all visits were post-bronchodilator scans.

Supine VSPECT and low dose CT scans (30 mA, 110 kVp, pitch 1.5, slice thickness
3 mm) were acquired with a 128 x 128 matrix and 512 x 512 matrix, respectively.
Participants breathed tidally throughout the VSPECT scan, but they were then
instructed to hold their breath at FRC for the CT scan. Following the settings on
other human VSPECT studies (16, 17, 31), VSPECT acquisitions employed 60 stops
x2 projections (total 120 projections), 15 seconds per stop, non-circular clockwise

orbit and continuous acquisition.

216



5.3.5 Image Reconstruction and Registration

Using 128 slices, VSPECT images were reconstructed with an ordered subset
expectation maximization (OSEM) Siemens Flash 3D algorithm, CT-based
attenuation correction, and a Gaussian filter. CT image reconstruction was
completed with a 512 x 512 matrix and OSEM Siemens Flash 3D algorithm. Both
VSPECT and CT images were converted to Digital Imaging and Communication in

Medicine (DICOM) file format.

VSPECT and CT scans were registered using the known, fixed spatial relationship
between the VSPECT and CT scanners. The DICOM files of both scans were then
transferred onto a HERMES (Nuclear Diagnostics, Stockholm, Sweden) workstation.
The matrix size of the VSPECT scan was increased from 128 x 128 matrix to 512 x
512, and the original counts remained preserved. Additional three-dimensional
registration was completed with the multimodality software package on HERMES by

visually aligning the markers on the VSPECT and CT scans.
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5.3.6 Imaging Analysis

Lung outlines on the CT scans were defined through Otsu’s method (32) for
thresholding and a region growing algorithm (33) that had been implemented within a
MATLAB script (R2019b, MathWorks, Natick) (34). The script produced a binarised
mask of the lung outlines, which was applied onto the VSPECT scan. All VSPECT
voxel activity outside of the lung borders were set to 0. VSPECT voxel data within

the mask were exported onto Microsoft Excel (2021, Microsoft, Redmond).

Non-ventilated volume (Ventnon) and ‘hot spots’ were defined through the same
curve-fitting threshold method, as described in Chapter 2 and 3 (Figure 1). To
summarize, the cumulative voxel frequency was first plotted against activity, and the
slopes of each data point were then calculated. The initial activity value = 90%
cumulative frequency with a slope < 0.010 was selected as the ‘slope point’. Voxels <
30% x the ‘slope point’ were determined to be Ventnon. Ventnon was expressed as a
percentage of total lung volume, which had been derived from the CT mask of the
lungs. Voxels = the ‘slope point’ were determined to be ‘hot spot’ activity. To count
the number of ‘hot spots’ in three-dimensional space, the masked VSPECT image
was first opened in Fiji (National Institutes of Health, United States of America).
Secondly, the VSPECT image was binarized, in which all voxel activity < the ‘slope
point’ was set to 0 and all voxel activity = the ‘slope point’ was set to 255 i.e., the
maximum activity in an 8-bit image. Finally, the 3D Objects Counter plugin had been

used to count the number of ‘hot spots’ in three-dimensional space.
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Figure 1: Curve-fitting threshold method for ventilation single-photon emission
computed tomography (VSPECT)/computed tomography (CT) scan. (A) Voxel
activity — frequency plot of masked VSPECT/CT scan; (B) Voxel activity — cumulative
frequency plot with curve-fitting threshold method. Slope Point = initial activity value
= 90% cumulative frequency with < 0.010 slope; Threshold = 30% x ‘slope point’;

Ventnon = non-ventilated volume
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5.3.7 Statistical Analysis

GraphPad Prism version 10.0.2 was used to analyse data and generate graphs. All
data were expressed as mean * SD unless otherwise stated. The changes in
imaging parameters post-methacholine were calculated as absolute changes.
Normal distribution of the data was determined with a Shapiro-Wilk’s test.
Differences in imaging parameters between at baseline and post-methacholine were
assessed with Wilcoxon’s signed-rank test. Correlations between changes in
imaging parameters, Ventnon and ‘hot spots’ count, and lung function measurements
post-methacholine were examined by Pearson’s correlation coefficient and
Spearman’s rank correlation coefficient for parametric and non-parametric data,

respectively. A p-value of < 0.05 was considered statistically significant.
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5.4 Results

5.4.1 Participant Demographics

Participant demographics and baseline spirometry, oscillometry, and VSPECT/CT
measurements are displayed in Table 1. The baseline spirometric and oscillometric
measurements were from the second visit. 10 participants with physician diagnosed
COPD were recruited for the study, but 3 were excluded as the difference in FEV1
between visit 1 and visit 2 was > 200 mL. 1 participant did not perform oscillometry
during the methacholine visit. However, all participants completed the Technegas
inhalation manoeuvre successfully. On average, participants were overweight (BMI:
30.9 £ 7.4), and their wellbeing was moderately impacted by COPD (CAT: 16.1 =
5.7). Additionally, participants were mildly obstructed (FEV1/FVC z-score: -3.0 £ 1.0,
FEV1 z-score: -2.0 + 0.8). R5 was within normal range (R5 z-score: 0.9 £ 1.5), but
X5 was more negative (X5 z-score: -1.7 + 1.8). Ventnon and ‘hot spots’ from the first

visit were 42.8 + 20.4 and 4 £ 1, respectively.
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Table 1: Participant demographics and baseline measurements of lung function, non-

ventilated volume, and ‘hot spots’.

Participants, n 7
Males/females, n 6/1
Age, years 61.3+7.8
Height, m 1.8+ 0.06
BMI, kg/m? 309+7.4
Smoking history, pack years 35.2+£27.7
CAT 16.1+5.7
FEV1, z-score -24+0.8
FVC, z-score -0.5+1.0
FEV1/FVC, % 54.0+ 8.6
FEV1/FVC, z-score -3.0£1.0
R5, z-score 0915
X5, z-score -1.7+1.8
G5, s.L.cmH20-" 0.2+041
Ventnon, % 42.8+ 204
Hot spots, n 4+1

BMI = body mass index; CAT = chronic obstructive pulmonary disease assessment
test; FEV1 = forced expiratory volume in 1 second; FVC = forced vital capacity; R5 =
respiratory system resistance measured at 5 Hz; X5 = respiratory system reactance

measured at 5 Hz; Ventnon = non-ventilated volume. Data are mean +/- SD.
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5.4.2 Airway hyperresponsiveness and changes in lung function, non-ventilated

volume, and hot spots

Changes in spirometric, oscillometric, and VSPECT/CT parameters post-
methacholine, in addition to dose response slopes and closing indexes are shown in
Table 2. In total, 6 participants were determined to have AHR, with 4 of them
according to FEV1, G5, and X5 dose response slopes. 1 participant possessed AHR
as defined by FEV1 and X5 dose response slopes, and another participant had AHR
defined by their FEV1 dose response slope. FEV1 and FVC decreased by 24.9% *
5.7 and 19.14% = 9 respectively. The mean absolute changes for R5 and X5 were
0.6 £ 0.6 and -1.7 = 1.5, respectively. The mean closing index, 0.77 + 0.29, indicated

that the reduction in FEV1 was mostly due to airway closure.

There were no significant changes in Ventnon and ‘hot spots’ count (p-values = 0.3
and 0.2, respectively), although responses for both VSPECT/CT parameters were
variable, with the ranges for Ventnon and ‘hot spots’ count responses being -9.65 —
9.52 and -3 — 9, respectively. The relationship between changes in Ventnon and ‘hot
spots’ are shown in Figure 3. There was a trend towards a correlation between
increased ‘hot spots’ count and reduced Ventnon post-methacholine (r = -0.67, p-

value = 0.10).
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Table 2: Post-methacholine dose response slopes and changes in lung function,

non-ventilated volume, and ‘hot spots’

AFEV1, L
AFEV1, %
AFVC, L
AFVC, %
AR5, cmH20.s.L"
AR5, %

A G5, L/cmH20.s"
AG5, %

A X5, cmH20.s.L!
A X5, %

DRSkev1, % decrease FEV1/umol +3*
DRSas, % decrease G5/pmol +3*
DRSxs, decrease X5/umol +3%
Closing index, %AFVC/%AFEV1
A Ventnon, %

A Hot spots, n

04+04
249+57
-0.5+0.6
-19.1+9.0
0.6+0.6
23.3+24.9
-0.04 + 0.06
13.2+12.8
17+15
-76.5+32.4
27.77 (9.47 — 81.45)
16.69 (3.67 — 75.99)
5.66 (3.05 — 10.51)
0.77 £ 0.29
3.0+7.4

3+4

FEV1 = forced expiratory volume in 1 second; FVC = forced vital capacity; DRSrev1

= dose response slope for FEV1; R5 = respiratory system resistance at 5 Hz; G5 =

respiratory system conductance; DRSgs = dose response slope for G5; X5 =

respiratory system reactance measured at 5 Hz; DRSxs = dose response slope for

X5; Ventnon = non-ventilated volume. Data are mean = SD. » = geometric mean (95%

confidence interval).
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Figure 1: Pre- and post-methacholine measurements of non-ventilated volume (A)
and ‘hot spots’ count (B). Comparisons between pre- and post-methacholine
measurements were done with paired Student’s t-test. Ventnon = non-ventilated

volume.
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Figure 3: Relationship between post-methacholine changes in non-ventilated
volume (Ventnon) and ‘hot spots’ count. There was a trend towards a significant

correlation between increased Ventnon and reduced ‘hot spots’ count change post-

methacholine.
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5.4.3 Relationships between imaging parameters and airway

hyperresponsiveness and closing index

Relationships between changes in imaging parameters post-methacholine and dose
response slopes are shown in Figure 4. There was a trend towards a relationship
between change in Ventnon and DRSrev1 (r = 0.70, p-value = 0.08) but change in
Ventnon did not correlate with the other dose response slopes. There were no
correlations between change in ‘hot spots’ count and all dose response slopes. The
relationships between changes in imaging parameters and closing index is displayed
in Figure 5. Although there was no relationship between change in Ventnon and
closing index, there was a trend towards a significant correlation between reduced

‘hot spots’ count and increased closing index.

5.4.4 Relationships between changes in imaging parameters and lung function

The relationships between changes in Ventnon and ‘hot spots’ count and changes in
spirometric and oscillometric measurements are shown in Figures 6 and 7,
respectively. There were no correlations between changes in imaging parameters

and change in spirometric and oscillometric parameters.
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Figure 4: Relationships between post-methacholine changes in non-ventilated
volume (Ventnon) and ‘hot spots’ count and dose response slopes. AHR = airway
hyperresponsiveness; FEV1 = forced expiratory volume in 1 second; DRSrev1 =
dose response slope for FEV1; G5 = respiratory system conductance measured at 5
Hz; DRSgs = dose response slope for G5; X5 = respiratory system reactance
measured at 5 Hz; DRSxs = dose response slope for X5; Ventnon = non-ventilated

volume; rs = Spearman’s rank correlation
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Figure 5: Relationships between post-methacholine changes in non-ventilated

volume (Ventnon) and ‘hot spots’ count and closing index. AHR = airway

hyperresponsiveness; FEV1 = forced expiratory volume in 1 second; FVC = forced

vital capacity; DRSrev1 = dose response slope for FEV1; G5 = respiratory system

conductance measured at 5 Hz; DRSass5 = dose response slope for G5; X5 =

respiratory system reactance measured at 5 Hz; DRSxs = dose response slope for

X5:; Ventnon = non-ventilated volume.

230



>
a A
o u
] ]

A Ventyon, (%)

L 4
o o
]

A Ventyon (%)

m

A Ventyon (%)

o [3.]
1 1

'
[4,]
1

B =No AHR

[l = AHR DRSrev1 & DRSxs

r=-0.059
p = 0.900

-40

- -
[4,] o [4,]
1 1 ]

(=}

'
(5]

[
-
(=]

1

1
-
(4]

-
(3]

-
o

o [3,]
1

'
)]

-10

-15

T T T T 1
-35 -30 -25 -20

A FEVA (%)

r=-0.639
p=0.122

-15

T
-20 -10

A FVC (%)

T
-40 -30

-0.417
p=0.352

I I I 1
-10 -5 0
A FEVA/FVC (%)

-15

[l = AHR DRSkev1

B = AHR DRSkevi, DRSes, & DRSxs

r=0.102
e p =0.827
10-
A
= A
2 5 a
4 A
w
B g b
< A
A
-5 T T T T 1
40 35 30 25 20 -5
A FEV1 (%)
r=0.461
D 0 =0298
10 :
A :
€ A
2 37 4 i
2 A :
w N
:g o-d----- A'
< A §
A :
-5 1 1 1 ;
40 -30 -20 10 0
A FVC (%)
F r=0.086
p = 0.854
10- :
: A
3 A
£ 57 A
8 A
Z :
Jcé Occcererrenreriniiaiiaiinn, A . ...................
< N
A
'5 | 1 | 1 1
45 A0 5 0 5 10

A FEV1/FVC (%)

231



Figure 6: Relationships between post-methacholine changes in non-ventilated
volume (Ventnon) and ‘hot spots’ count and changes in spirometric measurements.
AHR = airway hyperresponsiveness; FEV1 = forced expiratory volume in 1 second;
FVC = forced vital capacity; DRSrevi = dose response slope for FEV1; G5 =
respiratory system conductance measured at 5 Hz; DRSgs = dose response slope
for G5; X5 = respiratory system reactance measured at 5 Hz; DRSxs = dose

response slope for X5; Ventnon = non-ventilated volume.
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Figure 7: Relationships between post-methacholine changes in non-ventilated
volume (Ventnon) and ‘hot spots’ count and changes in oscillometry measurements.
AHR = airway hyperresponsiveness; FEV1 = forced expiratory volume in 1 second;
FVC = forced vital capacity; DRSrev1 = dose response slope for FEV1; R5 =
respiratory system resistance measured at 5 Hz; G5 = respiratory system
conductance measured at 5 Hz; DRSas5 = dose response slope for G5; X5 =
respiratory system reactance measured at 5 Hz; DRSxs = dose response slope for

X5; Ventnon = non-ventilated volume.

234



5.4.5 Predictors of changes in non-ventilated volume and ‘hot spots’

Relationships between changes in Ventnon and ‘hot spots’ count and baseline lung
function measurements are summarised in Table 3. There was a trend towards an
association between an increase in Ventnon post-methacholine with increased
baseline ‘hot spots’ count (r = 0.72, p-value = 0.07) (Figure 8C). There was also a
trend towards a significant relationship between increased ‘hot spots’ count post-
methacholine and reduced ‘hot spots’ count at baseline (Figure 8D). Increased
baseline FVC z-score was associated with a greater increase in ‘hot spots’ count

post-methacholine (r = 0.82, p-value = 0.02) (Figure 9).
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Table 3: Univariate correlations between post-methacholine changes in non-

ventilated volume and ‘hot spots’ and baseline lung function measurements.

A Ventnon, % A Hot spots (n)

r p-value r p-value
Ventnon, % -0.26 0.58 0.51 0.25
Hot spots, n 0.72 0.07 -0.69 0.09
FEV1, z-score -0.004 0.99 0.46 0.29
FVC, z-score -0.31 0.49 0.82 0.02
FEV1/FVC, % 0.18 0.70 -0.35 0.44
FEV1/FVC, z-score 0.12 0.79 -0.17 0.71
TLC, z-score -0.03 0.95 0.39 0.39
IC, z-score -0.23 0.63 0.59 0.17
FRC, z-score 0.17 0.72 0.09 0.86
RV, z-score 0.25 0.58 0.04 0.94
FRC/TLC, z-score 0.41 0.36 -0.35 0.44
RV/ITLC, z-score 0.24 0.61 0.27 0.56
Dico, z-score 0.03 0.96 -0.37 0.41
Kco, z-score 0.06 0.90 -0.40 0.38
VA/TLC, z-score -0.25 0.59 -0.31 0.49
R5, z-score -0.13 0.81 -0.13 0.79
G5, L.cm.H20.s™ 0.08 0.88 0.23 0.67
X5, z-score -0.46 0.30 0.22 0.64

Ventnon = non-ventilated volume; FEV1 = forced expiratory volume in 1 second; FVC
= forced vital capacity; TLC = total lung capacity; IC = inspiratory capacity; FRC =
functional residual capacity; RV = residual volume; DLco = diffusing capacity for
carbon monoxide; Kco = carbon monoxide transfer coefficient; VA = alveolar volume;
R5 = respiratory system resistance at 5 Hz; G5 = respiratory system conductance;

X5 = respiratory system reactance measured at 5 Hz
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Figure 8: Relationships between post-methacholine changes in non-ventilated
volume (Ventnon) and ‘hot spots’ count and baseline Ventnon and ‘hot spots’. AHR =
airway hyperresponsiveness; FEV1 = forced expiratory volume in 1 second; FVC =
forced vital capacity; DRSrev1 = dose response slope for FEV1; G5 = respiratory
system conductance measured at 5 Hz; DRSes5 = dose response slope for G5; X5 =
respiratory system reactance measured at 5 Hz; DRSxs = dose response slope for

X5:; Ventnon = non-ventilated volume.
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= dose response slope for FEV1; G5 = respiratory system conductance measured at

5 Hz; DRSes5 = dose response slope for G5; X5 = respiratory system reactance
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volume.
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5.4.6 Relationships between baseline imaging parameters and changes in lung

function

The relationships between baseline Ventnon and ‘hot spots’ count and changes in
lung function are shown in Table 4. Decreased baseline Ventnon, and thus greater
ventilation, predicted a greater closing index (r = -0.76, p-value = 0.05) (Figure 10B).
There was a trend towards a relationship between baseline Ventnon and a greater
increase in R5 post-methacholine (r = 0.78, p-value = 0.07) (Figure 10C).
Additionally, increased Ventnon at baseline was associated with a larger reduction of

G5 post-methacholine (r = -0.83, p-value = 0.04) (Figure 10D).
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Table 5: Univariate correlations between baseline non-ventilated volume and ‘hot

spots’ count and changes in lung function

VentNon, %

Hot spots (n)

r p-value r p-value
AFEV1, % 0.13 0.78 -0.62 0.14
AFVC, % 0.69 0.08 -0.51 0.24
AFEV1/FVC, % -0.21 0.66 -0.01 0.98
AFEV1/FVC, z-score # -0.61 0.17 -0.06 0.93
AR5, % 0.78 0.07 -0.35 0.50
AG5, % -0.83 0.04 0.36 0.48
A X5, cm.H20.s.L" 0.50 0.31 -0.53 0.28
A X5, z-score -0.66 0.16 -0.004 0.99
DRSkev1, % decrease FEV1/umol +3 -0.39 0.39 0.23 0.63
DRSas, % decrease G5/pmol +3 # 0.20 0.71 -0.59 0.23
DRSxs, decrease X5/umol +3 -0.58 0.23 0.30 0.56
Closing index, %AFVC/%AFEV1 -0.76 0.05 0.19 0.68

Ventnon = non-ventilated volume; FEV1 = forced expiratory volume in 1 second; FVC

= forced vital capacity; R5 = respiratory system resistance at 5 Hz; G5 = respiratory

system conductance; X5 = respiratory system reactance measured at 5 Hz; DRSFev1

= dose response slope for FEV1; DRSgs = dose response slope for G5; DRSxs =

dose response slope for X5; # = Spearman’s rank correlation coefficient
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5.5 Discussion

To our current knowledge, this has been the first study to investigate the effects of
bronchoconstriction in COPD patients with VSPECT/CT. We observed that despite
some similarities to the results of VSPECT asthma studies, there were noted
differences in how ventilation was affected post-methacholine in COPD patients.
Firstly, bronchoconstriction did not significantly reduce Ventnon and ‘hot spots’ count,
and responses for both parameters appeared to be variable (change in Ventnon and
‘hot spots’ count ranges: -9.65 — 9.53 and -3 — 9, respectively). Overall, the high
closing index indicated that airway closure had predominately contributed to the fall
in FEV1. The increased closing index could have been due to the generally high BMI
(mean £ SD: 30.9 * 7.4) of the participants (27). Contrary to our hypothesis, neither
baseline Ventnon nor ‘hot spots’ count predicted AHR severity. Although our previous
chapters (3 and 4) demonstrated no correlations between Ventnon and ‘hot spots’
count at baseline nor post-bronchodilator, we showed that there was a trend towards
reduced Ventnon and increased ‘hot spots’ post-methacholine. This may indicate that
bronchoconstriction had either primarily caused airway narrowing (‘hot spots’ count)
or airway closure (Ventnon) but not both. Our findings support the idea that AHR in

COPD to be mechanistically distinct from AHR in asthma.
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5.5.1 The effects of methacholine on non-ventilated volume

We observed there to be a trend towards a significant relationship between more
severe AHR, as measured by DRSrev1, and greater loss of ventilation post-
methacholine (r = 0.70, p-value = 0.08). As the study from Farrow et al. (17) reported
a r value of 0.56, our result is likely have been due to the low number of participants
in the study. Thus, in both asthma and COPD, those with more severe AHR appear

to have experienced extensive airway closure and loss of ventilation.

Unlike bronchoconstriction in asthma, which has been shown to both significantly
decrease ventilation (17) and increase poor ventilation (16) from airway closure and
airway narrowing, respectively, we observed that the Ventnon response post-
methacholine in COPD to be highly variable. Although asthma methacholine
challenge studies have utilised similar methacholine cumulative dose ranges to our
study, they consistently reported significant increases in Ventnon despite similar
changes in FEV1 (14, 15, 17). Although the physiological mechanisms behind AHR in
asthma and COPD are suspected to differ, it was still surprising to observe the lack
of a significant change in Ventnon and the variability in response. Of course, this may
be at least partially attributed to the low participant number and the noise of repeated
measurements. Whilst we previously demonstrated there to be issues regarding
accuracy and robustness with the threshold method utilised by Farrow et al. (17) in
Chapter 2, it is unlikely to have been responsible for our conflicting results. In fact,
their method had probably underestimated the loss of ventilation and the extent of
airway closure post-methacholine (Chapter 2). As Verhoeven et al. (13) observed no

relationships between AHR and parameters relating to parenchymal damage and
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gas transfer in COPD patients, it is unlikely that emphysematous changes alone to
the lung parenchyma are responsible for the variable Ventnon response. As
suggested by Hardaker et al. (10), small airways disease processes specific to
COPD, such as extensive airway pruning (35), may have been responsible for the
variability in Ventnon response. As a result of small airway obliteration and obstruction
in COPD (36, 37), there is greater ventilation throughout collateral airways to
preserve gas exchange (35). Thus, it is possible that through recruitment of narrow
collateral airways and redistributing ventilation that two of our COPD patients

resisted airway closure and ventilation loss.

To explain further, there appears to be primarily two different physiological responses
to methacholine that either increased or decreased Ventnon, but the changes for both
responses were relatively low compared to Ventnon at baseline (mean £ SD: 42.8 +
20.4). For five of our participants, the mean + SD increase in Ventnon post-
methacholine was 7.91 + 1.91. This likely reflects the loss of ventilation and
Technegas deposition due to airway closure in participants with AHR, and this is
supported by the trend towards an association between increase in Ventnon and
increased DRSrev1 (Figure 4A). Conversely, the mean + SD change in Ventnon post-
methacholine in the remaining two participants was -7.33 + 3.28. Rather than an
‘improvement’ in ventilation, these participants may have primarily responded to
methacholine through hyperinflation, thereby protecting airways from closure. This
distinct and opposite response was observed and discussed by Osorio-Valencia et
al. (38) in their high-resolution CT study on asthmatic and non-asthmatic
participants. Indeed, increase in lung volume was found to be inversely associated
with airway luminal area narrowing post-methacholine. The trend towards an inverse
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correlation between changes in Ventnon and ‘hot spots’ count post-methacholine
(Figure 3) suggest an additional physiological mechanism: ventilation redistribution.
Participants who responded to methacholine with hyperinflation and decreased
Ventnon, ventilation could have also redistributed through newly dilated airways (8)
that were either severely narrowed or closed at baseline and with collateral airways,
thus increasing overall ventilation heterogeneity. These airways may have dilated
enough for ventilation and Technegas deposition to occur but not to the extent to
avoid turbulent airflow and Technegas aggregation or collision. Redistribution of
ventilation may have occurred as a way of avoiding lung regions with poor ventilation
or simply due to expanded airspace. For participants that experienced airway closure
and increased Ventnon, the reduction of ‘hot spots’ count is likely to indicate towards
decruitment of airways, and thus, the removal of areas with turbulent or abnormal
airflow, rather than reduced airway narrowing. Therefore, the two distinct and
opposite responses to methacholine, airway closure and hyperinflation, may be
accompanied by reduced ventilation heterogeneity and ventilation redistribution,
respectively. As with investigating bronchodilator effects with VSPECT/CT, regional

analysis should provide further information on ventilation redistribution.

5.5.2 The effects of methacholine on hot spots

Like the results with Ventnon, ‘hot spots’ count did not significantly change post-
methacholine, and the response was again variable. As there has only been other
VSPECT study (although scintigraphic) that utilised quantitative ‘hot spot’ analysis,
comparisons are somewhat difficult to make. Our findings are contradictory to the

observations made by Pellegrino et al. (19) in their scintigraphic VSPECT study with
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asthma patients, in which ‘hot spots’ count had reportedly increased. As we believe
that ‘hot spots’ are representative of airway abnormalities in narrowed airways as
suggested by Jobse et al. (18) and Pellegrino et al. (19), some further comparisons
could be made with studies by Farrow et al. (16) and Tzeng et al. (39), as they had
also examined airway narrowing by measuring poor or patchy ventilation. Although
Farrow et al. (16) determined poor ventilation via a threshold and Tzeng et al. (39)
utilised coefficient of variation around each voxel to determine patchy ventilation,
these measurements were thought to reflect airway narrowing and not airway
closure. Contrary to our results again, both Farrow et al. (16) and Tzeng et al. (39)
reported significant increases in poor or patchy ventilation after inducing
bronchoconstriction. Furthermore, not only did both poor ventilation and Ventnon
significantly increase in the studies by Farrow et al. (16, 17), the changes in poor
ventilation and Ventnon had correlated positively with each other, i.e. greater airway

narrowing coincided with greater airway closure (16).

Like the Ventnon response, the change in ‘hot spots’ count was variable. As indicated
by Figure 3, the inverse relationship between changes in ‘hot spot’ count and Ventnon
post-methacholine again suggests the idea that COPD patients had either resisted
airway closure with airway recruitment and hyperinflation (at the cost of increasing
ventilation heterogeneity and ‘hot spots’) or failed to recruit airways, consequently
experiencing extensive airway closure and ventilation loss. Whilst no change in ‘hot
spots’ count likely reflects the lack of new regions with airway narrowing, the
reduction of ‘hot spots’ may be indicative of airway closure and decruitment. This is
further supported by the trend towards a significant relationship between increased
‘hot spots’ count and reduced closing index post-methacholine as shown in Figure
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5B. As discussed previously, this somewhat binary response in COPD could have

resulted from extensive small airway damage and increased collateral ventilation.

5.5.3 Predictors of change in non-ventilated volume, hot spots, and lung

function

Baseline ‘hot spots’ count trended toward positive and negative correlations with
changes in Ventnon and ‘hot spots’ count, respectively. These trends indicate that
increased airflow abnormalities at baseline due to greater airway narrowing or
ventilation heterogeneity predicted a greater increase in Ventnon from airway closure.
The increased ‘hot spots’ count at baseline may have reflected a greater number of
narrowed airways that were unstable and therefore close to the ‘critical point’ of
catastrophic airway narrowing and closure. The idea of a ‘critical point’ in airway
narrowing that leads to airway instability and airway closure has long been examined
within the context of asthma. In a computational 12-generation bronchial tree model,
Venegas et al. (8) simulated bronchoconstriction with smooth muscle activation, and
they initially observed that the airways had homogeneously constricted. However,
once smooth muscle activation and airway resistance increased past a ‘critical point’,
a positive feedback loop was formed, consequently leading to distinct clusters of
severely constricted airways and large ventilation defects. The authors noted that
prior to reaching this ‘critical point’ large, distinct clusters of ventilation defects did not
occur. Using the same bronchial model, Winkler and Venegas (40) again observed
the ‘critical point’ between homogenous airway narrowing and catastrophic airway
closure (and ventilation defects, particularly in the peripheral airways). Past the

critical point, the authors also observed complex behaviours to emerge such as
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greater ventilation heterogeneity and dilation of other airways in the bronchial tree
due to serial and parallel airway interdependence. In another bronchial tree model
study, Winkler et al. (41) demonstrated that the ‘critical point’ could be substantially
reduced (reached with lower levels of airway smooth muscle activation) if airway wall
thickness had increased. Furthermore, a regional increase in airway thickness
resulted in a lower ‘critical point’ than homogenous, global airway thickening. And so,
as previously stated, the ‘hot spots’ at baseline may have represented regions of
narrowed or thickened small airways that were close to a potentially reduced ‘critical
point’. Once these unstable airways were provoked by methacholine, they reached
the ‘critical point’ and closed, thereby increasing Ventnon and reducing ‘hot spots’

count, respectively.

We found that increased Ventnon at baseline predicted greater airway narrowing, as
measured by reduction in G5, increase in R5, and a lower closing index. These
results altogether suggest that greater airway closure or absent ventilation prior to
methacholine leads to a post-methacholine response involving greater airway
narrowing (42). Conversely, this also indicates that in participants with reduced
airway closure, their response to methacholine had almost exclusively involved
airway closure instead of airway narrowing. The functional loss of terminal
bronchioles or perhaps large, proximal airways as a result of emphysema may have
limited the propagation of airway closure to other connected airways in the bronchial
tree (8). Alternatively, airway narrowing and closure following bronchoprovocation is
thought to mostly occur within the small airways (43), but this may not take place in
emphysematous participants who have undergone substantial small airway pruning.
Airway narrowing and methacholine deposition might have been primarily localised
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within the larger proximal airways, which were demonstrated in a simulation study by
Winkler and Venegas (40) to be resistant against near or complete airway closure
compared to smaller, peripheral airways. Therefore, the reduced proportion of airway
closure in emphysematous patients following bronchoprovocation may simply be

because of the reduced availability of smaller peripheral airways.

We also observed that FVC z-score had exclusively predicted the response in ‘hot
spots’ count. We speculate that a larger FVC z-score could indicate towards a
greater availability of airways that were not severely narrowed and were thus
resistant to closure or collapse during the forced expiratory manoeuvre (44, 45).
These relatively ‘healthier’ small airways with a higher ‘critical point’ than narrowed
airways may have been more susceptible to narrowing than complete closure, hence
the increase of ‘hot spots’ count post-methacholine. Conversely, if there was a
greater proportion of small airways that were severely narrowed at baseline with a
lower ‘critical point’, methacholine may have induced complete closure, thereby

ceasing airflow entirely. This would result in the reduction of ‘hot spots’ count.

5.5.4 Limitations

Our study was limited by the small number of participants, so all interpretations of
results were made with caution. The variable length of time between the baseline
and methacholine visits was another limitation, and although a FEV1 difference >
200 mL excluded participants from analysis, ventilation may not have remained
consistent. Changes in hyperinflation, such as IC, were not measured in this study

so we could only speculate on the role of hyperinflation. Furthermore, improvements
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in dyspnoea had not been measured and redistributions of Ventnon or ‘hot spots’ into

new locations in the lung had not been assessed.

5.5.5 Conclusion

To summarise, we found that non-ventilated volume and ‘hot spots’ count had not
changed significantly post-methacholine, although changes in both parameters
appeared to be variable, which could indicate distinctly different responses. Neither
of the VSPECT/CT parameters predicted AHR. Participants with greater non-
ventilated volume at baseline were more predisposed to airway narrowing.
Furthermore, reduced gas trapping at baseline was associated with an increase in
‘hot spots’ count. When assessing post-methacholine responses with VSPECT/CT,
parameters that assess regional changes in non-ventilated volume or distribution of

ventilation and ‘hot spots’ may provide further insight.
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Chapter 6 — General Discussion & Conclusion
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6.1 Results Summary

This thesis presents the following findings regarding ventilation single-photon

emission computed tomography/computed tomography (VSPECT/CT) imaging

analysis and its parameters in COPD patrticipants.

In Chapter 2, we developed a novel ‘curve-fitting’ threshold method for
VSPECT/CT that sought to accurately define non-ventilated volume (Ventnon).
Using physical lung phantom models, we also assessed and compared the
‘curve-fitting’ threshold method to three existing methods that were either
commonly used in computer vision (Otsu’s method) or in previous VSPECT
studies. The ‘curve-fitting’ threshold method was determined to be the ideal
threshold method for VSPECT/CT analysis as it possessed superior accuracy
and robustness against image data heterogeneity compared to the other
methods. Additionally, the accuracy of existing VSPECT/CT threshold

methods were significantly affected by image data heterogeneity.

In Chapter 3, we applied VSPECT/CT and the ‘curve-fitting’ threshold method
on COPD participants. In addition to the Ventnon, we also measured ‘hot spots’
count, which detected instances of exaggerated Technegas deposition. Our
results showed that both imaging parameters provided distinct,
complementary information on lung function. Ventnon mostly related with lung
function measurements that were associated with emphysema, whilst ‘hot
spots’ count primarily related with lung function measurements that indicated
airflow impairment, likely from airway narrowing, and ventilation heterogeneity.

Ventnon and ‘hot spots’ count were not related to each other.
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e In Chapter 4, we examined the effects of bronchodilator with the VSPECT/CT
parameters, Ventnon and ‘hot spots’ count. Although there was no significant
change in either VSPECT/CT parameter, the responses for both were
variable. Furthermore, change in Ventnon was inversely related to change in
respiratory system resistance measured at 5 Hz (R5). We speculated that
increased R5 and decreased Ventnon indicated a bronchodilator response
involving airway recruitment, thereby also increasing global ventilation.
Conversely, reduced R5 and increased Ventnon was suggested to reflect
dilated airways and decreased hyperinflation. ‘Hot spots’ were occasionally
observed to subdivide, thereby increasing overall count, or relocate into
different lung regions in some COPD participants. Applying topographical
analysis on the VSPECT/CT parameters in addition to assessing ventilation
quality may provide further information on the bronchodilator response in

COPD.

e In Chapter 5, we examined AHR and the effects of bronchoconstriction via
methacholine on Ventnon and ‘hot spots’ count in COPD. Like the effects of
bronchodilation, responses for both VSPECT/CT parameters were variable
and not significant, and neither of the VSPECT/CT parameters predicted
AHR. However, we observed a trend towards a relationship between
increased Ventnon post-methacholine and AHR, which suggested that COPD
patients with AHR experienced greater airway closure and loss of ventilation.
Furthermore, there was another trend towards an inverse correlation between
changes in ‘hot spots’ count and Ventnon. Thus, we speculated that there were

two distinct responses to methacholine: airway closure and hyperinflation, in
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conjunction with decreased and increased ventilation heterogeneity (possibly
from ventilation redistribution), respectively. Additionally, COPD patients with
extensive airway closure at baseline appeared less likely to experience airway
closure post-methacholine. This may have been a consequence of extensive

destruction or complete obstruction of the small airways.
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6.2 The utility of measuring global estimates of non-ventilated

volume and ‘hot spots’ count

6.2.1 Non-ventilated volume in COPD and possible uftility

Throughout this thesis, we attempted to examine COPD with the use of quantitative
VSPECT/CT imaging and their relationships with various lung function
measurements. Measuring the global estimate of non-ventilated volume has now
long been a mainstay for ventilation imaging analysis, but only a few quantitative
VSPECT studies have used it to examine COPD. Qualitative studies had
consistently reported there to be a substantial loss of ventilation and reduced
Technegas deposition in severe COPD patients with emphysema. Furthermore, the
relationships between lung function measurements, such as spirometry or lung

volumes or oscillometry, and Ventnon have been either inconsistent or unknown.

We were able to confirm the visual observations made in older qualitative VSPECT
studies as COPD participants with evidence of emphysema, as determined by poor
gas transfer, did indeed possess highly increased Ventnon. The loss of Technegas
deposition, and thus ventilation, had been speculated by some authors, such as
Milne et al. (1), to occur primarily from the loss of diffusive flow within peripheral lung
regions. But Ventnon in some COPD patients were highly extensive, and Ventnon
regions were observed in proximal lung regions, which suggested the loss of larger

airways with convective flow.
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Despite the use of an accurate and validated threshold method, our studies involving
bronchodilator and bronchoconstriction responses in COPD on Ventnon revealed
there to be great variability and no significant changes. These findings suggest
limited utility of Ventnon for measuring bronchodilator response and
bronchoconstriction in COPD. Whether changes in Ventnon correlate with changes in
hyperinflation or gas trapping or dyspnoea is unknown, and further study is
warranted. Nonetheless, measuring global Ventnon may still be of use. With
quantitative CT imaging analysis, increased global estimations of emphysema
(LAA%) has been shown to predict important clinical outcomes, such as mortality (2)
and exacerbations (3). Thus, Ventnon could also potentially be used to predict clinical
outcomes and assess disease severity in conjunction with traditional methods (e.g.,

spirometry and symptom severity).

6.2.2 ‘Hot spots’ in COPD and possible utility

The common theme across multiple VSPECT studies was that ‘hot spots’, which
were typically determined through qualitative methods, appeared to form in
participants that were more obstructed. But as previously stated, the actual number
of ‘hot spots’, the relationships between ‘hot spots’ count and Ventnon and lung
function measurements were not reported. Additionally, the response in ‘hot spots’
count to bronchodilator and bronchoconstriction in COPD had not been examined
before. This thesis has been the first to provide an in-depth examination of ‘hot spots’
count with quantitative VSPECT/CT. Surprisingly, we found that ‘hot spots’ count and
Ventnon were unrelated to each other, and the parameters may have related to

different physiological mechanisms. Whereas Ventnon appeared to largely reflect
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catastrophic damage such as airway destruction or complete airway obstruction, ‘hot
spots’ count was speculated to not only reflect instances of airway narrowing and
turbulent airflow but also ventilation heterogeneity and unstable airways at risk of
closure if provoked by bronchoconstriction. Ventnon and ‘hot spots’ count may have
indicated patients who were either predominately affected by emphysema or airways
disease, respectively. This may suggest a potential use for these VSPECT

parameters as phenotypical markers.

Like Ventnon, the response in ‘hot spots’ count to bronchodilator and methacholine
were variable, and we speculated that this was due to heterogeneous airway dilation,
ventilation redistribution, and airway recruitment/decruitment. However, regional
analysis was not included in this thesis, and we could not confirm whether changes
in count (or no change) were truly related to those physiological mechanisms. Like
Ventnon, it appears that measuring total ‘hot spots’ count is unsuitable when
analysing response to either bronchodilator treatment or methacholine due to

variability in response.
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6.3 Future directions for quantitative ventilation imaging
analysis

6.3.1 Limitations and possible improvements to the measurement of non-

ventilation

In this thesis, Ventnon was an equivalent to ventilation defect percent (VDP), which is
a term commonly used in quantitative imaging studies. It should be noted that they
measure both hypo-ventilated and unventilated lung volumes. We visually observed
this in our lung phantom study since small regions external to the containers without
Technetium solution were sometimes classified as Ventnon. This was most likely due
to the tight spaces restricting Technetium deposition. Nonetheless, binarily
categorising all voxel activity as either Ventnon/VDP or ventilated activity is likely to
be too simple. For example, bronchodilator treatment may predominately improve
the quality of ventilation in COPD patients by further dilating airways instead of
recruiting previously hypo-ventilated or unventilated lung regions. It is therefore
unsurprising to observe recent ventilation studies, whether with VSPECT/CT or
hyperpolarised noble gas magnetic resonance imaging (MRI), supplementing the
traditional threshold method with additional thresholds for subjectively determined
ventilation qualities. Typically, poorly ventilated volume is defined with a strict cut-off
above the Ventnon threshold i.e., poorly ventilated volume threshold > Ventnon
threshold. Likewise, another ventilation category such as well-ventilated volume is
then defined with a cut-off above the threshold for poorly ventilated volume, resulting
in Ventnon < poorly ventilated volume < well-ventilated volume thresholds. These
additional thresholds for either ‘poorly ventilated’ and ‘well ventilated’ volumes can

easily be used with the ‘curve-fitting’ threshold method. The ‘curve-fitting’ method
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technically defines ventilated voxel activity as the range between the Ventnon
threshold (30% of ‘slope point’) and the ‘slope point’, the approximate border
between ventilated and ‘hot spot’ activity. Ventilated activity may be simply
categorised into two classes, ‘poorly’ and ‘well’, and the voxel activity threshold that
divides these two classes could be calculated as the mid-point between the Ventnon
threshold and ‘slope point’. Of course, the inherent issue with this concept is the
arbitrary classification of ‘poorly’ and ‘well’ ventilated voxel activities, but we believe
that assessing the change in ventilated activity, measured as % of total CT volume,
following bronchodilation or bronchoconstriction is still worth investigating. One
method of validating this idea of additional thresholds to the ‘curve-fitting’ threshold
method would be by further modifying the lung phantom design in Chapter 2. To
briefly reiterate what was stated in that chapter’s discussion, one of the limitations to
the lung phantoms was their homogenous Technetium (Tc%®™) solution
concentrations for Ventvol regions. For example, the Tc®®™ concentration for a lung
phantom contained only one of three (0.04, 0.06, 0.08 mBqg/mL) solutions. A
relatively easy modification would be to have a lung phantom contain at least two
Tc%¥m™ concentrations, 0.04 and 0.08 mBg/mL, to simulate ‘poorly’ and ‘well’ ventilated

lung volumes respectively.

6.3.2 Limitations and possible improvements to the measurement of ‘hot spots’

Compared to Ventnon, we believe the response in ‘hot spots’ count to be far more
variable. The ‘hot spots’ were frequently observed to substantially change positions
(either more proximally or peripherally in three-dimensional space), size, volume,

and shape in the same participant following bronchodilation or bronchoconstriction.
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In Chapter 3, we had mentioned there were instances of a large ‘hot spot’
segmenting into multiple smaller ‘hot spots’ following bronchodilation, possibly due to
heterogeneous dilation introducing laminar airflow within an airway that had been
consistently turbulent at baseline (Figure 1). Alternatively, the locations of ‘hot spots’
were also observed to change drastically without any change in ‘hot spots’ count.
The sheer variability of the response in ‘hot spots’ makes interpretation of global
measurements such as ‘hot spots’ count difficult. Like Ventnon, topographical analysis

of ‘hot spots’ may be highly useful.

As discussed in Chapter 3, we suggested analysing the topography of VSPECT/CT
parameters by segmenting the lung into proximal and peripheral regions of interest
either through traditional segmentation methods (e.g., subjectively determine the
border and volume of the peripheral/proximal lung space) or airway generation (e.g.,
regions beyond the 12" generation of airways is classified as peripheral). The former
is @a common, regional analysis technique for Ventnon: Ventnon within the total lung
space is categorised as either proximal or peripheral (or alternatively: upper, middle,
or lower) Ventnon (4). If this technique was applied to ‘hot spots’, the overall ‘hot
spots’ count could be categorised into proximal or peripheral ‘hot spot’ counts.
However, these regions are still too large to examine the highly variable
topographical changes in ‘hot spots’. For example, a ‘hot spot’ in an anteriorly
peripheral region may have moved significantly more peripherally or posteriorly, but
with Ventnon regional analysis techniques, there would be no detected change in
location. Indeed, changes in location would only be detected if the ‘hot spot(s)’
crossed the border between the lung regions of interest. A simple solution would be
to create multiple regions of interest (> 2) such as central, middle, and outer ‘shells’
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of the lung. Another but more complication solution would be to measure the average
position of all ‘hot spots’ relative to a single ‘centre’ point in three-dimensional space
between the lungs. The benefit of this more complicated technique would be the lack
of the arbitrary number of lung regions. As mentioned previously, airway generation
in addition to segmenting the lungs into lobes may also be used to analyse the

topography of ‘hot spots’.
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Figure 1: Schematics of airway and airflow at baseline and post-bronchodilator.
Smooth or laminar flow is depicted in black arrows. Turbulent airflow is depicted in
red arrows. At baseline, consistent airway narrowing results in continuous turbulent
airflow. Technegas aggregation would occur within this unbroken section of turbulent
airflow, producing one large ‘hot spot’ in the image. Post-bronchodilator, turbulent
airflow is no longer consistent due to bronchodilation, and the airflow within the
‘middle’ section is now laminar. As there are now two sections of turbulent airflow
and Technegas aggregation, two ‘hot spots’ would then be visible in the image

despite airway dilation and improvement of airflow.
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6.3.4 Ventilation heterogeneity and analysis without thresholds

Aside from measuring Ventnon and ‘hot spots’ count, VSPECT/CT could also be used
to analyse ventilation heterogeneity. There have been a variety of possible methods
to do this. Previously, Nagao et al. (5) combined fractal analysis with ventilation
SPECT to investigate examine the visually observable heterogeneous distribution of
Technegas (i.e., heterogeneous ventilation) in COPD patients with emphysema. By
delineating ventilated voxel activity with five thresholds, which were 15%, 20%, 25%,
and 30% of maximum activity, they had calculated the fractal dimension from the
slope of the linear regression equation between the total number of voxels and the
five thresholds transformed into logarithms. Their results showed that the fractal
dimensions, and thus heterogeneous Technegas distribution, had increased with
increasing severity of emphysema possibly resulting from parenchyma destruction
and small airway narrowing. This technique was suggested by the authors to be a
potentially helpful tool in clinical use for quantifying emphysema severity and
assessing emphysematous progression. Since there are accuracy issues with
percentage of maximum thresholds for delineating ventilated activity, fractal analysis
could be applied to the curve fitting threshold method instead by applying additional

thresholds above the non-ventilated volume threshold.

Norberg et al. (6) developed another technique for measuring ventilation
heterogeneity, and it was named the density curve method. They had calculated the
coefficient of variation (CoV) from overlapping cubic volumes of 1 cm?® on the three-
dimensional VSPECT/CT lung image. After compensating the CoV values for the

variation in activity uptake between participants, the compensated CoV values were
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then plotted as density curves with an area under the curve (AUC) of 100%. Two
AUC thresholds were selected: 9.5% and 20%. In a pilot study, the authors reported
that increased AUCs above the 20% threshold were found in a patient with asthma
and alpha-1 antitrypsin deficiency and another patient with COPD. Increased AUCs
above the 20% threshold, and so mild ventilation heterogeneity, were also observed
in ‘healthy’ participants with normal lung function and/or possible early signs of
emphysema. And so, measuring ventilation heterogeneity with SPECT/CT may be
useful in identifying patients with small airway abnormalities earlier than standard

lung function tests.

Heterogeneous ventilation could alternatively be assessed by simply measuring CoV
in the SPECT/CT image without any threshold. This would avoid the complications
inherent to thresholding heterogeneous voxel data in SPECT or complex imaging
analysis. Gibson et al. (7) utilised this approach in their asthma ventilation
SPECT/CT study (7), and it was observed that ventilation heterogeneity, as
measured with CoV, had significantly improved following monoclonal antibody
treatment in patients with severe asthma. This simpler CoV analysis technique may

be used to examine COPD severity and investigate treatment response.
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6.4 Conclusion

For the first time, we have assessed current threshold methods for quantitative
VSPECT/CT analysis and demonstrated there to be critical issues. However, we also
validated a novel ‘curve-fitting’ threshold method, which had been demonstrated to
be superior in both accuracy and robustness to existing methods. This simple
method was also used to identify the number of ‘hot spots’ in COPD. This thesis has
extensively examined not only relationships of non-ventilated volume and ‘hot spots’
count with each other but also their relationships with a wide variety of lung function
measurements and their responses to bronchodilator and bronchoconstriction in
COPD. These parameters may be useful as physiological markers or predictors for
poor clinical outcomes. For future studies, the novel ‘curve-fitting’ method may be
modified further to assess ventilation quality in addition to non-ventilated volume. It
may also be used conjunctively with topographical analysis to better understand
regional changes in ventilation and to identify patients who fail to respond to

treatment.
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