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ABSTRACT 

Introduction: 

The diagnostic approach for patients with suspected Chronic Thrombo-Embolic Pulmonary 

Hypertension (CTEPH) is a combination of clinical and pre-test probability assessment, and 

diagnostic imaging of computed tomography pulmonary angiogram (CTPA) or lung ventilation 

and perfusion scintigraphy (V/Q). There is a paucity of literature, particularly for Southeast 

Asia (SEA) populations, regarding the efficacy of these imaging approaches. This study 

investigated the sensitivity and specificity of V/Q and CTPA in the diagnosis of CTEPH in SEA 

patients. 

 

Method/Approach: 

A retrospective analysis was undertaken on 133 consecutive patients presenting for 

pulmonary hypertension (PH). The population included 42 males, 91 females, 683 V/Q images 

and 6288 CTPA images for patients in the age range 18 to 93 years (mean 66). All data was 

retrospectively analysed by two nuclear medicine physicians/radiologists and classified as 

findings consistent with CTEPH or inconsistent with CTEPH. These classifications were 

independently and collectively correlated with a final diagnosis of CTEPH or no CTEPH, made 

as a collective clinical decision by the primary attending physician based on the results of 

relevant investigations. 

 

Results: 

The accuracy, sensitivity, and specificity of V/Q for detection of CTEPH were 83.5%, 57.4% and 

97.7% respectively, with a positive predictive value (PPV) of 93.1% and a negative predictive 
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value (NPV) of 80.8% when only high probability reports were considered CTEPH positive. The 

accuracy, sensitivity, and specificity of V/Q for detection of CTEPH were 96.2%, 97.9% and 

95.3% respectively, with a PPV of 92.0% and a NPV of 98.8% when both high probability and 

intermediate probability reports were considered CTEPH positive. The accuracy, sensitivity 

and specificity of CTPA for detection of CTEPH were 70.7%, 19.1% and 98.8% respectively, 

with 90% PPV and 69.1% NPV. All 47 CTEPH positive studies were reported as having abnormal 

lung perfusion scans.  

 

Conclusion: 

This study demonstrated the higher diagnostic efficacy of V/Q over CTPA in diagnosing CTEPH 

in the SEA population. At the same time, in addressing the study objective, a normal lung 

perfusion has shown to exclude the presence of CTEPH in PH patients. Perfusion imaging is 

recommended first in eliminating the need for ventilation if perfusion is normal.  
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1.1 HUMAN RESPIRATORY SYSTEM 

The human lungs sit within the thorax and are protected by the rib cage which anchors the 

diaphragm and the intercostal muscles. Air enters the body through the nose or the mouth, 

and continues enroute to the lungs through the pharynx, larynx, and the trachea (Townsley, 

2012). The trachea separates into the right and left bronchi, which in turn divides into lobar 

bronchi, and sequentially further bifurcating to the terminal bronchioles, respiratory 

bronchioles, alveolar ducts, and the alveolar sacs (Breeze & Wheeldon, 1977). The right lobe 

divides into upper, middle and lower bronchi while the left lobe divides into upper and lower 

bronchi. Understanding and knowledge of the lung lobes and segments is important in the 

interpretation of radionuclide lung scan images. 

 

The pulmonary artery bifurcates into right and left pulmonary arteries which follow the 

bronchi and bronchioles, and further bifurcating until they reach the alveoli (Townsley, 2012). 

There are approximately 250 to 300 million alveolus with an average diameter of 150 µm in 

an adult, supplied by terminal pulmonary arterioles with diameters of approximately 35µm 

each, and which give rise to approximately 1000 capillaries per alveolus (Daly & Hebb, 1966). 

The pulmonary capillaries drain oxygen-rich blood from the lungs into the left atrium through 

the pulmonary veins (Townsley, 2012).  
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1.1.1 Lung Function 

The main functions of the lungs are to facilitate the exchange of oxygen and carbon dioxide 

between the air and the blood for the body’s cellular metabolism. During inspiration, the 

alveoli absorb oxygen which circulates around the body through the blood cells (West, 2011). 

Cellular respiration releases carbon dioxide back into vascular system which returns to the 

lungs via the veins and is expired (West, 2011). Oxygen-rich blood travels to the heart where 

it is subsequently circulated to throughout the body system. To circumvent a blockage in the 

bronchiole, air enters the distal alveoli via the pores of Kohn, which provide direct 

communication between the surrounding alveoli (Breeze & Wheeldon, 1977). The canals of 

Lambert facilitate collateral ventilation in the peripheral lung by connecting both the alveoli 

ducts and the respiratory bronchioles which prevents obstructed pulmonary segments from 

collapsing (Breeze & Wheeldon, 1977). See figure 1.1 below for a summary diagram showing 

the normal gas exchange.  

 

 
Figure 1.1: Schematic diagram depicting the normal gas exchange at principal structures and 
their physiological functions (adapted from Wagner 2015).  
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1.1.2 Blood Supply 

The lungs receive blood from the aorta through the small bronchial arteries which follow the 

bronchial tree, and as far as the respiratory bronchioles, supplying nourishment to the 

bronchi, nerves and surrounding blood vessels (Mettler & Guiberteau, 2012). The bronchial 

arteries and the pulmonary circulation anastomose at the capillary level around the 

respiratory bronchioles (Breeze & Wheeldon, 1977). The bronchial circulation supplies 

approximately 5% of the blood flow to the lungs while most of the blood is drained into the 

left atrium through the pulmonary veins (Daly & Hebb, 1966). See figure 1.2 below on the 

normal blood flow to the lungs.  

 

 

Figure 1.2: Drawing depicting normal blood flow from the pulmonary artery to the lung 

 

Blood flow is three to five times higher at the base of the lungs than at the upper parts when 

in an upright position (Anthonisen & Milic-Emili, 1966). The upper one fourth of the lungs 

receives low blood flow in a resting upright position (West 1967). Blood flow is more even 

from apex to base in the supine position but with a gradient from front to back (Hughes, 
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Glazier, Maloney, & West 1968). Lying on one side in a supine position will result in higher 

blood flow to the lower part of the lung.  In an upright position, the distribution of blood flow 

exhibits the largest gradient from top to bottom when measured at total lung capacity 

(Anthonisen & Milic-Emili, 1966). At functional residual capacity, the distribution of blood 

flow increases from the apex to approximately the level where the fourth or fifth rib is located, 

and then decreases slightly towards the base of the lungs (Anthonisen & Milic-Emili, 1966). 

The distribution of blood flow is generally uniform throughout the lungs when measured at 

residual volume (Hughes et al., 1968). 

 

The distribution in which blood flow and ventilation are mixed is not even from top to bottom 

when in an upright position (Hughes et al., 1968). In the upper zones, ventilation exceeds 

blood flow by a ratio of approximately 2:1 to 3:1 although it is generally uniform in the middle 

zones, whereas in the lower zones blood flow exceeds ventilation (Hughes et al., 1968). 

Oxygenation of the blood is reduced when ventilation is lower than that of blood flow (Daly 

& Hebb, 1966). When ventilation exceeds blood flow, the maximum load of oxygen will be 

taken up by the red cells (Daly & Hebb, 1966). 

 

1.2 RESPIRATORY DISEASES 

Respiratory diseases are a major cause of mortality and morbidity, creating a health burden 

globally. Millions of the world population are burdened with chronic respiratory diseases 

(World Health Organisation, 2013). Approximately four million people die from chronic 

respiratory diseases annually (Ferkol & Schraufnagel, 2014). The high prevalence rate 

indicates the potential for an economic burden due to a decrease in the labour work force 
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and increased health care costs. Respiratory diseases can be classified in numerous different 

ways, and encompass a wide range of clinical manifestations and conditions (e.g. interstitial 

lung disease (ILD), respiratory tract infection and pulmonary vascular disease). A systematic 

review reported hypertension as a leading attributable risk factor for mortality in South Asia 

with an overall prevalence rate of 27% (Neupane et al, 2014).  Although respiratory diseases 

tend to involve predisposing factors such as genetics, age, socioeconomic and environmental 

factors, many respiratory conditions have the potential to impact virtually any group within 

the population.   

 

The South East Asia Region (SEAR) holds 25% of the global population, while accounting for 

30% of the overall disease burden (Dhillon et al, 2012). Lower respiratory tract infections top 

the contributor list of communicable diseases (CD’s) with 24.8% in SEAR which also accounts 

for more than 20% of the global CDs adult mortality burden (World Health Organisation, 

2008). Other respiratory diseases such as asthma and chronic obstructive pulmonary disease 

(COPD) are the third biggest contributor and make up 13.7% of non-communicable diseases 

(NCD’s) mortality in SEAR (World Health Organisation, 2008). In Singapore, NCDs are 

estimated to be the result of 74% of the country’s overall mortality, with chronic respiratory 

diseases accounting for 3% (World Health Organisation, 2018). 

 

1.2.1 Interstitial Lung Disease 

ILD, also known as diffuse parenchymal lung diseases, encompass a heterogeneous range of 

disorders with similar radiographic, clinical, physiologic, or pathologic manifestation affecting 

the alveoli of the lungs (Bradley et al., 2008). Lungs with interstitial disease demonstrate 
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varying degrees of inflammation and fibrosis characterised by excessive inflammatory cells 

and an increased amount and abnormal structure of the connective tissue respectively 

(Pipavath & Godwin, 2004). As a result, blood flows to the pulmonary vessels are 

compromised as in the case of pulmonary vasculitis where the inflammatory destructive 

disease affects the smaller pulmonary arterioles (figure 1.3). ILDs also affect compartments 

of the lungs such as the blood vessels, trachea, pleura, bronchi and bronchioles, and may also 

complicate connective tissue diseases.  

 

 
Figure 1.3: Drawing depicting diminished blood flow from the pulmonary artery to the lung 
due to vasculitis 
 

Epidemiological data have shown that ILDs are more common than previously estimated and 

may have frequently gone unrecognised. Only one-third of ILD cases originate from known 

exogenous or endogenous factors such as infection, drugs, radiation, occupational and 

environmental causes while the other two-thirds are idiopathic (Demedts et al., 2001). A 

study in the United States reported an estimated prevalence of mortality for undiagnosed 

ILDs at 1.8% (Coultas, Zumwalt, Black, & Sobonya, 1994). Pulmonary fibrosis and idiopathic 

pulmonary fibrosis (IPF) are the most common conditions of ILDs, accounting for 46.2% of 
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men diagnosed with ILD and 44.2% in females (Coultas et al., 1994). There was a reported 

gender prevalence of ILDs in males and females as 80.9 per 100,000 and 67.2 per 100,000 

respectively, with 31.5 per 100,000 new diagnosed cases and 26.1 per 100,000 new diagnosed 

cases for men and women respectively each year (Coultas et al., 1994). Due to occupational 

exposures, men tend to suffer from pneumoconiosis (Zhao, Li, & Zhao, 2019). ILD with 

rheumatoid arthritis involvement is also more commonly diagnosed in males (Solomon & 

Brown, 2012). At the same time, lymphangioleiomyomatosis and tuberous sclerosis 

conditions with pulmonary implications exist exclusively in premenopausal women (Ryu, Tian, 

Baquir, & Xu, 2013). Other female gender prevalent ILDs include ILD in Hermansky-Pudlak 

syndrome, lymphocytic interstitial pneumonitis, and those of connective tissue diseases (Ryu 

et al., 2013; Pierson, 2006).  

 

ILD also occurs predominantly in adults with both mortality and incidence of the disease 

increasing with age (Olson et al., 2007; American Thoracic Society 2000). Conditions such as 

pulmonary Langerhans cell histiocytosis, sarcoidosis, Gaucher’s disease, 

lymphangioleiomyomatosis, inherited forms of ILD, Hermansky-Pudlak syndrome and 

autoimmune-associated lung diseases have a higher likelihood of developing in young adults 

between the ages of twenty and forty years (Olson et al., 2007). In contrast, IPF, known as 

cryptogenic fibrosing alveolities in European countries tend to occur in patients over the age 

of fifty (Olson et al., 2007). IPF has also been suggested to be affecting racial populations 

differently. Studies have shown that Caucasians have higher mortality rates and higher 

likelihood of being diagnosed with IPF than African Americans in the United States (Olson et 

al., 2007: Mannino, Etzel, & Parrish, 1996). It is uncertain if the findings are real indications 
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from the differences in ethnic characteristics or due to the disease being underdiagnosed in 

the minority groups. Clinical trials, scientific studies and ILD registries are mainly from 

European countries with data on incidence, demographics, disease burden and mortality from 

Southeast Asia (SEA) scarce, with potential substantial differences (Behr et al, 2014; Thomeer, 

Costabe, Rizzato, Poletti, & Demedts, 2001). Causes of ILDs include those that are associated 

with a wide range of diseases. Exposure to certain drugs (table 1.1), occupational and 

environmental hazards or agents (table 1.2), in particular, result in increased incidences of 

ILDs. 

 

Table 1.1: Examples of drugs that can induce ILD (adapted and modified from Rosenow & 
Martin, 1993, p 255-270). 

Antibiotics Ethambutol, Minocycline, Nitrofurantoin 
Anti-inflammatory agents Gold, Interleukin-1 blockers, Leflunomide, Nonsteroidal 

9angerhans9matory agents, Penicillamine, Rituximab (anti-
CD20 monoclonal antibody), Sulfasalazine, Tumor-necrosis 
factor-alpha blockers 

Anti-arrhythmic agents Amiodarone, Tocainide 
Chemotherapeutic agents Alkylating agents; Busulfan, Chlorambucil, 

Cyclophosphamide, Melphalan, Procarbazine 
hydrochloride 
Antimetabolites;  Azathioprine, Cytosine arabinoside, 
Methotrexate 
Antibiotics; Bleomycin sulphate, Mitomycin C 
Nitrosoureas; BCNU (carmustine), CCNU (lomustine), 
Methyl-CCNU (semustine) 
Others; Alpha interferon, Docetaxel, Etoposide (VP-16), 
Gefitinib, Nilutamide, Paclitaxel, Temsirolimus, 
Thalidomide 

Drug-induced systemic 
lupus erythematosus 

Hydantoins, Hydralazine hydrochloride, Isoniazid, 
Penicillamine, Procainamide hydrochloride 

Illicit drugs Cocaine, Heroin, Methadone hydrochloride, Propoxyphene 
hydrochloride (Darvon), Talc 

Miscellaneous Bacille Calmette-Guerin (BCG), Bromocriptine, Drugs 
inducing pulmonary infiltrates and eosinophilia, L-
tryptophan, Statins 
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Table 1.2: Environmental and occupational hazards related to ILD (adapted and modified from 
Crystal, 1992). 

Inhaled organic dusts Thermophilic fungi;  Macropolyspora faeni, 
Thermactinomyces vulgaris, T. sacchari 
Bacteria; Bacillus subtilis, B. cereus 
True fungi; Aspergillus, Cryptostroma corticale, 
Aureobasidium pullulans, Penicillium species 
Animal proteins 

Inhaled inorganic dust Silicates; Silica, Asbestos, Talc, Nepheline, Aluminum 
silicates, Mica, Beryllium  
Carbon; Coal dust, Graphite 
Metals; Tin, Aluminium, Iron, Antimony, Hematite, Mixed 
dusts of silver and iron oxide, Rare earths, Hard metal dusts 
of tungsten, hafnium, niobium, vanadium carbides 

Other inhaled agents Gases; Sulphur dioxide, chlorine gas, Methyl isocyanate, 
Oxides of nitrogen 
Vapors; Hydrocarbons, Toluene diisocyanate, 
Thermosetting resins, Mercury 
Fumes; Diphenylmethane diisocyanate, Trimellitic 
anhydride toxicity, Oxides of copper, zinc, magnesium, 
brass, tin, selenium, manganese, iron, cadmium, nickel, and 
antimony 
Aerosols: Fats, Oils 
Chemical sources; Vinyl chloride, polyvinyl chloride powder, 
polyesters, nylon, orlon, acrylic 

 

Evaluation of suspected ILD typically involves laboratory investigations such as biochemical 

tests of renal and hepatic function, urinalysis, and blood tests for polycythaemia, anaemia, 

eosinophilia or leucocytosis (Bradley et al., 2008). A summary flow of diagnostic procedures 

for ILD is depicted in figure 1.4. 
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Figure 1.4: Summary flow of diagnostic procedures for ILD (adapted from Raghu, 1995). 
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Positive findings for ILD include abnormal radiographic images such as reticular, nodular and 

mixed patterns with increased interstitial markings shown on routine chest x-rays (Pipavath 

& Godwin, 2004) (table 1.3). Although chest x-rays are useful in identifying ILDs, they correlate 

weakly with the actual pathologic findings and disease progression; with the exception of the 

characteristic honeycomb pattern present on 41 to 100% of patients with usual interstitial 

pneumonia (UIP) (Arakawa & Honma, 2011). The prevalence rate of honeycombing on CT 

imaging have also recently been reported to be 37.6%, 41.9% and 42.0% in IPF, connective 

tissue disease related ILD, and chronic hypersensitivity pneumonitis respectively (Adegunsoye 

et al, 2019).  

 

Table 1.3: Radiological patterns of diseases associated with ILDs (adapted and modified from 
Felson, 1979). 

Nodular Nodular: Includes nodules up to 1 cm in diameter 
Micronodular: Correspond to the p opacities of the 
International Labor Office classification with a diameter smaller 
than 1.5 mm 

Reticular Fine or ground glass, honeycomb or coarse, irregular or 
medium  

Linear Mostly due to thickened interlobular septa;  
Interlobular septal or Kerley lines and intralobular septal lines 

Destructive Small lungs, bronchiolectasis and honeycombing, bullae, cysts, 
diffuse consolidation, retraction of hilar structures cranially, 
and coarse linear scarring  

Alveolar Airspace of 0.6 to 1 cm in diameter, coalescent opacities, air 
alveolograms and bronchograms, ground-glass opacification, 
consolidation with a bronchocentric distribution 

Combined reticular and nodular, Bronchial, Vascular 
 

 

The use of High Resolution Computed Tomography (HRCT) enables the detection and 

characterisation of diseases that affect the pulmonary parenchyma and small airways and is 
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an useful tool to supplement the information by detecting subtle ground-glass opacities not 

suspected on x-rays (Kazerooni, 2001). HRCT employs a high spatial frequency reconstruction 

algorithm and thin-section CT scanning to produce CT images between 0.625 to 1.5mm slice 

thickness (Kazerooni, 2001). Additional abnormal appearances on HRCT include patterns such 

as large confluent opacities, linear and reticular opacities, decreased parenchymal opacity, 

and nodular opacities, which may be accompanied by architectural distortion and 

parenchymal bands (Muller, 1991). Correlations between these patterns their respective 

likely diagnoses are summarised in table 1.4.  

 

Table 1.4: HRCT patterns in ILDs (adapted and modified from Sumikawa et al., 2008; Elliot et 
al., 2005; Lynch et al., 2005; Pipavath & Godwin, 2004; Wittram, Mark, & McLoud, 2004). 

Nodular Sarcoidosis, Hypersensitivity pneumonitis, Silicosis, Respiratory 
bronchiolitis-associated interstitial lung disease, Metastatic 
cancer, Pulmonary langerhans cell histiocytosis, Coal workers’ 
pneumoconiosis 

Airspace  Lung consolidation; 
Lymphoma, Chronic or acute eosinophilic pneumonia, Alveolar 
carcinoma, Cryptogenic organizing pneumonia, Alveolar 
proteinosis, Aspiration  
Haze or ground glass attenuation; 
Desquamative interstitial pneumonia, Drug toxicity,  
Respiratory bronchiolitis-associated interstitial lung disease, 
Hypersensitivity pneumonitis, Pulmonary hemorrhage 

Isolated lung cysts Lymphangioleiomyomatosis, Pulmonary 13angerhans cell 
histiocytosis, Chronic Pneumocystis carnii pneumonia 

Reticular opacities Connective tissue disease, Idiopathic pulmonary fibrosis, 
Hypersensitivity pneumonitis, Asbestosis 

Distribution of disease  Upper zone predominance;  
Sarcoidosis, Berylliosis, Coal miners’ pneumoconiosis, 
Granulomatous disease, Pneumoconiosis, Pulmonary 
histiocytosis X (eosinophilic granuloma), Silicosis, Chronic 
hypersensitivity pneumonitis 
Lower zone predominance; 
Rheumatoid arthritis, IPF, Asbestosis 
Central disease (bronchovascular thickening); 
Lymphangitic carcinoma, Sarcoidosis 
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Peripheral lung zone; 
Connective tissue disease, Idiopathic pulmonary fibrosis, 
Cryptogenic organizing pneumonia, Eosinophilic pneumonia, 
Asbestosis 

 

1.2.2 Respiratory Tract Infections 

Despite of advances in modern medicine, respiratory tract infections remain a major global 

source of mortality, morbidity, and a burden on healthcare services. In addition, respiratory 

tract infections with pandemic and epidemic potential continue to plague the society; 

challenging the prevention, diagnosis, treatment and control strategies (Fauci & Morens, 

2012; Zumla, Yew, & Hui, 2010). The development of new therapies lags behind the rapidly 

evolving nature of the aetiology pathogens with a number of epidemics of new viral 

respiratory infections having emerged from the past century alone, such as the severe acute 

respiratory syndrome coronavirus (Zumla et al., 2014; Christ-Crain & Muller, 2007). Newly 

discovered viruses such as the Middle East respiratory syndrome (MERS), severe acute 

respiratory syndrome (SARS), and swine-origin influenza (H1N1) hold epidemic potential that 

threatens world health security (Hui, Memish, & Zumla, 2014; Zumla, Yew, & Hui, 2010; 

Morens, Folkers, & Fauci, 2008). Efforts to improve diagnosis and prevention have not met 

with success in improving disease management (Fauci & Morens, 2012).   

 

1.2.2.1 Upper Respiratory Tract Infections 

Respiratory tract infections are diseases and infections anatomically classified under the 

upper and lower systems, divided by the vocal chords (table 1.5). Upper respiratory tract 

infections include tonsillitis, sinusitis, laryngitis, otitis media, influenza and the common cold. 

Acute upper respiratory tract infections include epiglottitis, pharyngitis, and laryngotracheitis, 
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and are generally transitory and benign. The majority of upper respiratory tract infections are 

of viral aetiology with possible complications from bacterial infections. Other aetiologic 

agents include fungi and mycoplasma. The organisms enter the respiratory tract through the 

inhalation of droplets and invade the mucosa, resulting in epithelial destruction, 

haemorrhage, oedema, and possibly an exudate (Musher, 2003). Direct physical hand contact 

with infected secretions may also lead to the transmission of organisms to the eyes (Musher, 

2003). At the same time, conjunctivitis is frequently observed with adenovirus infections.  

 
Table 1.5: Anatomic classifications of respiratory tract infections.  

Upper respiratory tract Tonsillitis, Sinusitis, Laryngitis, Epiglottitis, Otitis Media, 
Influenza, Common cold 

Lower respiratory tract Bronchitis. Bronchiolitis, Bronchiectasis, Lung abscess, 
Pleural Empyema, Lobar Pneumonia, Bronchopneumonia   

 

There are significant overlaps in the clinical manifestations of the various forms of upper 

respiratory tract infections. Initial symptoms occur one to three days post exposure to the 

infectious virus. Hallmarks of the common cold include sneezing, runny nose, nasal 

congestion, sore throat, low-grade fever, and inflamed nasal mucosa (Monto, Bramley, & 

Sarnes, 2003). Acute bronchitis and sinusitis are often preceded by the common cold. Specific 

symptoms of acute sinusitis include redness, swelling and tenderness overlying the affected 

sinus (Wilson, 2010; Hwang, 2009). Influenza is a viral infection affecting the epithelial cells 

of both the upper and lower respiratory tracts (Bals & Hiemstra, 2004), characterised by 

myalgia, severe headache, dry cough, and high fever, followed by malaise and fatigue (Call, 

Vollenweider, Hornung, Simel, & McKinney, 2005). Patients with acute tracheobronchitis 

exhibit symptoms such as audible respiratory wheezes, and cough; which may or may not 

result in sputum production, lasting for one to three weeks (Wenzel, & Fowler, 2006). Acute 
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bacterial rhinosinusitis is characterised by maxillary toothache, unilateral facial pain, and 

excessive purulent nasal discharge, for more than one to two weeks after the common cold 

(Wilson, 2010; Hwang, 2009).  

 

Upper respiratory tract infections in the form of a common cold tend to occur more frequently 

during the colder months. In the United States, the coryza syndrome is the most common 

cause of visit to the doctor (Fendrick, Monto, Nightengale, & Sarnes, 2003). The coryza 

syndrome refers to the common cold symptoms of sneezing, nasal discharge and mild fever 

(Valman, 1981).  Acute pharyngitis accounts for seven million visits to the hospital annually 

(Wessels, 2011). There are an approximate 20 million cases of acute sinusitis, and 12 million 

cases of acute tracheobronchitis diagnosed in the United States each year (Wenzel & Fowler, 

2006). An estimated 0.5 to 2% of viral upper respiratory tract infections progresses to the 

condition of acute bacterial sinusitis (Wilson, 2010). The annual healthcare burden of non-

influenza related upper respiratory tract infections in the United States stand at a staggering 

estimated figure of $40 billion (Fendrick et al., 2003). An approximate 40,000 to 60,000 people 

infected with influenza virus in the United States die from complications annually (Thompson 

et al., 2003).     

 

1.2.2.2 Lower Respiratory Tract Infections 

Lower respiratory tract infections cover a broad range of inflammatory diseases of the 

respiratory tract below the larynx such as bronchitis, bronchiolitis and bronchiectasis, and 

have been a major cause of morbidity and mortality. Blood flow is virtually absent in the 

affected regions in bronchiectasis where the dilated bronchial arteries become enlarged 
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(figure 1.5). This differs from ILD where there are only compartments of diminished blood 

flow to the lung. In patients with underlying pulmonary conditions, lower respiratory tract 

infections can lead to acute exacerbations of chronic bronchitis and even community-

acquired pneumonia (Woodhead, Macfarlane, McCracken, Rose, & Finch, 1987). A study 

carried out in the United Kingdom showed an incidence rate of 44 out of 1000 adult 

population each year (Macfarlane et al., 2001). This incidence rate was up to four times higher 

in patients over the age of 60, with a seasonal variation between the month of January and 

March for 40% of the reported cases. A morbidity study in the United Kingdom showed that 

71.9 out of every 1000 persons seeking treatment for acute cough are at risk of acute 

bronchiolitis and bronchitis (Royal College of General Practitioners, Office of Population 

Censuses and Surveys, & Department of Health, 1995).  

 

 
Figure 1.5: Drawing depicting absent blood flow from the pulmonary artery to the lung in the 
bronchiectatic region.  
 

Lower respiratory tract infections are either bacterial or viral in nature, with viral infection 

being the most common cause (Verheij, Kaptein, & Mulder, 1989). A study in the United 

Kingdom reported of viral and bacterial isolates in 8% and 44% of cases respectively 
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(Macfarlane, Colville, Guion, Macfarlane, & Rose, 1993). The organisms access the distal 

airway through aspiration or inhalation. The virus multiplies on the epithelium, resulting in 

inflammation, impaired mucociliary function and increased mucus secretion (Macfarlane et 

al., 1993). In some cases, this may lead to impairment in other lung functions. In the case of 

severe bronchiolitis, the necrosis and inflammation of the epithelium may result in the 

blockage of small airways that leads to total airway obstruction (Macfarlane et al., 1993). 

 

Chest x-ray is the most common technique employed for further investigations in patients 

with physical findings and clinical history suggesting lower respiratory tract infections. Studies 

of lower respiratory tract infections in general practice reported up to 39% of cases with 

radiographic evidences of pneumonia (Hopstaken et al., 2003; Lieberman et al., 2002; 

Macfarlane et al., 2001; Macfarlane et al, 1993; Woodhead et al., 1987). In the United 

Kingdom, an estimated 5% of patients with lower respiratory tract infections will display 

radiographic evidences of pneumonia, with 20% of these patients requiring hospital 

admission and up to 2% of these cases resulting in death (Macfarlane, 1999). Chest x-rays 

commonly present no abnormalities in patients with presented with cough and sputum, and 

no abnormal findings on lung auscultation (Puhakka et al., 2001). The appearance of focal 

signs on clinical assessment of the chest is indicative of pneumonia and a likelihood of 

abnormal chest x-ray (Macfarlane et al., 1993). Clinical information-based prediction models, 

however, have generally shown to be unreliable in predicting the presence of an infiltrate in 

chest x-rays (Graffelman et al., 2007).   

 

1.2.3 Pulmonary Vascular Disease 
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There are numerous causes of pulmonary vascular disease that adversely affect the 

pulmonary circulations’ ability to maintain adequate blood and air flow. Pulmonary 

hypertension (PH) and pulmonary embolism (PE) are the two major conditions affecting the 

pulmonary circulation and will be discussed in this paper. Both conditions contribute 

significantly to the global burden of respiratory disease. The distribution in European 

mortality rates is illustrated below (figure 1.6). Other pulmonary vascular diseases include 

pulmonary oedema and pulmonary haemorrhage. 

 
Figure 1.6: European mortality rates for pulmonary vascular disease (adapted from WHO 
World and Europe Mortality Databases, November 2011 update). 
 

1.2.3.1 Pulmonary Embolism (PE) 

PE has a wide range of clinical features that ranges from simply no symptoms to sudden death 

(Stein et al. 2007; Stein, Saltzman & Weg, 1991; PIOPED Investigators, 1990). Many PE 

patients have been found to exhibit only mild or non-specific symptoms or are asymptomatic. 
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Therefore, it is critical that a high level of suspicion be maintained in avoiding a fatal miss of 

clinically relevant cases. The most common symptom is dyspnoea, and is frequently rapid, of 

which 26% occurs within minutes and 46% happens within seconds (Stein et al., 2007). 

Pulmonary emboli have been found to localise in the lower lobes in majority of cases (Palareti 

et al., 2010). The series of possible pathophysiological responses once the thrombus gets 

lodged within the lung include infarction, cardiovascular implications and impaired gas 

exchange. Table 1.6 below depicts the signs and symptoms of PE patients identified in the 

Prospective Investigation of Pulmonary Embolism Diagnosis II (PIOPED II) study. In PIOPED II, 

the role of spiral CT in the diagnosis of PE was evaluated through comparison with a 

composite reference test which includes pulmonary angiography, lung V/Q of patients with 

no previous history of PE, as well as lower extremities compression ultrasound of patients 

with no previous history of deep venous thrombosis (DVT) (Stein et al., 2007). 

 

Table 1.6: Signs and symptoms of PE (adapted from Stein et al., 2007).  
Symptoms  
Dyspnea at rest or with exertion  73% 
Calf or thigh pain and/or swelling  44% 
Pleuritic pain  44% 
Cough  37% 
Orthopnea  28% 
Wheezing  21% 
Hemoptysis  13% 
Signs on examination   
Tachypnea  54% 
Calf or thigh swelling, erythema, edema, tenderness, palpable cords  47% 
Tachycardia  24% 
Rales  18% 
Decreased breath sounds  17% 
An accentuated pulmonic component of the second heart sound 15% 
Jugular venous distension  14% 
Fever, mimicking pneumonia  3% 
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Generally, 10% of PE cases will result in pulmonary infarction when the small thrombi move 

distally towards the segmental and subsegmental vessels (Moser, 1990). The inflammatory 

response in the lung results in haemoptysis and pleuritic chest pain in these patients. 

Abnormal gas exchange results from the mechanical obstruction of the vascular bed which 

alters the ventilation/perfusion ratio, and also causing hypoxemia (Stein et al., 1991). Blood 

flow to the lungs becomes obstructed when the embolus gets lodged onto any of the 

branches of the pulmonary artery (figure 1.7). Cardiovascular implications occur when 

pulmonary vascular resistance (PVR) is increased as a result of the physical blockage of the 

vascular bed caused by the thrombus and hypoxic vasoconstriction, thus disrupting flow from 

both the right ventricular dilation and the right ventricle, reducing left ventricular preload and 

compromising the cardiac output (Nakos, Kitsiouli, & Lekka, 1998).   

 

 
Figure 1.7: Drawing depicting absent blood flow from the pulmonary artery to the lung due 
to PE. 
 

Risk factors for standalone PE are identical to those for venous thromboembolism (VTE) in 

general (Zoller, Li, SundqvUist, & Sundquist, 2012; Stein et al., 2007; Pulido et al., 2006; Darze 



Diagnostic performance of lung perfusion and CTPA for CTEPH among a Southeast Asia (SEA) 
population 

 
 

 

22 
 

et al., 2005; Heit et al., 2002; Goldhaber et al., 1997; PIOPED Investigators 1990). The majority 

of emboli originate from the lower extremity proximal veins such as that of femoral, popliteal 

and iliac (table 1.7), since more than half of PE patients with proximal DVT were found to have 

concurrent PE (van Langevelde et al., 2013; Girard et al., 2001; Weinmann & Salzman, 1994; 

Moser & LeMoine, 1981; Kistner, Nall, Nordyke, & Freeman, 1972). It is, however, uncommon 

for calf vein DVT to travel to and embolise to the lung, with the majority of these thrombi 

resolving spontaneously after detection and treatment (Lautz et al., 2010; Schwarz, Schmidt, 

Beyer, & Schellong, 2001., 2010; Sales, Haq, Bustami, & Sun, 2010; Masuda & Kistner, 2010; 

MacDonald, Kahn, Miller, & Obrand, 2003; Kearon et al., 2003; Schwarzet al., 2001). Thrombi 

mainly originate from sites in the lower extremity veins such as bifurcations or valve cusps 

where there is diminished flow, but have also been known to develop in upper extremity veins 

and veins with higher venous flow (Palareti et al., 2010; Gillet, Perrin, & Allaert, 2007; Righini 

et al., 2006).  

 

Table 1.7: Classification of lower extremity veins (adapted from Eklof et al, 2004). 
Perforator veins Thigh, Calf 
Superficial veins Small saphenous vein, Great saphenous vein below the 

knee, Great saphenous vein above the knee, Non-
saphenous veins, Telangiectasias or reticular veins 

Deep veins Pelvic: gonadal, broad ligament veins, Crural: anterior tibial, 
posterior tibial, peroneal veins, Muscular: gastrocnemial, 
soleal veins, Popliteal vein, Common femoral vein, Internal 
iliac vein, External iliac vein, Femoral vein, Deep femoral 
vein, Common iliac vein, Inferior vena cava 

 

PE results in 300,000 deaths in Europe annually (Konstantinides et al., 2014), and among 

venous thromboembolism (VTE) associated deaths, one-third of them were related to sudden 

PE, and three-quarters of them acquired PE in hospitals (Arya, 2009). Data have, however, 
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shown a fall in PE-related deaths (Konstantinides et al, 2016; Goldacre, Roberts, Yeates, & 

Griffith, 2000). A previous study showed a fall in the mortality risk ratio from 138 between 

1980 and 1989 to 36.08 between 2000 and 2011 (Cohen et al., 2007). Another recent study 

reported that over 20 years, there was a decline in the numbers from 191 to 94 per million 

(Konstantinides et al., 2016). The mortality rates for African-American adults were estimated 

to be 50% more than white Americans, which in turn were 50% more than those for Asians 

and American Indians (Kostantinides, 2016). In SEA particularly, a mortality rate of five 

percent had been reported from clinical complications such as right ventricular dysfunction, 

tachycardia, and cardiogenic shock (Mok et al., 2017). The figures may be explained in part 

due to lifestyle, environment, education and the availability of advanced screening 

technologies for early diagnosis of PE. In terms of gender distribution, males have a higher 

overall incidence of 56 per 100,000 as compared to 48 per 100,000 for females (Kostantinides, 

2016; Horlander, Mannino, & Leeper, 2003, Silverstein et al, 1998). The incidences of PE have 

also been found to increase with age, notably for females. It was reported that there was an 

incidence of PE at a figure of more than 500 per 100,000 in females older than 75 years (Naess 

et al, 2007; Horlander et al, 2003). In Singapore, there has been a reported shift towards the 

younger age group of 40 to 49 years in a post-mortem prevalence study on fatal PE (Lau, 

Thamboo, & Lai, 2003).  

 

Diagnostic technological advancements play a critical role in the diagnosis of PE. The high 

spatial and temporal resolution of multi-detector CT (MDCT) and its capability to detect 

thrombi in pulmonary arteries at segmental levels has led to many centres adopting 

Computed Tomographic Pulmonary Angiography (CTPA) as the preferred imaging choice in 
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the detection of PE (Geraghty, Stanford, Landas, & Galvin, 1992). CTPAs are generally acquired 

from the aortic arch the level down the inferior pulmonary veins, with either single breath-

holds or shallow respirations (Worsley & Alavi, 2003). The diagnosis of acute PE can be made 

on the basis of intraluminal filling defects demonstrating complete or partial occlusive 

thrombus within the pulmonary artery, coupled with vascular distention of the affected vessel 

(Worsley & Alavi, 2003) (figures 1.8, 1.9, 1.10, and 1.11). The PIOPED II trial investigation 

reported the specificity and sensitivity of CTPA with MDCT as 96% and 83% respectively (Stein 

et al., 2006). Statistics on the incidences of PE in the general population have increased since 

the invention of CTPA in the 1990s (Huang, Goldberg, Anderson, Kiefe, & Spencer, 2014; 

Martinez, Cohen, Bamber, & Rietbrock, 2014; Kroger et al., 2012; Wiener, Schwartz, & 

Woloshin, 2011; Goldacre et al., 2000). A study in the United States reported a two-fold 

increase in the incidence of PE from a five years period prior to 1998 to that of a seven years 

monitoring period after 1998 (Wiener et al., 2011). This could be due to CT’s capability in 

detecting sub-physiological PE and thus potentially over-calling the PE diagnosis. Limitations 

of CTPA also include patient-related factors such shortness of breath and the consequent 

inability to maintain a breath-hold resulting in respiratory image misalignment and poor 

image quality. Other clinical factors include right heart failure, and large right-to-left shunts 

resulting in sub-optimal vascular visualisation (Worsley & Alavi, 2003). 
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Figure 1.8: Peripheral intraluminal filling defect caused by pulmonary embolism at an acute 
angle with the arterial wall (adapted from Wittram et al., 2004).  
 

 
Figure 1.9: CTPA confirming acute PE within the right main and left interlobar pulmonary 
arteries (adapted from Wittram et al., 2004). 
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Figure 1.10: Chronic PE depicting recanalised pulmonary artery with contrast in the central 
lumen (adapted from Wittram et al., 2004). 
 
 

 
Figure 1.11: Pericardial fluid associated with pulmonary arterial hypertension secondary to 
chronic PE (adapted from Wittram et al., 2004). 
 

The lung V/Q scan, with its non-invasive nature, is an established and widely employed 

diagnostic technique in the evaluation of PE. It is generally safe with few reported allergic 

reactions. The advantages of V/Q over CTPA includes that of a lower radiation dose, as well 

as being free of contrast injection, and is thus specifically preferred in young female patients, 
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pregnant patients, patients with renal failure, and in patients with a known history of contrast 

medium induced anaphylaxis and allergy (Reid et al., 2009). The perfusion part of the study 

involves the intravenous injection of 99mTc-macroaggregated albumin (MAA) where the 

particles are transiently lodged within the papillary arterioles (Worsley & Alavi, 2003). 99mTc-

MAA particles sizes range between 10 to 150 μm and have a biological half-life between two 

to six hours (Worsley & Alavi, 2003). The ventilation part of the study can be performed using 

radiopharmaceuticals such as 99mTc DTPA aerosols, 133Xenon (Xe) gas, 81mKrypton (Kr), or 99mTc 

carbon microparticles (Technegas). For 133Xenon ventilation, equilibrium images are acquired 

while patients continue to inhale the gas. Patients then inhale normal room air during 

washout imaging where regional air-trapping is then identified as localised areas of retained 

activity (Worsley & Alavi, 2003). In 99mTc DTPA aerosol ventilation, patients breathe in 

aerosolised droplets of 99mTc DTPA from a nebuliser through a mouthpiece. 99mTc Technegas 

involves the burning of Technetium Pertechnetate (99mTc04
-) in a carbon crucible at a high 

temperature to produce the ultrafine 99mTc-labelled aerosol (Worsley & Alavi, 2003). With 

99mTc Technegas, the inhaled aerosols are distributed homogeneously with little or no central 

deposition of activity. 

 

Clinically, the performance of 133Xe as a lung ventilation agent in the diagnosis of PE has been 

questionable as its low energy of 81 keV may result in missing information from the anterior 

segments of the lungs, potentially resulting in false-positives with corresponding perfusion 

defects caused by obstruction being reported as mismatches (Bajc et al, 2009). The breathing 

pattern of the patient during the aerosol delivery plays an important role in 99mTc DTPA 

aerosol ventilation as large radiolabelled particles may still be able to reach the lung periphery 
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if slow tidal breathing was carried out (Dolovich, 2000; Bennett & Mitzner, 1985). The 

disadvantage with 99mTc DTPA aerosol is that of central deposition of activity in patients with 

obstructed airway diseases such as COPD, as well as small particles producing focal sites of 

increased activity from turbulent flow at stenoses (Bajc et al, 2009; Alderson et al., 1984). On 

the other hand, 81mKr does not have an artefact problem with central airway deposition (Bajc 

et al, 2009). Both the ventilation and perfusion studies can be acquired simultaneously due 

to the lower gamma energy (140 keV) of 99mTc as compared to the higher energy (193 keV) of 

81mKr (Ohno et al, 2007; Itti et al, 2002; Sando, Inoue, Nagai, & Endo, 1997). The performance 

of 99mTc Technegas is comparable to that of 81mKr with minimal hot spots reported in airway 

obstructive lung disease (Magnant et al, 2006; Hartmann, Hagen, Stokkel, Hoekstra, & Prins 

et al, 2001). 99mTc Technegas have also been reported to identify mismatched perfusion 

defects overlooked by 99mTc DTPA aerosol due to marked peripheral unevenness (Bajc & 

Jonson, 2011).  

 

Lung V/Q studies are frequently reported with the likelihood of PE classified with the 

established PIOPED criteria of high probability, intermediate probability, low probability, 

normal/near normal, non-diagnostic (PIOPED Investigators, 1990). The distribution patterns 

of the particles within the pulmonary capillaries reflect the regional pulmonary blood flow, 

thus forming the basis of lung perfusion imaging. Pulmonary blood flow distribution in 

perfusion studies provides information on the haemodynamic effect of PE as well as an 

estimation of the pulmonary clot burden (Worsley & Alavi, 2003). Image acquisitions include 

the following views: anterior/posterior, right/left anterior oblique, right/left posterior 

oblique. Lung perfusion imaging is sensitive but is not specific in differentiating different 
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pulmonary diseases. The addition of lung ventilation imaging helps to improve the diagnostic 

specificity in the evaluation of PE, where preserved ventilation is expected as a mismatch to 

perfusion defects (Miller & O’Doherty, 1992) (figures 1.12 and 1.13). The image captures 

distribution of the employed radiopharmaceutical within the lungs reflecting regional 

ventilation. Multiple ventilation images are then acquired that corresponds to the obtained 

perfusion projections. 

 

 
Figure 1.12: Planar V/Q right posterior oblique (RPO) images with an arrow pointing towards 
a large segmental wedge-shaped perfusion defect, mismatched with preserved ventilation at 
the same position (adapted from Bajc et al, 2009). 
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Figure 1.13: Mismatch perfusion wedge-shaped defect (arrow) with normal ventilation 
indicative of PE (adapted from Bajc et al, 2009). 
 
The first PIOPED study was performed with 99mTc DTPA aerosol ventilation scans and had 

reported a high number of intermediate probability studies at 44% (PIOPED Investigators, 

1990). The findings of PIOPED I indicated a 33% incidence of PE in patients with intermediate 

probability diagnosis (PIOPED Investigators, 1990). It was noted that a 68% majority of the 

data of PIOPED I were collected from inpatients, who have a higher likelihood of 

corresponding abnormal chest x-rays thus potentially affecting V/Q reporting (Freeman & 

Haramati, 2009). Subsequently, the database of PIOPED II had only 11% population of 

inpatients, and employed V/Q Single Photon Emission Computed Tomography (SPECT) 

imaging with Technegas, encouraging stratification of patients and correlation with clinical 

pre-test probability assessments to enhance interpretation (Freeman & Haramati, 2009; Stein 

et al., 2006). 

 

1.2.3.2 Pulmonary Hypertension 
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PH is a haemodynamic state of elevated resting mean pulmonary arterial pressure (PAP) of 

25 mmHg and above (Badesch et al., 2009), and confirmed by right heart catheterisation as 

the gold standard for diagnosis (Hoeper et al., 2013). PH as a consequence of a primary 

increase of pressure in the pulmonary arterial system is known as pulmonary arterial 

hypertension (PAH). A summary of the classification of PH is shown below. (table 1.8).  

 

Table 1.8: Summary classification of PH (adapted and modified from Simonneau et al, 2013).   
Group 1 PAH 
Group 2 PH owing to left heart diseases 
Group 3 PH owing to chronic lung diseases and/or hypoxia 
Group 4 Chronic thromboembolic pulmonary hypertension (CTEPH) 
Group 5 PH owing to unclear multifactorial mechanisms 

 

PAH refers to group one while PH refers to any of group two to group five, or as a collective 

description of all five groups. PAH consists of heritable PAH, idiopathic PAH (IPAH), as well as 

PAH owing to diseases that localise to small pulmonary muscular arterioles. Both conditions 

of left ventricular systolic dysfunction (Miller, Grill, & Borlaug, 2013; Shah & Semigran, 2008; 

Abramson et al., 1992) and left ventricular diastolic dysfunction (Adir et al., 2013; Lam et al., 

2009) are associated with PH. In group three, patients with combined pulmonary fibrosis and 

emphysema (CPFE) are distinctly susceptible to developing PH (Cottin et al., 2010; Mejia et 

al., 2009). All patients with PH particularly that of group four, are at risk of PE.  A detailed 

clinical classification is depicted in table 1.9.  
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Table 1.9: Clinical Classification of PH (adapted and modified from Simonneau et al, 2013).   
1. PAH 
 Idiopathic PAH (IPAH) 
 Heritable PAH 

 BMPR2 
 ALK1, endoglin (with or without hereditary hemorrhagic telangiectasia), SMAD9, 

CAV1, KCNK3 
 Unknown 

 Drug and toxin-induced 
 Associated with  

 Connective tissue disease 
 HIV infection 
 Portal hypertension 
 Congenital heart diseases 
 Schistosomiasis 
 1.4.6. Chronic hemolytic anemia 

 Persistent pulmonary hypertension of the newborn (PPHN) 
 Pulmonary veno-occlusive disease (PVOD) and/or pulmonary capillary 

hemangiomatosis (PCH) 

2. PH owing to left heart diseases 
 Systolic dysfunction 
 Diastolic dysfunction 
 Valvular disease 
 Congenital acquired left heart inflow/outflow tract obstruction and congenital 

cardiomyopathies 
3. PH owing to lung diseases and/or hypoxia 
 Chronic obstructive pulmonary disease (COPD) 
 Interstitial lung disease 
 Other pulmonary diseases with mixed restrictive and obstructive pattern 
 Sleep-disordered breathing 
 Alveolar hypoventilation disorders 
 Chronic exposure to high altitude 
Developmental abnormalities 
4. CTEPH 
5. PH owing to unclear multifactorial mechanisms 
 Hematologic disorders: myeloproliferative disorders, splenectomy 
 Systemic disorders: sarcoidosis, pulmonary Langerhans cell histiocytosis, 

lymphangioleimyomatosis, neurofibromatosis, vasculitis 
 Metabolic disorders: glycogen storage disease, Gaucher disease, thyroid disorders 
 Others: tumoral obstruction, fibrosing mediastinitis, chronic renal failure on dialysis, 

segmental PH 
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The broad classification and multiple aetiologies of PH make it challenging to obtain a true 

prevalence of the condition in the general population. The current estimate on the prevalence 

of PH is approximately one percent of the world’s population aged 65 years and below, and 

up to 10% above that, with pulmonary diseases being one of the main causes (Hoeper et al., 

2016). The incidence of PH in the developed countries globally is reported to be 1.1 – 7.6 per 

million adults per year, with the prevalence rate at 6.6 – 26.0 per million adults (Hoeper et al, 

2016). No data on the prevalence of PH in developing countries are available at current. A 

national surveillance study in the United States reported mortality rates in 2002 as Caucasians 

(5.3 per 100,000); men (5.4 per 100,000); women (5.5 per 100,000); and African-Americans 

(7.3 per 100,000) (Hyduk et al., 2005). In most PAH registries, IPAH has the highest prevalence 

rate at 50 to 60%, followed by PAH associated with connective tissue disease (Hoeper et al., 

2016; Olsson et al., 2014; Badesch et al., 2010), in which, systemic lupus erythematosus is the 

main subtype in the SEAR (Hoeper et al., 2016; Hao et al., 2014; Zhang et al., 2011). The total 

global number of schistosomiasis associated PAH has been estimated to be 270,000 (Lapa et 

al., 2008; de Cleva et al., 2003), and has a similar mortality to that of IPAH (dos Santos 

Fernandes et al., 2010), although this number is not fully verifiable due to the lack of reliable 

data from the Southeast Asia (SEA) (Hoeper et al., 2016). Two large multi-centres studies 

reported estimates of PAH prevalence at 10.6 cases per million of adult populations and 

incidence of 2.0 cases per million of adult population per year in the United States (Frost et 

al., 2011), and 15.0 cases per million of adult populations and incidence of 2.4 cases per 

million of adult population per year in France (Humbert et al., 2006). The mean age of PAH 

diagnosis increased from 36 years in the 1980s (Rich et al., 1987) to 50 years in recent years 
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(Badesch et al., 2010). The reason for the shift in this epidemiological pattern is not known. 

Table 1.10 provides a summary of the epidemiological data of PAH reported from the 

registries of various countries.  

 

Table 1.10: PAH epidemiological summary data from global registries (adapted and modified 
from Hoeper et al, 2016; Chung et al, 2015). 

 
Data 

collection 
No. of 

patients 

Age (years); 
standard 
deviation 

Estimated 
per million 
population  
incidence 

Estimated 
per million 
population 
prevalence 

Scottish 
morbidity 
records 

1986 – 2001 374 52; 12 7.6 26.0 

French 
registry 2002 – 2003 674 50; 15 2.4 15.0 

REVEAL 
 2006 – 2007 2967 50; 14 2.0 10.6 

Spanish 
registry 

1998 – 2008 886 45; 17 3.7 16.0 

UK and 
Ireland 
registry 

2001 – 2009 482 50; 17 1.1 6.6 

German 
registry 2014 1754 65; 16 3.9 25.9 

Korean 
Registry 

2011 625 48; 16 1.9 - 

Chinese 
Registry 

2007 – 2009 276 33; 15 - - 

 

The median time from the onset of disease symptoms to diagnosis remains at significant 

interval of 1.1 years from the 1980s to 2010 (Badesch et al., 2010). Between the years 2007 

to 2011, PAH hospitalisation rates decreased from 79 to 38 for every 100,000 hospitalised 

patients, with the population mortality rates dropped from 4.6 to 1.7 per one million 

populations (Stein, Matta, & Hughes, 2015). Gender distribution in the United States study 

reported of a 3.9 female-to-male ratio (Badesch et al., 2010) while that of the French study 
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reported a lower female predominance of 1.6 female-to-male ratio (Humbert et al., 2006). 

The Registry to Evaluate Early and Long-Term Pulmonary Arterial Hypertension Disease 

Management (REVEAL) registry reported an under-representation of Asians with 3.3% in the 

patient racial distribution findings (Frost et al, 2011).  Further studies are needed in 

ascertaining the prevalence of each classification of PH with its distribution across race and 

gender globally. Figure 1.14 below provides an estimated distribution of the underlying 

disorders associated with PH, and shows left-sided heart disease and lung disease as the main 

causes of PH in Asia.  

 

 

Figure 1.14: Estimated distribution of underlying disorders associated with PH in Asia 
(adapted and modified from Hoeper et al., 2016). 
 
 

In Asia, the WHO’s classification of the SEAR is different from that of the geographical map. 

In the WHO classification, 11 countries constitute the SEAR. They are namely Myanmar, Sri 
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Lanka, Indonesia, Timor-Leste, Bangladesh, Thailand, India, Democratic People’s Republic 

(DPR) of Korea, Bhutan, Nepal, and the Maldives. These countries have widely diverse socio-

political environment and epidemiological variables, as well as disparities to the level of and 

access to health care systems that may contribute to the risks of developing PH.  India, as with 

DPR Korea, Bhutan, Nepal, Sri Lanka, Bangladesh, and the Maldives are Asian countries 

geographically located in either the south or east regions. Singapore, as with many other 

maritime geographical SEA countries such as Malaysia, Vietnam, Cambodia, Brunei, the 

Philippines, and Laos are not in the SEAR grouping. The reason for this is unknown. At current, 

there are no official documentations revealing the collective prevalence and incidence rates 

of PH in SEAR or Southeast Asia (SEA) countries not in the SEAR grouping, to reflect the true 

burden of the condition. Literature search on publications reporting on PH in SEAR are 

insufficiently only from Thailand and India with association to various conditions such as 

congenital heart disease (Vijarnsorn et al, 2018) and Thalassemia (Chuncharunee, 

Atichartakam, Udomsubpayakul & Archararit, 2013). No further sub-figures specific to 

Southeast Asia is published and available at present. 

 

Pathogenesis of PH is complex and likely to be multifactorial. Group one PAH is a proliferative 

vasculature, and is histologically characterised by cell proliferation, thrombosis in situ of small 

pulmonary arteries and arterioles, fibrosis, vasoconstriction, and medial hypertrophy 

(Humbert et al., 2004; Pietra et al., 2004). The pathogenesis of groups two to five PH is lesser 

understood, although it is known that the increase in pulmonary vascular resistance applies 

to all five groups. Recent evidences have reported of the role of vascular remodelling in the 
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form of cell proliferation and abnormalities in the extracellular matrix leading to the increase 

in pulmonary vascular resistance (Yuan & Rubin, 2005).  

 

The dysfunctional paracrine actions of the vascular endothelium also play a role in abnormal 

endothelial and smooth muscle cell proliferation, resulting in the increase in pulmonary 

vascular resistance in PAH (Ghamra & Dweik, 2003). PAH has been considered as being 

analogous to carcinoma such that a superimposed modifying factor can possibly trigger the 

disease process for patients with a suspected underlying genetic predisposition to pulmonary 

vascular conditions (Austin & Loyd, 2007; Machado et al., 2005; Yuan & Rubin, 2005). The 

process may be related to increased endothelin levels, reduced nitric oxide levels, and/or 

reduced prostacyclin levels (Humbert et al., 2004; Giaid & Saleh, 1995; Ishikawa et al. 1995; 

Fuse & Kamiya, 1994; Giaid et al., 1993; Christman et al., 1992; Yoshibayashi et al., 1991). PAH 

has also been linked to connective tissue diseases, however, with no evident pathophysiologic 

association. The most obvious genetic predisposition pulmonary vascular disease are the 

mutations in the BMPR2 gene, where up to 25% of idiopathic PAH (IPAH) patients have been 

found to possess abnormal BMPR2 function or structure (Girerd et al., 2015; Liu et al., 2012; 

Newman et al., 2004; Deng et al., 2000). Up to 80% of hereditary PAH are caused by BMPR2 

mutations (Fessel, Loyd & Austin, 2011).  

 

1.3 CTEPH                             

CTEPH is generally the consequence of recurrent PE post VTE and progressive pulmonary 

vascular remodelling (Franchona, Jais, Leroyera & Jobica, 2008), in which small vessel disease 

plays a critical part in its progression (Kim, 2016). Increased risk factors in developing CTEPH 
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include hypothyroidism, Crohn’s disease, and massive pulmonary emboli (Kim & Lang, 2012). 

A clinical summary of CTEPH risk factors are as follows (Pengo et al, 2004): 

 Independent CTEPH risk factors 

 Splenectomy 

 Crohn’s disease 

 Ulcerative colitis 

 Osteomyelitis 

 Inflammatory bowel disease 

 Ventriculo-atrial shunts 

 CTEPH Risk factors post symptomatic PE 

 History of PE 

 Massive pulmonary emboli 

 Idiopathic PE 

 Plasmatic CTEPH risk factors 

 Fibrinogen mutations  

 Antiphospholipid antibodies/lupus anticoagulant 

 

Early diagnosis of acute PE and a subsequent fast response in thrombolytics treatment leading 

to an absolute recanalization of the pulmonary arteries is a key element in preventing 

progression to CTEPH (Lund, Nielson, Ronne, & Schiffer, 1987). CTEPH has been reported to 

progress within two years of acute symptomatic PE (Pengo et al, 2004). The incidence rate of 

CTEPH following the first episode of acute PE has been reported as between one to four 
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percent (Dentali et al, 2009; Bercattini et al, 2006). At the same time, there have also been 

reported cases of CTEPH symptoms being exhibited many years later (Miniati et al, 2006; 

Moser et al, 1987), potentially as a result of progressive vasculopathy affecting the smaller 

distal pulmonary arteries (Moser, Auger & Fedullo, 1990). The pathogenesis of CTEPH is 

complex and not well understood (Lang, Pesavento, Bonderman, & Yuan, 2013; Jais et al, 

2008). Studies have reported that the cause of PH cannot simply be explained by a chronic 

thromboembolic caused mechanical obstruction, but that of a secondary vasculopathy from 

persistent thromboembolic lesions (Lang, 2004). Pathological observations such as vascular 

injuries and shear stress that resulted in endothelial cells proliferation were also reported of 

in CTEPH patients (Lang, 2004).  

 

The uniqueness of CTEPH is that it is the only form of PH that is potentially curable, and by 

pulmonary endarterectomy (PEA) with almost full restoration of cardiopulmonary function 

(Ischida et al., 2012; Mayer et al., 2011). Pre-surgical factors such as pre-operative PVR, 

existing multiple comorbidities, and severe cardiac failures may lead to adverse post 

operation outcomes (Mares et al, 2000). In cases of severe PH or right ventricular failure, 

treatment with parental prostanoids may be required prior to the surgery (Thistlethwaite, 

Kaneko, Madani & Jamieson, 2008; Kerr & Rubin, 2003). Balloon angioplasty (BPA) is a 

therapeutic procedure that serves as an alternative to patients who may not be suitable for 

PEA. Positive outcomes such as improvements to pulmonary hemodynamics and WHO 

functional class have been reported with BPA (Feinstein, Goldhaber, Lock, Ferndandes & 

Landzberg, 2001). CTEPH has a reported low estimated mortality rate of four percent 

(Jamieson & Kapelanski, 2000; Daily & Auger, 1999). The mortality rate may rise up to 20% if 
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treated late (Lewczuk et al, 2001; Riedel, Stanek, Widimsky, & Prerovsky, 1982). Early 

detection and precise diagnosis is therefore of paramount importance in CTEPH.   

 

1.4 V/Q 

V/Q imaging has widely been accepted as the preferred and initial diagnostic imaging 

screening procedure for CTEPH with a lower radiation dose exposure to the patients and 

without possible complications from intravenous contrast injections (Freeman, 2007). The 

European Association of Nuclear Medicine (EANM) and the 2009 European Guidelines 

recommend V/Q to screen for CTEPH in cases where PH is unexplained with a previous 

episode of PE (Bajc et al, 2009). A normal V/Q scan essentially excludes the diagnosis of CTEPH 

(Kim et al, 2013). Figure 1.15 shows an example of a normal V/Q image. The V/Q scan has 

been reported to provide higher sensitivity and has the ability to differentiate and identify 

CTEPH from other PH manifestations (Kim et al, 2013). In other words, the likelihood of CTEPH 

patients having an abnormal V/Q study is higher than that of CTPA procedure. Figure 1.16 

shows an example of CTEPH diagnosed on the V/Q scan where there are larger segmental 

perfusion defects as compared to smaller sub-segmental perfusion defects in PAH (Powe, 

Palevsky, McCarthy & Alavi, 1987; Lisbona, Kreisman, Novales-Diaz & Derbekyan, 1985). The 

presence of smaller mismatched peripheral and non-segmental defects differentiates PAH as 

the potential alternate diagnosis from CTEPH in such cases (Kim et al, 2013). In general, CTEPH 

associated lung perfusion defects appear with a wedge-shape segmental configuration with 

normal lung ventilation while lung perfusion defects attributed to lung parenchymal 

pathologies will present themselves with accompany matched lung ventilation defects 
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(Bartalena et al, 2008). The enlarged hilar impressions in figure 1.16 are consistent with that 

of known PH.   

 

 

Figure 1.15: Normal planar V/Q images with even uptake distribution of radionuclide 
throughout the lungs in both ventilation and perfusion.   
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Figure 1.16: High probability Planar V/Q images with multiple segmental defects. Moderate 
to large mismatched segmental perfusion defects seen bilaterally, namely at the anterior and 
posterior segments of the right upper lobe; lateral segment of the right middle lobe; apical 
posterior and inferior lingular segments of the left upper lobe; anterior and lateral basal 
segments of the left lower lobe.  
 
 
 
It has been studied that V/Q may not be specific for CTEPH such that even a low probability 

V/Q scan cannot fully rule out the possibility of CTEPH (Ryan, Fedulla, Davis, Vasquez & Moser, 

1988). This is due to the potential false negative images captured in pulmonary emboli that 

may have recanalised (Ryan et al, 1988). In recanalised thrombus, the intravenously injected 

99mTc-MAA is able to show normal uptakes or hypoperfused grey zones even at the lung 

periphery regions from channels formed through or around the partially obstructed thrombus 

(Bailey et al, 2000). As a result of this uptake, even if diminished, the true level of vascular 

obstruction may also be underestimated with uncorrelated mean PAP or PVR (Ryan, Fedulla, 

Davis, Vasquez & Moser, 1988). Other studies have observed that other hypertensive 

conditions such as pulmonary veno-occlusive diseases, fibrosing mediastinitis, large vessel 

pulmonary vasculitides, and pulmonary artery sarcoma may also result in false positive V/Q 

studies due to the appearances of large sized segmental perfusion defects (Kerr, 2005; Rossi, 

McAdams, Rosado-de-Christenson, Franks & Galvin, 2001).  

 

1.5 CTPA 

CTPA has been reported to be of better use in the differential diagnosis of CTEPH to 

complement V/Q instead of taking over its role, especially when the results of V/Q are 

indeterminate or showing perfusion defects (Wilkens et al, 2011). Multi-planar and three-

dimensional reconstructed images of the pulmonary vasculatures can be obtained with CTPA. 
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Image resolutions of 0.5mm are achievable with current MDCT technology at fast speed 

acquisitions and require only five to ten seconds of breath holding. This advantage allows 

CTPA to be performed on critically weak and dyspnoeic patients (Sugiura et al, 2013). 

Additional information on mediastinal lymph nodes, lung parenchyma, thickness of vascular 

wall, as well as right ventricular structure and size measurements can also be obtained with 

CTPA (D’Armini, 2015). The assessment of lung parenchyma serves as a risk assessment for 

PEA on the presence of other respiratory pathologies and bronchial artery dilatation, avoiding 

surgical complications (Auger, Kerr, Kim & Fedullo, 2012; Coulden, 2006). 

 

Diagnostic features of CTEPH in CTPA include that of filling defects, mosaic perfusion and 

attenuation of lung parenchyma, intraluminal webs and bands, chronic thromboembolic 

material within dilated central pulmonary arteries, large bronchial artery collateral flow, right 

ventricular enlargements, narrowing and obstructions of pulmonary arteries and vessels, 

abrupt narrowing of vessels, and irregular vascular wall thickening (D’Armini, 2015; Hoeper, 

Madani, Nakanishi, Meyer, Cebotari & Rubin, 2014). Figure 1.17 provides an example of 

CTEPH on CTPA. CTEPH differs from acute PE on CTPA in that the central intraluminal filling 

defects form an obtuse angle instead of an acute angle with the vessel wall (D’Armini, 2015). 

Congenital anomalies of pulmonary arteries can also be distinguished from CTEPH with CTPA 

(Tanabe, Sugiura, & Tatsumi, 2013; Amano et al, 2010). At the same time, defects such as 

bronchial artery dilatation and right ventricular enlargements are only present in CTEPH 

(D’Armini, 2015; Wijesuriya, Chandratreya & Medford, 2013). The utilisation of CTPA in the 

diagnosis of CTEPH raises the concern on various conditions mimicking the disease leading to 

unwarranted false positive calls. Such conditions include that of pulmonary arteritis, 
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pulmonary sarcoma (Wijesuriya, Chandratreya & Medford, 2013), PAH associated proximal 

lining thrombi, fibrous mediastinitis, congenital heart defects (Perloff, Hart, Greaves, Miner, 

& Child, 2003), and tumour emboli in the pulmonary vasculature, (D’Armini, 2015). In 

addition, defects in the distal segmental or sub-segmental pulmonary arteries are more likely 

to be missed with CTPA (Kim et al, 2013). 

 

   
Figure 1.17: CTEPH defects in CTPA. Long eccentric, wall adherent and hypodense filling 
defects demonstrated in the enlarged left and right pulmonary arteries.  
 

1.6 SUMMARY 

Despite V/Q being the recommended imaging screening tool in the CTEPH diagnostic 

algorithm, many centres are not utilising it in the investigation of unexplained PH. Current 

guidelines point to V/Q as the screening method of choice for CTEPH (D’Armini, 2015). As with 

all modalities, V/Q imaging also has its caveats. A comparison summary of the advantages and 

disadvantages of V/Q and CTPA can be found in table 1.11.         
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Table 1.11: Summary of the advantages and disadvantages of V/Q and CTPA in the diagnosis 
of CTEPH (adapted and modified from D’Armini, 2015; Giannouli & Maycher, 2013; Kim et al, 
2013; Jenkins, Mayer, Screaton & Madani, 2012; Tunariu et al, 2007). 

 V/Q CTPA 
Advantages  Lower radiation dose as 

compared to CTPA 
 No nephrotoxic concerns 
 Ability to differentiate out small 

vessel pulmonary vascular and 
large vessel occlusive diseases 

 High sensitivity of >96% 
 Normal study effectively rules 

out CTEPH 
 Less likely to detect incidental 

findings 

 Detects related findings such 
as bronchial artery collaterals, 
congenital anomalies of the 
pulmonary artery 

 Acquires high resolution 
images of 0.5mm 

 MDCTs can acquire multi-
planar and three-dimensional 
reconstructed images of the 
pulmonary vasculatures 

 Obtains additional 
information on mediastinal 
lymph nodes, lung 
parenchyma, thickness of 
vascular wall, as well as right 
ventricular structure and size 
measurements 

 Non-invasive 
 Breath holds of only 5 – 10 

seconds; can be performed on 
performed on critically weak 
and dyspnoeic patients 

Disadvantages  Potential to underestimate 
vascular obstruction 

 Low specificity: low / 
intermediate reports do not 
necessarily rule out CTEPH 

 False negatives in recanalised 
pulmonary arteries 

 False positives in hypertensive 
conditions such as pulmonary 
veno-occlusive diseases, 
fibrosing mediastinitis, large 
vessel pulmonary vasculitides, 
and pulmonary artery sarcoma 

 Lower sensitivity of 51%  
 Defects in the distal segmental 

or sub-segmental pulmonary 
arteries are likely to be missed  

 False positives with 
pulmonary arteritis, 
pulmonary sarcoma, PAH 
associated proximal lining 
thrombi, fibrous mediastinitis, 
congenital heart defects and 
tumour emboli in the 
pulmonary vasculature 
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A recent Pulmonary Arterial Hypertension Quality Enhancement Research Initiative registry 

reported a significant 43% of PAH patients did not undergo V/Q as part of their diagnostic 

investigation (McLaughlin et al, 2013), resulting in CTEPH potentially being underdiagnosed 

(Kim et al, 2013). The report added that ignorance on the part of the referring physician on 

the role of V/Q in PH played a part in nearly 33% of these cases (Kim et al, 2013; McLaughlin 

et al, 2013). This underutilisation of V/Q in PH screening may potentially lead to a concerning 

misdiagnosis of PAH, and thus the importance of continuing education on the part of and for 

referring physicians on the diagnostic evaluation algorithm for PH and CTEPH (Kim et al, 

2013). Delayed or even missed diagnosis of CTEPH unfortunately results in the subsequent 

delays to the various treatment options, leading to unnecessary implications and lowering of 

the survival rate of these patients. As CTEPH is an uncommon disease, referring physicians 

from non-CTEPH specialist centres may have limited experience in the condition, low 

familiarity in the differential diagnosis algorithms and low levels of suspicion for CTEPH in part 

due to its non-specific symptoms also. Technical expertise in the specific diagnostic imaging 

test, institutional protocol due to the reporting physician’s preference, and even financial 

considerations also play a part in the decision in the imaging choice and consequently, the 

prognosis of the disease. Awareness in the clinical management of CTEPH and its 

consequences is vital for the better future of CTEPH patients.   
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2.1 INTRODUCTION 

The mortality rate for untreated PE rises as high as 30%, but falls to 2.5-10% with treatment 

(Carson et al., 1992; Barritt & Jordan, 1960). The diagnostic approach to patients with 

suspected PE is usually a combination of clinical and pre-test probability assessment, and 

definitive diagnostic imaging of CTPA or lung ventilation and perfusion scintigraphy (Stein et 

al., 2006). Imaging plays an important role in accurately confirming or ruling out the presence 

of PE and if indicated, appropriate management can be carried out promptly. There have been 

many articles comparing and analysing the effectiveness of the various imaging techniques in 

diagnosing PE (Skarlovnik, Hrastnki, Fettich, & Grmek, 2014; He et al, 2012; Gutte et al, 2010; 

Wang et al, 2009). The British Thoracic Society Guidelines recommends lung V/Q scan as the 

initial imaging technique in the diagnosis of PE (British Thoracic Society, 2018). Subsequently, 

the European Society of Cardiology (ESC) and the National Institute for Health and Clinical 

Excellence (NICE) in the UK recommends CTPA as the imaging technique of choice in the 

diagnosis of PE (Konstantinides, et al., 2014; NICE 2012). On the other hand, the EANM 

recommends SPECT V/Q over both Planar V/Q and CTPA (Bajc et al, 2013). The respective 

recommendations, though differing, were derived based on extensive reviews and 

justifications from the literature.  

 

CTEPH has generally been accepted to be one of the late complications of PE. An international 

registry reported a 75% incidence rate of CTEPH patients having a clinical history of PE (Pepke-

Zaba et al., 2011). The pathogenesis of CTEPH is not completely understood, and is complex 

(Lang, Pesavento, Bonderman, & Yuan, 2013; Jais et al, 2008). CTEPH represents one of the 

most prevalent forms of PH which results from acute and non-resolving thromboembolisms 
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of the pulmonary arteries, and the fibrous organisation of these blood clots (Franchona, Jais, 

Leroyera, & Jobica, 2008). Embolic clinical occurrences such as acute PE can be clinically silent, 

and may be the trigger, followed by progressive pulmonary vascular remodelling (small vessel 

vasculopathy) resulting in elevated pulmonary vascular resistance, and subsequently right 

ventricle failure (Galie & Kim, 2006). Progression of the disease can include secondary events 

such as histopathologic changes in the pulmonary microvascular circulation (Moser and Bioor, 

1993). The role of hereditary risk factors in CTEPH has also not been fully established. Several 

studies have suggested the association with underlying hypercoagulable states. Two 

observational studies had found elevated levels of factor VII (interpreted as > 230 IU/dL) in 

patients with CTEPH as compared to healthy subjects, with those above the 90th percentile 

having a higher risk of recurrent VTE (Bonderman et al., 2003; Kyrle et al, 2000). The 

prothrombotic marker, antiphospholipid antibodies, has most commonly been associated, 

with an occurrence rate of up to 20% of CTEPH patients (Bonderman et al., 2003; Wolf et al., 

2000; Auger, Permpikul, & Moser, 1995).  Hypercoagulable state abnormalities such as 

fibrinolytic activities, activated protein C resistance, factor V Leiden mutation and the 

deficiency of protein S, protein C, and antithrombin have not been consistently proven to be 

associated with CTEPH (Sompradeekul, Fedullo, & Le, 1999). Other associated medical 

conditions suggested include myeloproliferative syndromes, recurrent VTE, ventriculo-atrial 

shunts and splenectomy (Bonderman et al., 2009). Postulated risk factors include underlying 

haemotological and immune disorders (Blauwet, Edwards, Tazalaar, & McGregor, 2003), 

insufficient anticoagulation (Lang, Dorfmuller, & Noordegraaf, 2016; Pengo, 2004), history of 

PE with systolic pulmonary artery pressure (PAP) >50 mmHg as well as significant pulmonary 

vascular obstructions observed during PE diagnosis (Bercattini et al, 2006; Lang & Kerr, 2006), 
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likely as a result of the inability of the lytic system in dealing with the clot or in dissolving a 

large embolus (Lang, Dorfmuller, & Noordegraaf, 2016; Banks, Pretorius, Kerr, & Manecke, 

2014). Figure 2.1 shows a summary hypothesis for the pathogenesis of CTEPH which includes 

factors such as infectious or inflammatory mechanisms which trigger pathological pulmonary 

vessels remodelling (Hoeper, Mayer, Simonneau, & Rubin, 2006; Lang, 2004). 

 

 
Figure 2.1: Summary hypothesis for the pathogenesis of CTEPH (Konstantinides et al, 2014). 

 

 

CTEPH has been shown to manifest from acute symptomatic PE within two years (Pengo et 

al, 2004). The incidence rate of CTEPH after the initial episode of acute PE is between 1-4% 
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(Dentali et al, 2009; Bercattini et al, 2006). The advancements and successes of therapies such 

as pulmonary transplantation, PEA, balloon pulmonary angioplasty (BPA) and prostacyclin 

therapy have greatly increased the positive clinical outcomes of patients with CTEPH (Pengo 

et al, 2004).  CTEPH is now potentially curable by PEA (Ischida et al., 2012; Mayer et al., 2011). 

In our institution, inoperable patients diagnosed with CTEPH undergo BPA to improve the 

haemodynamics capacity. If left untreated, progressive right ventricular dysfunctions may 

result in fatal right heart failure. The estimated mortality rate of CTEPH has been reported to 

be four percent (Jamieson & Kapelanski, 2000; Daily & Auger, 1999). This value may rise up 

to 20% if treated late (Lewczuk et al, 2001; Riedel, Stanek, Widimsky, & Prerovsky, 1982). 

Severe CTEPH that are not operated on have been found to have a 5 years survival rate of 

only 30% (Nishimura et al., 2013). Early and accurate diagnosis is therefore of paramount 

importance in CTEPH.  

 

Lung V/Q imaging plays a pivotal role in the evaluation of PE and its clinical complication of 

CTEPH. Diagnostic studies and imaging procedures such as V/Q, CT, pulmonary angiography, 

and CTPA have proven to be excellent complements for the diagnosis for PE and CTEPH. The 

purpose of this review was to compare and aggregate the available data from PE and CTEPH 

diagnosis studies carried out using the imaging techniques of CTPA, SPECT V/Q and Planar 

V/Q by performing a structured literature review with a summary receiver operating 

characteristics (SROC) analysis. 

   

2.2 METHODS 
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The electronic databases of Cochrane Central Register of Controlled Trials (CENTRAL), 

MEDLINE (Ovid SP) 1946 – 14 January 2018, and EMBASE were searched by employing the 

search terms (pulmonary embol* or pulmonary chronic thromboembol* or pulmonary 

hypertension) and (ventilation) and (PE or embolism) and (CTEPH) and (V/Q or VP) and 

(perfusion) and (computed tomography) and (CT or CTPA) and (SPECT or planar or 

scintigraphy) and (diagnosis or diagnostic) and (cost-effectiveness adj) and (benefit) or 

(advantage) and (study or studies or trial). An asterisk* was placed within the search to look 

for any additional phrases that has the searched word as a prefix, including the word itself.  

Free text and medical subject headings were both entered during the search. The references 

of included studies were also scrutinised for potential studies to be employed. Medical 

textbooks in the library were also manually searched. No restrictions were imposed on 

publication status.  

 

Studies were included if they involve the evaluation of diagnostic imaging tests or strategies 

with the objective of confirming or excluding PE or CTEPH, and that the reference method 

includes lung scintigraphy (or V/Q). In cases where the studies had multiple publications, the 

most recent publication was used. Editorials, case reports and series, and abstracts were 

excluded. All study designs such as diagnostic cross sectional studies and cohort studies on 

lung ventilation and perfusion were included. Study participants were limited to patients with 

or suspected with PE or CTEPH. No age limitations, geographic and gender differentiation 

were imposed. All relevant and potentially eligible studies were retrieved and reviewed in full 

manuscripts. Animal studies, editorials, author replies, letters, comments, and conference 

proceedings were excluded. Studies with clearly non-relevant data or without specificity and 
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sensitivity reports, and studies with duplicate patient data from different publications were 

also excluded upon further review.  

 

Studies with CT imaging techniques were included regardless of the technique or the slices 

used. Data on true positive, true negative, false positive and false negative were either 

extracted directly (if given) or inferred from the reported values for specificity, sensitivity, and 

both positive and negative predictive values, from the studies in this literature review. These 

data were inputted into the metaDisc software (version1.4) (Zamora, Abraira, Muriel, Khan, 

& Coomarasamy, 2006) generating the pooled sensitivity and specificity performances of each 

imaging technique, as well as the positive and negative likelihood ratio (LR). The pooled data 

were analysed with 95% confidence intervals (CI), with the I-square (I2) value used in 

investigating statistical heterogeneity between the included studies. Symmetrical SROC 

curves were also generated for all three imaging techniques of CTPA, SPECT V/Q, and Planar 

V/Q, with the study size weighted least squares estimation method. In this review, the area 

under the curve (AUC) was used as a figure of merit that summarises the diagnostic 

performance (Hanley & McNeil, 1982) of the various imaging techniques as a single number, 

with a perfect test having an AUC close to one and poor tests having an AUCs close to 0.5. The 

AUC was computed within the metaDisc software by numeric integration of the curve 

equation by the trapezoidal method. The Q* value was also used as a performance evaluation 

figure, defined by the point where sensitivity and specificity are equal, which is the point 

closest to the ideal top-left corner of the ROC space. 
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In assessing the quality of the studies in this review, the Quality Assessment of Diagnostic 

Accuracy Studies (QUADAS-2) methodology (Whiting et al., 2011) was employed to overcome 

the lack of homogeneity in the quality factors used in the reviewed studies due to differences 

in the study designs. The quality assessment was carried out based on the four domains of 

patient selection, index test, reference standard and flow and timing, with each domain 

assessed in terms of risk of bias and judged as ‘low’, ‘high’, or ‘unclear’. The first three 

domains were also assessed in terms of concerns regarding applicability. The generic 

signalling questions used to help judge risk of bias were also used in this review. 

 

2.3 RESULTS 

There were 1195 potentially eligible studies were identified by searching through the 

electronic databases of CENTRAL, MEDLINE (Ovid SP), and EMBASE. No start date limitation 

was enforced. The last searched date was 14 January 2018. To ensure a comprehensive search 

and to maximise the results, no language limitation was used. After initial screening through 

the titles and abstracts, 742 studies were excluded, as they do not meet all the inclusion 

criteria defined for this systematic review. 235 articles were obtained in full text versions for 

further detailed screening. The references of these retrieved articles were then scrutinised 

through for potential relevant articles, leading to an additional retrieval of 55 articles that 

were obtained in full text. In total, 290 full text articles were retrieved. After reading the 

articles in full, 264 of these articles were excluded for irrelevance and having not entirely met 

the inclusion criteria. From the remaining shortlisted studies, 26 studies were included in the 

literature review. Three otherwise suitable studies (Mahdavi et al., 2013; Soler et al., 2011; 

Ibanez-Bravo et al., 2016) provided relevant results for CTPA and SPECT V/Q but were 
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excluded, as there was no definite gold reference standard and therefore not possible to 

extract the sensitivity and specificity of either imaging technique. The results of electronic 

database and manual searches are outlined in figure 2.2. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 2.2: Flow of studies identified in literature search for systematic review of the cost 
benefit of perfusion studies in the diagnosis of PE. 
 

 

CENTRAL: 133 reports MEDLINE: 651 reports EMBASE: 411 reports 

Additional 55 studies from reference lists 

CENTRAL: 99 unique reports 
MEDLINE: 583 unique reports 
EMBASE: 295 unique reports 

Duplicate reports: 
 CENTRAL: 42  
 MEDLINE: 56  
 EMBASE: 120  

Screened reports: 977 

Full-text review: 235 reports 
 

Excluded reports: 742 
(Did not meet inclusion criteria) 

Excluded reports: 264 

Included studies: 26 
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Out of the included 26 studies, there were 17 that were carried out prospectively, while nine 

were retrospective analysis. Most studies only recruited patients above the age of 18, and 

excluded pregnant patients. Renal deficiency and contrast media allergy were the general 

exclusion factors in the studies carrying out CTPA. Two studies (Le Duc-Pennec, 2012; 

Weinmann, Moretti, & Brauner, 2008) excluded patients with previous history of PE, while 

one study (Miles, 2009) explicitly only excluded patients who have had PE within the past one 

month. Other exclusion criteria include hypotension (He, 2012; Katsouda, 2005); 

haemodynamic instability (He, 2012; Renartz, 2004); respiratory deficiency (Katsouda, 2005); 

mental illness and dementia (Macdonald, 2005); patients in circulatory shock (He, 2012); 

clotting disorder (Katsouda, 2005); and life expectancy below a period of three months (Le 

Duc-Pennec, 2012). Further information on the various imaging techniques employed in the 

included studies are presented in table 2.1. 
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Table 2.1: Studies and data included in the review. 
Study Design Diagnosis Previous PE Clinical Exclusions Ventilation  

Dournes 
2014 

Prospective CTEPH Unclear 
Contraindication to iodine-
based contrast agent 
injection 

Technegas 

Skarlovnik 
2014 

Retrospective PE Yes Patients <18; Pregnancy Technegas 

Bajc 2013 Retrospective PA Yes None Technegas 
Meng 2013 Prospective PE Unclear Unclear Technegas 
Sugiura 2013 Prospective CTEPH Unclear None CT only 

He 2012(1) Prospective PE Yes 

Pregnancy; Patients 
currently experiencing 
circulatory shock; 
Hypotension; Renal failure; 
Haemodynamic instability 

Technegas 

He 2012(2) Prospective CTEPH Unclear Unclear  Technegas 
Le Duc-
Pennec 2012 

Prospective PE No 
Pregnancy; Life expectancy 
< 3 months; Patients <18 

81mKr 

Ley 2012 Prospective CTEPH Unclear  None CT only 
Thieme 2012 Prospective PE Yes Pregnancy Technegas 
Ling 2012 Retrospective PE Yes  None Unclear 
Gutte 2010 Prospective PE Yes Renal impairment 81mKr 
Miles 2009 Prospective PE Yes  Patients < 50  Technegas 
Reichelt 2009 Prospective CTEPH Unclear Serum creatinine >1.5 mg/dl CT only 
Wang 2009 Prospective PE Yes  Unclear Technegas 
Bajc 2008 Retrospective PE Unclear None Technegas 
Bartalena 
2008 

Retrospective CTEPH Unclear None Technegas 

Weinmann 
2008 Prospective PE No Patients <18; Pregnancy Technegas 

Tunariu 2007 Retrospective CTEPH Unclear None 81mKr 

Katsouda 
2005 

Prospective PE Yes 

Respiratory disorder; 
Clotting disorders; 
Hypotension; Respiratory 
impairment; Pregnancy 

Unclear 

Macdonald 
2005 Prospective PE Yes 

Patients <18; Mental illness, 
dementia; Pregnancy; Renal 
failure 

Technegas  

Reinartz 2004 Retrospective PE Yes Haemodynamic instability DTPA 
Stone 2003 Prospective PE Yes Patients <18; Pregnancy Technegas 
Pitton 2002 Prospective CTEPH Unclear Unclear CT only 
Lemb 2001 Retrospective PE Yes Unclear Technegas  
Worsley 1994 Retrospective CTEPH Unclear None 133Xe 
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All included studies had either confirmation of or the diagnosis of PE as the primary objective. 

The majority of the studies included the comparison of techniques within or between the 

different imaging modalities. The total number of patients in the included studies stands at 

5637. Patient pool for CTPA is 904, with 43% (392) true-positive; 3% (25) false-positive; 43% 

(390) true-negative; 9% (78) false-negative; and 2% (18) non-diagnostic. Patient pool for 

SPECT V/Q is 3717, with 28% (1022) true-positive; 1% (33) false-positive; 67% (2470) true-

negative; 2% (62) false-negative; and 0.5% (19) non-diagnostic. Patient pool for planar V/Q is 

1016, with 38% (385) true-positive; 9% (88) false-positive; 44% (449) true-negative; 8% (82) 

false-negative; and 1% (12) non-diagnostic. Figure 2.3 provides a summary view of the 

respective specificity of the included studies with CTPA, SPECT V/Q and planar V/Q. Table 2.2 

depicts the efficacy between the three imaging techniques. Three studies reported 

anomalously low sensitivity values; 57% (Katsouda et al, 2005) and 44% (Macdonald, 2005) 

for planar V/Q, and 57% (Stone et al., 2003) for CTPA. Results of these studies were excluded 

in the ROC analysis. One study (Meng et al., 2013) was a non-English publication with no 

English translated version. As a result, retrieval of information and data was limited and the 

results were similarly excluded from the ROC analysis. 
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Figure 2.3: Specificity of included studies. 
 

  

CTPA (%) SPECT V/Q (%) Planar V/Q (%)
Non-diagnositc 2 0.5 1

False-negative 9 2 8

True-negative 43 67 44

False-positive 3 1 9

True-positive 43 28 38

0

10

20

30

40

50

60

70

80

90

100%



Diagnostic performance of lung perfusion and CTPA for CTEPH among a Southeast Asia (SEA) 
population 

 
 

 

60 
 

Table 2.2: Sub-group comparison of imaging techniques efficacy (Diagnosis of PE). 
Author No. of 

patients 
Sensitivity Specificity Non-

diagnostic  
True-
positive 
results 

False-
positive 
results 

True-
negative 
results 

False-
negative 
results 

CTPA 
He 2012(1) 544 82 93 16 259 14 197 58 
Wang 2009 77 97 97 2 36 1 37 1 
Katsouda 
2005 

63 93 86 0 39 3 18 3 

Macdonald 
2005 

112 83 90 0 22 5 77 8 

Reinartz 
2004 83 86 98 0 32 1 45 5 

Stone 2003 25 57 94 0 4 1 17 3 
V/Q (SPECT) 
Skarlovnik 
2014 49 100 98 0 9 1 39 0 

Meng 2013 111 86 94 0 - - - - 
Bajc 2013 152 90 95 0 53 5 88 6 
Le Duc-
Pennec  
2012 

243 55 87 0 45 4 191 3 

Ling 2012 106 98 98 0 26 0 78 2 
Thieme 
2012 15 86 88 0 6 1 7 1 

Miles 2009 87 83 98 0 19 1 63 4 
Bajc 2008 1785 99 99 19 601 6 1153 6 
Weinmann 
2008 

95 79 83 0 56 4 20 15 

Reinartz 
2004 

83 97 91 0 36 4 42 1 

Lemb  2001 991 96 97 0 171 7 789 24 
V/Q (Planar) 
Skarlovnik 
2014 98 83 98 7 5 2 83 1 

He 2012(1) 544 86 83 0 276 42 181 45 
Gutte 2010 36 64 72 0 7 7 18 4 
Wang 2009 80 89 92 5 33 3 35 4 
Katsouda 
2005 

63 57 43 0 24 12 9 18 

Macdonald 
2005 112 44 99 0 12 15 84 1 

Reinartz 
2004 83 76 85 0 28 7 39 9 
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The diagnostic performances of CTPA are depicted in figure 2.4 (sensitivity), figure 2.5 

(specificity), figure 2.6 (positive LR), and figure 2.7 (negative LR). The pooled sensitivity of 

CTPA was 84% (95% CI, 80-87%) with moderately high statistical heterogeneity in the 

sensitivity estimates (I2: 70.5%) attributed to variability between studies, analysed on a per-

patient-based analysis. The pooled specificity of CTPA was 94% (95% CI, 91-96%) with low 

statistical heterogeneity in the specificity estimates (I2: 12.0%), analysed on a per-patient-

based analysis. The pooled positive LR of CTPA was 12.35 (8.15 to 18.70), with a low statistical 

heterogeneity I2 of 5.1%. The pooled negative LR of CTPA was 0.16 (0.10 to 0.26), with a low 

statistical heterogeneity I2 of 54.9%.  

 

 
Figure 2.4: Pooled sensitivity of the CTPA studies displaying a moderately high statistical 
heterogeneity of 70.5% analysed on a per-patient-based analysis. 
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Figure 2.5: Pooled specificity of the CTPA studies displaying a low statistical heterogeneity of 
12% analysed on a per-patient-based analysis. 
 

 

 
Figure 2.6: Pooled positive LR of CTPA with a low statistical heterogeneity I2 of 5.1%. 
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Figure 2.7: Pooled negative LR of CTPA with a low statistical heterogeneity I2 of 54.9%. 
 

The diagnostic performances of SPECT V/Q are depicted in figure 2.8 (sensitivity), figure 2.9 

(specificity), figure 2.10 (positive LR), and figure 2.11 (negative LR). The pooled sensitivity of 

SPECT V/Q was 94% (95% CI, 93-96%) with high statistical heterogeneity in the sensitivity 

estimates (I2: 88.4%) attributed to variability between studies, analysed on a per-patient-

based analysis. The pooled specificity of SPECT V/Q was 99% (95% CI, 98-99%) with relatively 

high statistical heterogeneity in the specificity estimates (I2: 79.3%), analysed on a per-

patient-based analysis. The pooled positive LR of SPECT V/Q was 30.56 (11.89 to 78.56), with 

a high statistical heterogeneity I2 of 86.3%. The pooled negative LR of SPECT V/Q was 0.08 

(0.04 to 0.19), with a high statistical heterogeneity I2 of 89.4%. 
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Figure 2.8: Pooled sensitivity of SPECT V/Q displaying a high statistical heterogeneity of 
88.4% analysed on a per-patient-based analysis. 
 

 
Figure 2.9: Pooled specificity of SPECT/V/Q displaying a relatively high statistical 
heterogeneity of 79.3%, analysed on a per-patient-based analysis. 

 
Figure 2.10: Pooled positive LR of SPECT/V/Q with a high statistical heterogeneity I2 of 
86.3%. 
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Figure 2.11: Pooled negative LR of SPECT/V/Q with a high statistical heterogeneity I2 of 
89.4%. 
 

The diagnostic performances of Planar V/Q are depicted in figure 2.12 (sensitivity), figure 2.13 

(specificity), figure 2.14 (positive LR), and figure 2.15 (negative LR). The pooled sensitivity of 

Planar V/Q was 85% (95% CI, 81-88%) with low statistical heterogeneity in the sensitivity 

estimates (I2: 33.5%) attributed to variability between studies, analysed on a per-patient-

based analysis. The pooled specificity of SPECT V/Q was 85% (95% CI, 82-89%) with high 

statistical heterogeneity in the specificity estimates (I2: 82.2%), analysed on a per-patient-

based analysis. The pooled positive LR of CTPA was 5.89 (3.2 to 10.86), with a moderately high 

statistical heterogeneity I2 of 71%. The pooled negative LR of CTPA was 0.22 (0.14 to 0.36), 

with a moderate statistical heterogeneity I2 of 54.8%. 
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Figure 2.12: Pooled sensitivity of Planar V/Q displaying a low statistical heterogeneity of 
33.5% analysed on a per-patient-based analysis. 
 

 

 
 
Figure 2.13: Pooled specificity of Planar V/Q displaying a high statistical heterogeneity of 
88.2% analysed on a per-patient-based analysis. 
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Figure 2.14: Pooled positive LR of Planar V/Q with a moderately high statistical 
heterogeneity I2 of 71%. 
 

 

 
 
Figure 2.15: Pooled negative LR of Planar V/Q with a moderate statistical heterogeneity I2 of 
54.8%. 
 

Individual SROC curves (study-size weighted, symmetrical) for all three imaging techniques of 

CTPA, SPECT V/Q and Planar V/Q are illustrated in figures 2.16, 2.17, and 2.18 respectively. 

The AUC for CTPA, SPECT V/Q and Planar V/Q are 0.96, 0.98, and 0.89 respectively. In addition, 

the Q* values for CTPA, SPECT V/Q and Planar V/Q are 0.91, 0.94, and 0.82 respectively. From 

the extracted data, the performance of Planar V/Q evidently lag behind that of both CTPA and 

SPECT V/Q.  
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Figure 2.16: SROC curve showing a high diagnostic performance of AUC 0.96 for CTPA. 
 

 

 
Figure 2.17: SROC curve showing a high diagnostic performance of AUC 0.98 for SPECT V/Q. 
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Figure 2.18: SROC curve showing a relatively lower diagnostic performance of AUC 0.89 for 
Planar V/Q. 
 

Studies listed in table 2.3 and table 2.4 had either confirmation of or the diagnosis of CTEPH 

as the primary objective, and are patient-based. The results from all V/Q scintigraphy studies 

in table 2.3 are similar; however, the specificity from Worsley et al (1994) was relatively low 

at 86%. The total number of patients in the included CTPA studies from table 2.4 stands at 

488, with 28% (136) true-positive; 3% (14) false-positive; 60% (294) true-negative; and 9% 

(44) false-negative. The diagnostic performances of CTPA in the diagnosis of CTEPH (patient-

based) are depicted in figure 2.19 (sensitivity), figure 2.20 (specificity), figure 2.21 (positive 

LR), and figure 2.22 (negative LR). The pooled sensitivity of CTPA was moderately low at 76% 

(95% CI, 69-82%) with high statistical heterogeneity in the sensitivity estimates (I2: 93.8%) 

attributed to variability between studies, analysed on a per-patient-based analysis. The 

pooled specificity of CTPA was 95% (95% CI, 92-97%) with low statistical heterogeneity in the 

specificity estimates (I2: 78.1%), analysed on a per-patient-based analysis. The pooled positive 
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LR of CTPA was 13.78 (6.10 to 31.14), with a statistical heterogeneity I2 of 56.2%. The pooled 

negative LR of CTPA was 0.11 (0.02 to 0.68), with a statistical heterogeneity I2 of 92.5%.  

 

Table 2.3: Sub-group analysis: efficacy of V/Q in the diagnosis of CTEPH (patient-based). 
Author No. of 

patients 
Sensitivity Specificity Accuracy 

He 
2012 

114 100% 93.7% 96.5% 

Tunariu 
2007 227 96.2% 94.6% 95.2% 

Worsley 
1994 75 100% 86% 91% 

He 
2012 

114 100% 93.7% 96.5% 

 

 

Table 2.4: Sub-group analysis: efficacy of CTPA in the diagnosis of CTEPH (patient-based). 
Author No. of 

patients 
Sensitivity Specificity Accuracy True-

positive 
results 

False-
positive 
results 

True-
negative 
results 

False-
negative 
results 

Dournes 
2014 

40 100% 88% - 14 3 23 0 

He 
2012(2) 
 

114 92.2% 95% 92.5% 47 3 60 4 

Bartalena 
2008 107 95% 90% - 35 7 63 2 

Tunariu 
2007 
 

227 51.3% 99.3% 82.8% 40 1 148 38 
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Figure 2.19: Pooled sensitivity of CTPA (patient-based) displaying a high statistical 
heterogeneity of 93.8%, analysed on a per-patient-based analysis. 
 

 
Figure 2.20: Pooled specificity of CTPA (patient-based) displaying a low statistical 
heterogeneity of 78.1%, analysed on a per-patient-based analysis. 
 

 
Figure 2.21: Pooled positive LR of CTPA (patient-based) with a statistical heterogeneity I2 of 
56.2%. 
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Figure 2.22: Pooled negative LR of CTPA (patient-based) with a moderate statistical 
heterogeneity I2 of 92.5%. 
 

 

 
Figure 2.23: SROC curve showing a high diagnostic performance of AUC 0.98 for CTPA (patient-
based). 
 

Studies listed in table 2.4 had either confirmation of or the diagnosis of CTEPH as the primary 

objective, and are vessel-based. The total number of vessels in the included studies stands at 

2538, with 36.8% (933) true-positive; 2.7% (68) false-positive; 58.7% (1490) true-negative; 

and 1.8% (47) false-negative. The diagnostic performances of CTPA in the diagnosis of CTEPH 

(vessel-based) are depicted in figure 2.24 (sensitivity), figure 2.25 (specificity), figure 2.26 
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(positive LR), and figure 2.27 (Negative LR). The pooled sensitivity of CTPA was 95% (95% CI, 

94-96%) with high statistical heterogeneity in the sensitivity estimates (I2: 96.3%) attributed 

to variability between studies, analysed on a per-patient-based analysis. The pooled 

specificity of CTPA was 96% (95% CI, 94-97%) with moderately low statistical heterogeneity 

in the specificity estimates (I2: 89.9%), analysed on a per-patient-based analysis. The pooled 

positive LR of CTPA was 23.67 (11.21 to 49.96), with a statistical heterogeneity I2 of 84.1%. 

The pooled negative LR of CTPA was 0.05 (0.01 to 0.16), with a statistical heterogeneity I2 of 

91.2%. One study (Pitton et al., 2002) was a non-English publication with no English translated 

version. As a result, retrieval of information and data was limited and the results were 

excluded from the ROC analysis. 

 

Table 2.5: Sub-group analysis: efficacy of CTPA in the diagnosis of CTEPH (vessel-based). 
Author No. of 

patients 
Total 
no. of 

vessels 

Standard 
PAP 

Mean 
PAP 

Gold 
Standard 

True-
positive 
results 

False-
positive 
results 

True-
negative 
results 

False-
negative 
results 

Sugiura 
2013 

16 1175 696+ 
274 

42.2+ 
9.9 

DSA 218 44 903 29 

Ley 
2012 13 639 Unclear 

42+ 
10 DSA 360 1 258 0 

Reichelt 
2009 13 724 

763+ 
345 

46+ 
8 DSA, V/Q 355 23 329 18 

Pitton 
2002 Unclear 994 Unclear Unclear DSA - - - - 
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Figure 2.24: Pooled sensitivity of CTPA (vessel-based) displaying a high statistical 
heterogeneity of 96.3%, analysed on a per-patient-based analysis. 
 

 
Figure 2.25: Pooled specificity of CTPA (vessel-based) displaying a moderately low statistical 
heterogeneity of 89.9%, analysed on a per-patient-based analysis. 
 

 
Figure 2.26: Pooled positive LR of CTPA (vessel-based) with a statistical heterogeneity I2 of 
84.1%. 
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Figure 2.27: Pooled negative LR of CTPA (vessel-based) with a statistical heterogeneity I2 of 
91.2%. 
 

 

 
Figure 2.28: SROC curve showing a high diagnostic performance of AUC 0.99 for CTPA (vessel-
based). 
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SROC curves for patient-based and vessel-based CTPA analyses are illustrated in figures 2.23, 

and 2.28 respectively. The AUCs for CTPA; patient-based and vessel-based are 0.98, and 0.99 

respectively. In addition, the Q* values for CTPA; patient-based and vessel-based are 0.93, 

and 0.97 respectively. The extracted data showed significant heterogeneity across the studies 

for both analyses.  

 

As this review only select and analyse papers that fall under the inclusion criteria stated 

earlier, the included papers are all relevant and applicable to the review, and therefore 

applicability concerns for all 26 studies were evaluated as low in all the three domains. Under 

domain one, all included studies recruited patients consecutively and/or randomly with no 

inappropriate exclusions and were thus assessed to be of low risk of bias, with the exception 

of four studies (Dournes, 2014; Ley, 2012; Renartz, 2004; Lemb, 2001), which did not state 

the patient selection criteria and were consequently assessed as ‘unclear’ risk of bias. Under 

domain two, all studies employed appropriate imaging techniques in the confirmation or 

exclusion of PE or CTEPH with pre-specified diagnostic criteria and reference standard, and 

were assessed to be of low risk of bias. Under domain three, studies with no specific and 

independent criteria employed as the gold standard, were assessed to be of high risk of bias. 

The conduct of using composite standards as reference standards leads to a high risk of 

introducing bias. Under domain four, the risk of bias varied between the included studies. 

Studies with patients receiving consistent reference standards were generally assessed to be 

of low risk of bias as compared to those with varying compositions of reference standard 

applied. The results of QUADAS-2 for the above analysed studies are tabulated in table 2.6. 

 



Diagnostic performance of lung perfusion and CTPA for CTEPH among a Southeast Asia (SEA) 
population 

 
 

 

77 
 

Table 2.6: QUADAS-2 evaluation summary  
Study Domain 1: 

Patient selection 
Domain 2: 
Index Test 

Domain 3: 
Reference test 

Domain 4: 
Flow and timing 

 Risk of 
bias 

Applicability 
concerns 

Risk of 
bias 

Applicability 
concerns 

Risk of 
bias 

Applicability 
concerns 

Risk of 
bias 

Dournes 
2014 

Unclear Low Low Low Low Low High 

Skarlovnik  
2014 Low Low Low Low High Low High 

Bajc  2013 Low Low Low Low High Low High 
Meng  2013 Low Low Unclear Low Unclear Low Unclear  
Sugiura 2013 Low Low Low Low Low Low Low 
He 2012(1) Low Low Low Low High Low Low 
He 2012(2) Low Low Low Low Low Low High 
Le Duc-
Pennec 2012 

Low Low Low Low High Low Low 

Ley 2012 Unclear Low Low Low Low Low High 
Thieme  
2012 

Low Low Low Low High Low High 

Ling  2012 Low Low Low Low High Low High 
Gutte  2010 Low Low Low Low High Low Low 
Miles  2009 Low Low Low Low High Low High 
Reichelt 
2009 

Low Low Low Low Low Low High 

Wang  2009 Low Low Low Low High Low Low 
Bajc  2008 Low Low Low Low High Low High 
Bartalena 
2008 

Low Low Low Low Low Low High 

Weinmann 
2008 Low Low Low Low High Low High 

Tunariu 2007 Low Low Low Low Low Low Low 
Katsouda  
2005 

Low Low Low Low High Low High 

Macdonald  
2005 

Low Low Low Low High Low Low 

Reinartz  
2004 Unclear Low Low Low High Low Low 

Stone  2003 Low Low Low Low High Low Low 
Pitton 2002 Low Low Unclear Low Unclear Low Unclear  
Lemb   2001 Unclear Low Low Low High Low Low 
Worsley 
1994 

Low Low Low High Low Low Low 
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2.4 DISCUSSION 

V/Q lung scan was the initial preferred and recommended imaging technique in the clinical 

evaluation of PE from the late 1960s to the early 1990s. Data from PIOPED I showed that the 

rate of low and/or intermediate probability with V/Q scans was as high as 65% (PIOPED 

Investigators, 1990), thus limiting subsequent utilisation of V/Q scans in the clinical evaluation 

of PE. The invent of CTPA, with its superiority of faster scan times, 24/7 availability and offer 

of clear anatomical information, brought about a change from the 1990s, overtaking V/Q lung 

imaging as the preferred imaging technique in detection of PE (Perrier et al., 2001; Stein et 

al., 2006). The other potential advantage of having the CT component is the added possibility 

of other incidental clinical discoveries though such outcomes were not mentioned in the 

reviewed studies. However, there were concerns on high delivered radiation doses and 

contraindications that prevented the use of CTPA as the perfect imaging technique in the 

diagnosis of PE (Onyedika, Glaser, & Freeman, 2013).  

 

CTEPH is a rare chronic condition of with a cumulative incidence rate of 0.57% in all patients 

with acute PE after more than three months of curative anticoagulation treatment (Tanabe, 

Sugiura, & Tatsumi, 2013). The widely proposed aetiological theory is that CTEPH is a 

complication of acute PE following VTE (Lang & Madani, 2014; Fedullo, Kerr, Kim, & Auger, 

2011). A recent large international study revealed 75% of CTEPH patients having a history of 

acute PE (Pepke-Zaba et al., 2011), which may be an overestimation as the underlying acute 

PE condition may simply be that of an initial manifestation of CTEPH.  Several studies have 

reported the incidence rate of CTEPH subsequent to acute PE, in the range of 0.4 to 6.2%, 

with a 3.4% pooled incidence (95% CI sensitivity, 2.1 to 4.4) (Vavera, Vojacek, Pudil, Malyb & 
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Eliasc, 2016;  Klok et al, 2015; Giuliani et al, 2014; Guerin et al, 2014; Held et al, 2014; Kayaalp 

et al, 2014; Berghaus, Barac, von Scheidt, & Schwaiblmair, 2011; Klok, van Kralingen, van Dijk, 

Heyning, Vliegen & Huisman, 2010; Poli et al, 2010; Surie et al, 2010; Bercattini et al, 2006; 

Pengo et al, 2004). At the same time, it is found that CTEPH can develop long after an episode 

of acute PE, up to years, with no new clinical symptoms suggestive of its manifestation (Lang, 

2015; Olsson et al, 2014; Pengo et al, 2004). Imaging modalities such as CTPA and V/Q 

scintigraphy has been at the forefront being applied as diagnostic tools for CTEPH. This review 

showed a high sensitivity and a moderate specificity for V/Q scintigraphy in the assessment 

of CTEPH. The sensitivity of V/Q in the diagnosis of CTEPH was however noted to be lower in 

Tunariu (2007) as compared with other studies, and is believed to be as a result of the 

inclusion of patients with sub-segmental PE, and conducted with older technology. This 

review did not extract and analyse data down to the lobar and sub-segmental arterial levels 

due to insufficient data across all studies. For CTPA, there is a moderate sensitivity and high 

specificity in the patient-based analysis. On the vessel basis, CTPA recorded similarly high 

sensitivity and specificity in diagnosing CTEPH. Sugiura 2013 had found the advantage of CT 

being able to provide PAP estimates from interventricular septum curvature in evaluating 

pulmonary haemodynamics in CTPEH.  

 

One of the weaknesses of this review is the absence of an analysis on the radiation dose 

effectiveness delivered per correct diagnosis due to the inadequate information provided in 

the reviewed studies. There were insufficient data to compute the mean administered 

radiation dose in the ventilation phase of both the planar and the SPECT studies. For CTPA, 

only two studies had sufficient information of the CT exposure parameters for the 
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computation of effective radiation dose to the patient; of which one (Reinartz, 2004) reported 

of exposure parameters which would have suggested of a questionably low radiation dose of 

approximately one mSv (millisievert). Given the comparable diagnostic performances of both 

CTPA and V/Q, the considerably higher radiation doses from CTPA should be taken into 

account in the physician’s decision on the imaging technique of choice in the diagnosis of PE 

or CTEPH. It may be worth customising certain clinical conditions to fit a particular imaging 

technique, such as SPECT V/Q for pregnant women and young children in minimising radiation 

dose exposure, while critically ill patients, obese, and those with significant underlying 

pulmonary conditions such as COPD may be more suitable for CTPA. On the contrary, one 

excluded full text reviewed study (Coche et al., 2003) curiously ruled patients with suspected 

deep vein thrombosis (DVT) out from the study cohort in the comparison between spiral CT 

and planar V/Q, possibly with the assumption that such patients would already be on 

anticoagulant treatment and that the diagnosis of PE (if any) would not make a difference to 

the patients’ clinical managements. With the exception of pregnancy, none of the reviewed 

studies reported of customisation or considerations of any sort. In fact, there is currently no 

evidenced guidance on the appropriate imaging technique to employ in each circumstances 

and clinical conditions. 

 

Another glaring weakness of this review is the absence of reference to a single gold standard 

diagnostic imaging modality in the diagnosis of PE and CTEPH, in which some of the studies 

actually used some form of composite evaluation such that the performed imaging studies 

themselves play a significant part in as a reference standard. CTEPH studies with DSA (Digital 

Subtraction Angiography) or V/Q as gold standards affects the reliability of the pooled data. 
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The absence of a single gold standard diagnostic imaging modality also resulted in the 

exclusion of several shortlisted studies and even if included, according to Quadas-2 domain 

four, would mean that there will always be the risk of bias. At the same time, the limited 

number of relevant CTEPH studies reduces the statistical power of the analysis. Data were 

extracted from the results from different CT techniques, thus leading to potential bias. 

Heterogeneity of the included studies is another weakness of the review. Le Duc-Pennac 2012 

and Weinmann 2008 notably used lower limb compression ultrasound as the reference 

standard as compared to the others. One study (Ling 2012) reported on SPECT/CT V/Q results, 

which were not included in the ROC analysis. The reference standard used in the study was 

that of the final physician diagnosis, including the findings of SPECT V/Q providing no better 

alternative diagnosis after a period of six months.  

 

The reviewed studies also applied different diagnostic and interpretation criteria. PIOPED 1 

was employed by Le Duc-Pennec 2012, while Miles 2009 and Weinmann 2008 used PIOPED 

II. Studies using the PIOPED II diagnostic criteria may have different interpretations of low and 

intermediate probabilities as positive, negative, or non-diagnostic. In fact, these 

interpretations are determined by the various confidence levels (CI) and thresholds used 

which varies between the different studies. PIOPED II has also reported of possible issues with 

the positive and negative predictive values when the imaged results are contradictory to the 

clinical probability. In addition, not all studies in the literature include a non-diagnostic 

category in their evaluations, meaning that the results are either positive or negative. Such 

interpretations do not fully mirror the real world situation where a sizeable number of V/Q 

scans are being reported as non-diagnostic. The low numbers of non-diagnostic scans 
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reported in the reviewed studies were partly due to selecting the use of PISAPED (Prospective 

Investigative Study of Acute Pulmonary Embolism Diagnosis) results rather than that of 

PIOPED II, with the objective of having a larger number of patients for analysis. In one 

reviewed study (He 2012), non-diagnostic results were 12.3% when PIOPED II was used, while 

rescoring the same set of data with PISAPED reduced the number of non-diagnostic results to 

0%, with only a minor loss of specificity. Finally, the ventilating agents used in the SPECT V/Q 

are different, ranging from Technegas, to 99m-Tc Diethylenetriaminepentaacetic acid (DTPA) 

aerosol to 81mKrypton (81mK). 

 

2.5 STATEMENT OF THE PROBLEM 

CTEPH is a debilitating but potentially curable condition. Despite the established relationship 

between PE and CTEPH, not all CTEPH patients have a clinical history of previous acute PE. 

Furthermore, the non-specific signs and symptoms render differential diagnosis complicated. 

The non-specific nature of the symptoms of CTEPH and under-utilisation of its recommended 

diagnostic tests result in many presumed misdiagnosis, complicating data collection in 

understanding the true prevalence of the disease (Deano et al, 2013; McLaughlin et al, 2013). 

The overall estimated incidence of CTEPH in Europe and the US is three to five cases per 

100,000 populations per year, while that of the Asian population of Japan is 1.9 cases per 

100,000 populations per year (Gall et al, 2017). The estimated annual incidence of PE and 

CTEPH in the US, Europe and Japan is depicted in figure 2.29 and 2.30 respectively. Table 2.7 

shows the incidence of PE and CTEPH in the respective countries expressed in ratios which 

indicates that while PE is less common in Japan, when it does occur CTEPH is far more likely 

to result.  
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Figure 2.29: Incidence of PE per 100,000 populations in the US, Europe and Japan (adapted 
and modified from Gall et al, 2017).  
 

 
Figure 2.30: Incidence of CTEPH per 100,000 populations in the US, Europe and Japan 
(adapted and modified from Gall et al, 2017).  
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Table 2.7: Ratio of CTEPH to PE incidences per 100,000 populations.  
Country Ratio of CTEPH to PE  

Germany 1 : 20.2 
France 1 : 20.2 
Spain 1 : 20 
Italy 1 : 20.2 
UK 1 : 20 

Japan 1 : 3.7 
US 1 : 20.4 

 

Current guidelines recommend V/Q as the first choice of imaging tool in suspected CTEPH to 

screen for the presence of thromboembolic disease (Kim et al., 2013). Nonetheless, there are 

wide variations in the selection of imaging tests in diagnosing CTEPH, and the choice of 

imaging modality often comes down to expertise, and thus preference, and the availability. 

The mortality rate of CTEPH is estimated to be four percent (Jamieson & Kapelanski, 2000; 

Daily & Auger, 1999), and may increase to 20% if the management of the condition is delayed 

(Lewczuk et al, 2001; Riedel, Stanek, Widimsky, & Prerovsky, 1982). Severe CTEPH left 

untreated, have been a reported five years survival rate of only 30% (Nishimura et al., 2013). 

CTEPH is classified under the fourth category of the NICE PH grouping, with one segmental 

defect or more in lung perfusion imaging and typical findings from CTPA (Simonneau et al., 

2013; Pepke-Zaba et al., 2011). A normal lung perfusion result essentially rules out the clinical 

diagnosis of PE and CTEPH as early manifestations of CTEPH, recurrent or occlusive PE of all 

types will demonstrate perfusion defect even if anticoagulant treatments are withheld (van 

Beek et al., 1995; Hull, Raskob, Coates, & Panju, 1990). 
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Statistical information on CTEPH epidemiology is limited in terms of both quality and quantity, 

as with most other rare diseases. Notably, the bulk of this information comes from Europe 

and the United States (US).  In Europe, the PH registries in France report of the highest annual 

incidence of CTEPH as more than six per million adults (Hoeper et al., 2016). Further 

summarised information on CTEPH registries are depicted in table 2.8 below. Information on 

the true prevalence of the disease is not always easy due to its non-specific symptoms and 

the underutilisation of the recommended tests in the diagnostic algorithms, resulting in 

presumed misdiagnoses (Delcroix, Kerr & Fedulla, 2016; Deano et al, 2013; McLaughlin et al, 

2013). Globally, an estimated 19% of referrals to PH centers are patients with CTEPH, with the 

overall incidence approaching five per million populations per year as well as a prevalence of 

38.4 per million population (Pepke-Zaba et al, 2011; Blauwet, Edwards, Tazelaar, & McGregor, 

2003). In the US, acute PE reportedly occurs in up to 0.6 million of its population annually, 

with an estimated CTEPH incidence rate of 3.8% in this population (Jamieson & Kapelanski, 

2000). In Asia, the Japanese registry reported that 50.4% of CTEPH patients with a prior 

episode of DVT while 37.2% have previous acute PE (Bazmpani et al., 2017). The Korean 

registry revealed that the median age of CTEPH in Korea is 58.3 + 15.9 years old, with 47% of 

these patients having recorded a clinical history of DVT or acute PE (Park et al., 2016). The 

incidence and prevalence rate of CTEPH in Korea are not known.  
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Table 2.8: CTEPH epidemiological summary data from global registries (adapted and modified 
from Delcroix, Kerr & Fedulla, 2016; Hoeper et al, 2016; Baptista et al, 2013; Pepke-Zaba et 
al, 2011). 

 
Data 

collection 
No. of 

patients 

Age (years); 
standard 
deviation 

Estimated 
per million 
population  
incidence 

Estimated 
per million 
population 
prevalence 

Spanish 
registry 1998 – 2008 162 61; 15 0.9 3.2 

UK 2001 – 2006 469 60; 14 1.75 - 
UK National 
Audit 2012 7000 - 4.3 – 4.9 12.9 – 27.3 

UK National 
Audit 2013 7757 - 4.4 – 4.6 10.8 – 38.4 

Assessing the 
Spectrum of 
Pulmonary 
Hypertension 
Identified at 
a Referral 
Centre 
(ASPIRE) 
registry 

2001 - 2010 1344 - 0.3- 3.7 - 

CTEPH 
European 
registry  

2007 - 2009 679 63 5.7 - 

Portuguese 
registry 2008 - 2010 33 60.3; 12.5 1.1 - 

German 
registry 

2014 272 68 4.0 - 

Korean 
registry 

2008 - 2011 134 58.3; 15.9   

 
 

The literature review has demonstrated that there has been a substantial amount of research 

carried out on CTEPH, and the efficacy of its diagnostic imaging techniques. Notably, the data 

collected in the reviewed studies were all collected from the US and Europe, with limited 

information from Asia, except for Japan and Korea. None were specifically from SEA. Although 

several multi-international registries and expert centres have provided overview estimates 
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on the presentation, epidemiology, diagnosis, imaging options and clinical management of 

CTEPH patients, there may still be differences in patient characteristics and diagnostic work-

ups (Giannakoulas & Gatzoulis, 2016). Gall et al (2017) suggested that the disparity in the 

diagnosis rate of CTEPH in the difference countries were due to regional and geographical 

variations in diagnostic practices. See table 2.9 below. This may be in part being a result of 

the underutilisation of V/Q. In the international physician survey of CTEPH management 

practice by Gall et al (2016), the utilisation of V/Q was only 45% in PH centres in the US.  

 

Table 2.9: Estimated data on the 2015 annual incidence of CTEPH in the US, Europe and Asia 
Japan (adapted and modified from Gall et al, 2017). 

 CTEPH Full Incidence 
(2015) 

CTEPH Diagnosed 
Incidence (2015) 

Diagnosis rate 

Germany 3879 674 17.38 
France 3310 650 19.64 
Italy 2747 529 19.26 
UK 2087 617 29.56 
Japan 2444 732 29.95 
US 16566 2000 12.07 
Total 31033 5201 16.76 

 

Although large international PH registries have covered a significant population globally on 

the epidemiology of CTEPH, there may exist further regional differences from factors such as 

treatment options availability and preferences, physician training and expertise, diagnostic 

workup algorithm adoption, and patient characteristics. The demographic trend of CTEPH 

incidence is expected to shift towards that of older patients (Gall et al, 2017). In the US, the 

annual incidence PE is 30 per 100,000 population for patients aged 25 – 35 years old, rising to 

300 – 500 per 100,000 population for patients aged 70 – 79 years old (White 2003), 

progressing to an expected estimated CTEPH incidence of one in 100,000 population per year 
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or 2500 new cases presented annually (Hoeper et al, 2016). In the extracted 2017 United 

Nation World Ageing Population report, the percentage of population aged 60 years and older 

in Singapore; a country in SEA, is expected to reach 40.1% (United Nations, 2017). See table 

2.10 below. The efficacy and cost-effectiveness of the diagnostic imaging technique can be 

contributing and deciding factor on the choice of modality utilised for the diagnosis of CTEPH, 

providing a more representative epidemiological data on the global incidence and prevalence 

rate of CTEPH. To the best of our knowledge, currently there are no studies on the efficacy of 

imaging techniques of V/Q and CTPA in the diagnosis of CTEPH carried out specifically in 

Singapore and in SEA. The design of an analysis in the SEA population will be a valuable 

addition to the current literature in ensuring completeness in evaluating the diagnostic 

efficacy of CTPA and V/Q as the main objective, as well as a further sub-study in exploring a 

lung perfusion only protocol, in the diagnosis of CTEPH. 

 

Table 2.10: Demographic indicators from World Population Prospects: The 2017 Revision 
(adapted and modified from the United Nations, 2017). 

Region or country 
Percentage of population aged 60 years or over 

2017 2050 
Europe 24.7% 34.5% 

US 21.5% 27.8% 
Asia 12.2% 24.3% 
SEA 9.9% 21.0% 

Singapore (within SEA) 19.5% 40.1% 
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CHAPTER 3 

METHOD 
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3.1 AIMS AND OBJECTIVES 

The primary objective of this study was to evaluate the diagnostic performance of lung 

perfusion and CTPA in CTEPH in the SEA region. The diagnostic performances will be 

determined by analysed outcomes in terms of accuracy, sensitivity and specificity of the CTPA 

and V/Q. The secondary objective was to validate the specificity of normal lung perfusion 

studies in CTEPH. The analyses of the retrieved data sought to test and refine the proposed 

imaging algorithm (figure 3.1) of the diagnostic workup moving forward if the hypotheses are 

proven, in place of the current workflow where both ventilation and perfusion are carried out 

in no fixed sequence and regardless of the diagnosis, and included the following discussion 

points: 

i. Correlation of the respective diagnoses from V/Q, perfusion only, and CTPA. 

ii. Can a positive diagnosis of CTEPH from V/Q or CTPA be confidently used as the 

sole diagnostic imaging tool and the incremental value of performing each?  

iii. Cost effectiveness analysis of the respective three diagnostic strategies: 

a. Lung perfusion only 

b. Lung perfusion first, followed by lung ventilation if lung perfusion is 

abnormal 

c. CTPA 

The primary hypothesis was that V/Q is a superior diagnostic tool in the diagnosis of CTEPH 

over CTPA in the SEA population sampled. A secondary hypothesis was that perfusion only 

lung V/Q imaging has matched efficacy with V/Q in CTEPH, measured in terms of accuracy, 

sensitivity and specificity of CTPA and V/Q in the SEA population sampled. 
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Figure 3.1: Proposed diagnostic imaging algorithm for CTEPH.  
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3.2 METHODS 1: DIAGNOSTIC EFFICACY OF V/Q IN CTEPH 

CTEPH is a rare chronic condition of unresolved acute PE after more than three months of 

curative anticoagulation treatment. Current guidelines recommend V/Q as the first choice of 

imaging tool in suspected CTEPH to screen for the presence of thromboembolic disease (Kim 

et al., 2013). Nonetheless, there are wide variations in the selection of imaging tests in 

diagnosing CTEPH, and the choice of imaging modality often comes down to expertise, and 

thus preference, and the availability. The objective of the study in this section was to first 

investigate the performance of V/Q in the diagnosis of CTEPH, in consistent with the primary 

hypothesis. Completed V/Q images and reports, as well as the full clinical history of 

consecutive patients referred to Nuclear Medicine in the Department of Diagnostic Imaging 

of the NUH for further investigation of suspected CTEPH, were retrieved for analysis. The 

study data consisted of planar V/Q studies carried out with either 99mTc-DTPA aerosol or 

Technegas as the ventilating agent. V/Q images of patients who underwent a planar V/Q scan 

between the years 2005 and 2017, and met the inclusion criteria listed below were retrieved 

and used for analysis in the study.  

 

Inclusion criteria: 

 Patients who are 18 years or older. 

 Patients whose nationalities are of SEA origins. 

 Clinical suspicion of CTEPH as the basis of having undergone the V/Q scan. 

 Both ventilation and perfusion were performed. 

 There is a corresponding CTPA study carried out on the same patient. 

 There is a diagnosis of PE made at the completion of the scan. 
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The final diagnosis of CTEPH were composite diagnosis made as a collective clinical decision 

by the primary attending physician based on the results of relevant investigations recorded 

in the patients’ medical records in the hospital’s Computerised Patient Support System 

(CPSS). Clinical decisions on the final diagnosis made based on reports from laboratory 

investigations, echocardiography or any other related information include, but not limited to: 

 Chest x-ray image 

 Relevant medical history on signs and symptoms related to PE and CTEPH. 

 Follow-up anti-coagulant treatment (if any). 

 Reports of relevant investigations such as right heart catheterisation. 

 Relevant pulmonary function tests information and laboratory tests findings. 

 

In this study, CTPA images were reported by radiologists looking for thromboemboli in the 

acquired images visualised as arterial occlusion that are smaller in size compared to adjacent 

patent vessels, or peripheral intraluminar filling defects at obtuse angles. Table 3.1 shows the 

CT scanners, acquisition and reconstruction parameters employed in performing the CTPA 

studies. 

 

Table 3.1: MDCT used in the acquisition of CTPA studies. 
CT scanner Slice Collimation Pitch Slice reconstruction 
Philips iCT 256 128 x 0.625 mm 0.925 3 mm 

Philips Brilliance 64 64 x 0.625 mm 1.3 3 mm 
GE Revolution 512 256 x 0.625 mm 0.8 3 mm 
Siemens Force 384 192 x 0.625 mm 3.4 

High pitch scanning, 
turbo flash mode 

3 mm 

Pulmonary arterial phase; 120 kVp, 200 mAs 
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In all acquisitions, the bolus tracking technique was applied, with the introduction of 40 

millilitres (ml) of Omnipaque 350 at 3.5 to 4ml per second (s), and flushing with 30 mls of 

saline at the rate of 3 ml/s. The scan coverage was from the apex of the lungs to the base of 

the lungs, with the entire chest volume scanned in one acquisition in the caudocranial 

direction to avoid streak artefacts in the superior vena cava, causing apparent filling defects 

in the upper lobe artery. The placements of the region of interest were at the pulmonary 

trunk.    

 

V/Q studies with PH indications were carried out with a two-day protocol. From 2005 to July 

2015, ventilations were carried out with 99mTc-DTPA aerosol.  Subsequent ventilations from 

Aug 2015 were carried out with Technegas. The studies were acquired using dual head gamma 

cameras (GE Optima; 2014 - 2018, Siemens Symbia; 2007 – 2018, and ECAM; 2005 - 2014). 

Tables 3.2 and 3.3 below show the V/Q acquisition protocol, and the radiopharmaceuticals 

and techniques employed in performing the V/Q studies respectively. V/Q studies were 

reported by nuclear medicine physicians and were based on the PIOPED I criteria. See table 

3.4 below. 

 

Table 3.2: V/Q acquisition protocol. 
Collimators (LEHR) Low energy high resolution 
Energy window 20% window centered at energy peak of 140 keV (99mTc) 
Patient position Supine  
Images  Planar (500, 000 counts per view);  

Anterior, posterior, right anterior oblique (RAO), left posterior oblique 
(LPO), left anterior oblique (LAO), right posterior oblique (RPO).  
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Table 3.3: Radiopharmaceuticals used in V/Q for PH studies. 
Ventilation 
Aerosol 
 99mTc-DTPA, 222 MBq (dose to the patient) 

 1850 MBq introduced into the nebulizer 
 Commence acquisition at a minimum of 1,000 counts per second count rate (cps) 
Technegas 
 Approximate 750 Mbq of Technetium in carbon crucible for burning 
 Mask with hard mouthpiece fitted onto the patient’s face to limit exhaled Technegas 

contaminating the room 
 Patient asked to breathe normally and to hold their breath for 3 seconds (2 to 3 cycles) 
 Approximate 37 MBq of Technetium activity to the patient 
 Commence acquisition at 2,000 to 2,500 cps 

 minimum of 1,000 cps for patients with difficulties in achieving in 3 breath cycles 
Perfusion 
 99mTc-MAA, 74 Mbq (in 2 mls) 

 Number of particles not to exceed 100, 000. 
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Table 3.4: PIOPED I Criteria in the assessment of PE (adapted from PIOPED Investigators, 
1990). 

Normal  Normal perfusion 
Very low probability  One to three smalla perfusion defects; normal chest 

radiograph; ventilation irrelevant 
Low probability  Non-segmentalb perfusion defects  

 Single moderatec & perfusion defect; chest radiograph 
normal; ventilation irrelevant  

 Any perfusion defect substantially smaller than chest film 
defect; ventilation irrelevant  

 Ventilation/perfusion match ≤50% of lung including ≤75% 
of 1 lung zoned with normal or almost normal chest 
radiograph  

 More than 3 smalla perfusion defects; chest film and 
ventilation irrelevant  

 3 or fewer small perfusion/chest film matches; ventilation 
irrelevant 

Indeterminate or 
intermediate 

 Abnormality that is not defined clearly by other criteria 

High probability  2 or more largee & perfusion defects; ventilation and 
chest film normal  

 2 or more largee & perfusion defects in which perfusion 
defect is substantially larger than either matching 
ventilation or chest film defect  

 2 or more moderatec perfusion defects and one large 
perfusion defect; ventilation and chest film normal  

 4 or more moderatec perfusion defects; ventilation and 
chest film normal 

 
a Small is 25% or less of an anatomic segment.  
b Non-segmental means very small effusion, cardiomegaly, hila, etc.  
c Moderate means >25% and <75% of a segment.  
d Lung zone means upper, middle, or lower third of the lung. 
e Large means >75% of a segment. 

 

3.3 METHODS 2: VALIDATION OF THE PERFORMANCE OF NORMAL LUNG PERFUSION 

STUDIES 

The objective of this study was to further investigate the performance of normal lung 

perfusion from V/Q, as consistent with the secondary hypothesis, in the diagnosis of CTEPH 
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in patients with PH. The study data consisted of planar lung perfusion images and reports of 

patients who underwent a planar V/Q scan between the years 2005 and 2017, and met the 

inclusion criteria listed below: 

 

Inclusion criteria: 

 Patients who are 18 years or older. 

 Patients whose nationalities are of SEA origins. 

 Clinical suspicion of CTEPH as the basis of having undergone lung perfusion scan. 

 There is a diagnosis of PE made at the completion of the scan. 

 

The V/Q studies, with the identifiers removed, will be presented separately to the two most 

experienced senior nuclear medicine physicians to be reviewed. All studies were randomised 

and not pre-grouped with their final diagnosis of CTEPH versus non-CTEPH to prevent bias 

interpretations of the findings. Perfusion images were read first using the PISAPED criteria. 

Subsequent comparisons with the respective ventilation images for abnormal perfusion 

studies were made using the modified PIOPED II criteria. The readers were then asked to 

classify the studies into normal, abnormal or non-diagnostic. See tables 3.5 and 3.6 below for 

definitions. In the event of interobserver disagreement, the studies in question would be re-

evaluated together for a consensus. 
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Table 3.5: Lung perfusion only interpretive criteria (adapted and modified from the SNM 
Practice Guideline for Lung Scintigraphy 4.0, 2012). 

 PISAPED Modified PIOPED II 
Normal   No perfusion defects  No perfusion defects 
PE absent  Non-wedge-shaped 

perfusion defect 
 Contour defect caused by 

enlarged heart, 
mediastinum, or 
diaphragm 

 Near normal perfusion 

 Very low probability  
 Non-segmentala 
 Perfusion defect < chest 

x-ray lesion 
 1 to 3 small segmental 

defectsb 
 Solitary matched defect 

(<1 segment) with chest 
x-ray in mid or upper lung 

 Stripe signc 
 Solitary large pleural 

effusiond 
PE present  >1 wedge-shaped 

perfusion defect 
 >2 large mismatched 

segmental defectsb with 
recent chest x-ray. 

Non-diagnostic  Cannot classify as PE-
present or PE-absent 

 Cannot classify as PE-
present or PE-absent 

 
a For example, prominent hilum, cardiomegaly, elevated diaphragm, linear atelectasis, or 
costophrenic angle effusion with no other perfusion defect in either lung and no other 
radiographic lesion 
b Or equivalent where large segmental defect, >75% of segment, equals 1 segmental     
equivalent; moderate defect, 25%-75% of segment, equals 0.5 segmental equivalent; small 
defect, <25%, is not counted 
c Peripheral defect in a defect (best seen on tangential view)  
d Pleural effusion in at least one third of pleural cavity, with no other perfusion defect in either 
lung 
 

Table 3.6: Readers’ classification of reviewed lung perfusion studies.   
Normal No perfusion defects 
Abnormal Visualisation of any defects on perfusion  
Non-diagnostic Cannot classify as normal or abnormal 

 

 

  



Diagnostic performance of lung perfusion and CTPA for CTEPH among a Southeast Asia (SEA) 
population 

 
 

 

99 
 

3.4 METHODS 3: COST EFFECTIVENESS ANALYSIS 

The cost effectiveness approach was on the factors of economic cost, time, and radiation dose 

to the patient, and aimed to provide primary referring physicians with a useful reference in 

making a conscious informed recommendation and decision on the best CTEPH diagnostic 

imaging option for symptomatic patients. The criterion employed in this analysis was that of 

the accurate final diagnosis of the CTEPH disease. Economic cost evaluations enable 

maximising and managing of the populations’ healthcare costs with available resources with 

the best approach to the same health problem (Eddy, 1994; Detsky & Naglie, 1990). The best 

approach is the option that can achieve the best possible health outcome with the lowest 

possible economic cost or one that provides the largest health benefit at a fixed cost 

(Anderson et al, 1991; Moser, 1990). In this evaluation, the monetary cost attributed to each 

diagnostic approach was the direct procedure cost to the patient. The charges included the 

equipment and consumable costs such as the relevant drugs, as well as the manpower cost 

of nurses, nuclear medicine physicians, and nuclear medicine technologists. The time 

attributed to each diagnostic approach was the direct procedure time spent from start to end. 

Radiation doses were referenced from the International Commission on Radiological 

Protection (ICRP) Publications 53 on the radiation dose to patients from 

radiopharmaceuticals. The cost effectiveness analysis employed in this study was applied to 

that of the CTEPH diagnostic imaging strategies of lung perfusion only, lung perfusion first 

then ventilation where necessary, and CTPA. The results of the respective three diagnostic 

strategies were retrospectively compared to and analysed for their cost effectiveness.  

 

3.4.1 Diagnostic strategy one: Lung perfusion only 
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Only lung perfusion imaging was performed in the diagnosis of CTEPH. Perfusion images were 

read first using the PISAPED criteria, and classified into normal, abnormal or non-diagnostic. 

In addition, the reports classified the studies into CTEPH positive and CTEPH negative (table 

3.7). 

 

Table 3.7: Diagnostic strategy one reporting criteria (PISAPED criteria adapted and modified 
from the SNM Practice Guideline for Lung Scintigraphy 4.0, 2012). 

Modified PIOPED II V/Q report CTEPH diagnosis 
 No perfusion defects Normal 

CTEPH negative 

 Very low probability  
 Non-segmentala 
 Perfusion defect < 

chest x-ray lesion 
 1 to 3 small segmental 

defectsb 
 Solitary matched 

defect (<1 segment) 
with chest x-ray in mid 
or upper lung 

 Stripe signc 
 Solitary large pleural 

effusiond 

PE absent 

 >2 large mismatched 
segmental defectsb 
with recent chest x-
ray. 

PE present CTEPH positive 

 Cannot classify as PE-
present or PE-absent 

Non-diagnostic Non-diagnostic 

 

3.4.2 Diagnostic strategy two: Lung perfusion first, followed by lung ventilation if lung 

perfusion is abnormal 

Lung V/Q was performed in the diagnosis of CTEPH with lung perfusion imaging first, and then 

proceeded to lung ventilation if the perfusion was abnormal. Perfusion images were read first 

using the PISAPED criteria, and classified into normal, abnormal or non-diagnostic. 
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Subsequent comparisons with the respective ventilation images for abnormal perfusion 

studies were made using the modified PIOPED II criteria. The readers were then asked to 

classify the studies into CTEPH positive and CTEPH negative (table 3.8). 

 

Table 3.8: Diagnostic strategy two reporting criteria (Modified PIOPED II criteria adapted and 
modified from the SNM Practice Guideline for Lung Scintigraphy 4.0, 2012). 

PISAPED Lung perfusion report CTEPH diagnosis 
 No perfusion defects Normal 

CTEPH negative 

 Non-wedge-shaped 
perfusion defect 

 Contour defect caused 
by enlarged heart, 
mediastinum, or 
diaphragm 

 Near normal perfusion 

PE absent 

 >1 wedge-shaped 
perfusion defect 

PE present CTEPH positive 

 Cannot classify as PE-
present or PE-absent 

Non-diagnostic Non-diagnostic 

 
a For example, prominent hilum, cardiomegaly, elevated diaphragm, linear atelectasis, or 
costophrenic angle effusion with no other perfusion defect in either lung and no other 
radiographic lesion 
b Or equivalent where large segmental defect, >75% of segment, equals 1 segmental     
equivalent; moderate defect, 25%-75% of segment, equals 0.5 segmental equivalent; small 
defect, <25%, is not counted 
c Peripheral defect in a defect (best seen on tangential view)  
d Pleural effusion in at least one third of pleural cavity, with no other perfusion defect in either 
lung 
 

3.4.3 Diagnostic strategy three: CTPA 

CTPA was performed in the diagnosis of CTEPH and classified into CTEPH positive and CTEPH 

negative. The studies were reported as CTEPH positive if organised thromboemboli were 

visualised in the acquired images as arterial occlusion that were smaller in size compared to 

adjacent patent vessels, or peripheral intraluminar filling defects at obtuse angles, or resulting 
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in the complete obstruction of pulmonary arteries. The presence of dilated bronchial arteries 

or a mosaic pattern of the lung parenchyma coupled with CTEPH risk factors were also 

suggestive indications of a positive CTEPH study. A summary of the reporting criteria on the 

identification signs of CTEPH in CTPA is listed below: 

 Intraluminal fibrous webs at the pulmonary arteries 

 Dilatation of bronchial arteries 

 Right ventricular wall thickening and hypertrophy 

 Arterial occlusions (partial and total) 

 Presence of eccentric thrombus 

 Presence of pulmonary wedge-shaped infarct 

 Presence of stenosis 

 Mosaic pattern of the lung parenchyma 

 

3.5 DATA COLLECTION  

Completed and retrievable data of consecutive patients from 683 V/Q and 6288 CTPA images 

and reports were retrospectively reviewed for the study. The procedures were all carried out 

at the National University Hospital (NUH), Singapore between 2005 and 2018. Inclusion 

criteria were as below: 

 There were corresponding V/Q and CTPA studies done in the institution for the 

same patients. 

 The patients were Southeast Asians. 

 Clinical suspicion of CTEPH as the basis of having undergone both studies. 

 Both ventilation and perfusion were performed in the V/Q scans. 
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 There was a definitive diagnosis made at the completion of the scan. 

 

The retrieved datasets were classified into two groups: ‘CTEPH patients’ and ‘Non-CTEPH 

patients’. The reports, images, and final diagnosis of CTEPH were obtained from the patients’ 

medical records in the hospital’s CPSS that provides restricted access to patients' records from 

all departments in the hospital containing clinical information such as reports from laboratory 

investigations, echocardiography or any other related studies. 

 

Data collected and/or referred for the purpose of the study included (Appendix A – C): 

i. Planar V/Q images with the corresponding information: 

a. Diagnostic reports. 

b. Administered dose (ventilation and perfusion). 

c. Acquired scan information and protocol. 

ii. CTPA images with the corresponding information. 

a. Acquired scan information and exposure parameters. 

iii. Chest x-ray images. 

iv. Relevant medical history on signs and symptoms related to PE and CTEPH. 

v. Follow-up anti-coagulant treatment (if any). 

vi. Reports of relevant investigations such as right heart catheterisation. 

vii. Relevant pulmonary function tests information and laboratory tests findings. 
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3.6 ANALYSIS 

The retrieved CTPA data were grouped according to whether the reports indicated that the 

study was suggestive or non-suggestive of CTEPH. V/Q data were grouped according to 

whether reports indicated high probability, intermediate probability or low probability. These 

numbers were analysed against the final CTEPH diagnosis of each individual study to 

determine the true positive (TP), false negative (FN), false positive (FP), and true negative (TN) 

values. The final diagnoses were confirmed based on a combination of patient clinical history, 

echocardiography, right heart catheterisation, as well as the imaging information from the 

performed CTPA and V/Q studies. The numbers of TP and FN studies were extracted from the 

CTEPH group while the numbers of FP and TN studies were obtained from the non-CTEPH 

group.  

 

The following analyses were further made on both CTPA and V/Q: specificity; sensitivity; 

accuracy; positive predictive values (PPV); and negative predictive values (NPV). In the 

analysis of the diagnostic efficacy of V/Q and CTPA in terms of specificity, sensitivity, accuracy, 

PPV, and NPV, the groupings of high probability V/Q, high and intermediate probability V/Q, 

and CTPEH positive CTPA were used. In determining the FP and FN rate of V/Q and CTPA, the 

groupings of low probability V/Q, intermediate and low probability V/Q, and CTEPH negative 

CTPA were used.  Specificity was calculated as (TN) / (FP + TN). Sensitivity was calculated as 

(TP) / TP + FN). Accuracy was calculated as (TP + TN) / (TP + FN + FP + TN). PPV was calculated 

as (TP) / (TP + FP). NPV was calculated as (TN) / (FN + TN). 
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The Kappa (K) test was used to measure the interobserver and intraobserver agreement 

between the two reporting nuclear medicine physicians, by calculating the unweighted Kappa 

value with 95% confidence intervals, and accepting prevalence-bias-adjusted values (PABAK). 

See table 3.9 for the interpretation of K values. 

 

Table 3.9: Interpretation of K values 
K value Strength of agreement 

< 0.20 Poor 

0.21 - 0.40 Fair 

0.41 - 0.60 Moderate 

0.61 - 0.80 Good 

0.81 - 1.00 Very good 

(Adapted from Altman, 1991) 
 

 

3.7 POTENTIAL RISKS 

There were no associated clinical risks to the subjects as this was a retrospective study. A 

confidentiality breach was the only potential risk involved in the administrative process. 

 

3.8 CONFIDENTIALITY 

All retrieved information relating to the subjects was held in strict confidence and not used 

for any purpose other than for the study for which it was extracted. All generated hardcopy 

records were kept in a locked file cabinet. All direct identifiers were stripped from the 

retrieved clinical data with an unique study number assigned to each subject’s record. The 

master list (appendix C) linking the study identifier to the subject’s name and medical record 
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number (MRN) was stored electronically and password protected, and was maintained during 

the duration of the study and deleted upon study completion. All research entries were 

carried out using study identification only. 

 

3.9 CONFLICT OF INTEREST 

None known. 

 

3.10 ETHICS APPROVAL STATEMENT 

Being a retrospective study, no informed consent was required. The study protocol was 

approved by the Charles Sturt University Human Research Ethics Committee as well as the 

local ethics board DSRB (Domain Specific Review Board).  
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CHAPTER 4 

EFFICACY OF V/Q AND CTPA FOR CTEPH IN THE SEA 

POPULATION 
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4.1 INTRODUCTION 

The comparison results of the efficacy of V/Q and CTPA in CTEPH are presented in this 

chapter. The completed V/Q and CTPA images, reports, and relevant clinical history were 

consolidated and analysed. The tabulation design of the retrieved data was in accordance to 

the planned design in chapter 3.2. V/Q data were grouped according to high probability PE, 

intermediate probability PE, and low probability PE, and were analysed against their 

respective final CTEPH final reports. The specificity, sensitivity, accuracy, PPV, NPV, false 

positive and false negative rates of V/Q and CTPA were derived and calculated from these 

data. The demographics of the study population were also methodically reviewed and 

reported to understand the results representation of the study population.  

 

4.2 RESULTS 

Amongst the 6911 patients included in the investigation, there were 133 patients with PH 

that underwent both the V/Q and CTPA procedures. Out of these 133 retrieved studies, 79% 

were performed within 14 days of each other, while 70% of the accompanying chest-rays 

were performed within three days of the V/Q scans. All patients had CTPA and V/Q 

procedures carried out within 22 days of each other. There were 68.4% (91) of subjects that 

were female with a statistically significant difference from the hypothetical 1:1 ratio of 2.2:1 

(female: male) (P<0.001). The mean age of the sample was 65.8 years of age with a range of 

18 to 93 years and a 95% confidence interval (CI) of 63.1 to 68.5 years of age. Among the 133 

patients, the median age was 68 years old with an interquartile range of 22.5 years. While the 

age distribution was normally distributed, the data demonstrated a subtle skew toward the 

higher ages. 
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Of 133 patients, 47 (35.3%) had a final diagnosis of CTEPH. The number of female CTEPH 

patients was also higher than that of males, with a female to male ratio of 1.76:1. CTEPH 

patients had a mean age at 66.2 years old. 29.8% (n = 13) of the patients were < 50years old, 

53.2% (n = 25) were between 60 and 70 years old, while 17.0% (n = 8) were > 80 years old.  

 

In those without CTEPH, IPAH, COPD, ILD and pleural effusion accounted for 1.5% (n = 2) each 

of the patients, left ventricular dysfunction at 2.3% (n = 3), pulmonary vasculitis just 1 patient, 

and pulmonary hypertension 55.6% (n = 74). See table 4.1 for a demographic summary of the 

patients included in the study.  

 

Table 4.1: Demographic summary of included patients. 
 

CTEPH 
(n = 47) 

Others 
(n = 86) 

IPAH 
(n = 76) 

Left 
ventricular 
dysfunction 

(n = 3) 

COPD 
(n = 2) 

ILD 
(n = 2) 

Pleural 
effusion 
(n = 2) 

Pulmonary 
vasculitis 

(n = 1) 

Mean 
Age 
(years) 

66.21 + 
21.55 
(SD) 
 
95% CI: 
66.21 + 
6.16 (60 
to 72.4) 

65.74 + 
16.64 (SD) 
 
 
95% CI: 
65.74 + 
3.74 (62 to 
69.5) 

66.33 + 
21.55 (SD) 
 
 
95% CI: 
65.33 + 24.4 
(40.9 to 
89.7) 

73.5 + 
4.95 
(SD) 
 
95% CI: 
73.5 + 
6.86 
(66.6 to 
80.4) 

63.5 + 
24.75 
(SD) 
 
95% CI: 
63.5 + 
34.3 
(29.2 
to 
97.8) 

54.00 + 
8.49 (SD) 
 
 
95% CI: 
54.0 + 
11.8 
(42.2 to 
65.8) 

57.00 

Male  
(n; %) 

17; 
36.17% 25; 29.07% 

Female  
(n; %) 

30; 
63.83% 61; 70.93% 
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While there were 47 positive cases for CTEPH, CTPA was positive for only 10 while the VQ 

was positive for 50. VQ was classified as normal in seven (5.3%) of patients, low probability 

in 76 (57.1%), intermediate in 21 (15.8%) and high probability in 29 (21.8%).  

 

In the CTEPH group of 47 patients, V/Q studies reported one of low probability, 19 of 

intermediate probability, and 27 of high probability. Nine CTPA studies were reported CTEPH 

positive while 38 were reported as negative. In 86 non-CTEPH patients, V/Q studies reported 

82 normal/low probability, two with intermediate probability, and two with high probability. 

Out of the 86 non-CTEPH diagnoses, CTPA reported one as positive and 85 as negative (table 

4.2 and 4.3). There were two high and two intermediate probability false positive V/Q studies. 

From correlation with the patients’ medical clinical history, one of the patients with a high 

probability V/Q report had pulmonary vasculitis from anti-phospholipid syndrome mimicking 

PE. The other three patients had left ventricular dysfunction. One false negative V/Q study 

was reported as low probability. On closer inspection in this study, the posterior segment in 

the left lower lobe showed matched defect likely created by a pulmonary infarct consequence 

of the patient’s previous history of a thromboembolic episode with recanalised pulmonary 

vessels and complete resolution of PE.  
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Table 4.2: Grouping results (n, numbers) of CTPA and V/Q reports.  

CTEPH 
group 
(47) 

CTPA V/Q 
Positive Negative High probability Intermediate 

probability 
Low probability 

/ normal 

9 38 

27 19 1 
Positive:  

High probability  
Negative:  

Intermediate + low probability / 
normal 

27 20 
Positive:  

High + intermediate probability 
Negative:  

Low probability 
/ normal 

46 1 
 

Table 4.3: Non-CTEPH results (n, numbers) of CTPA and V/Q reports.  
 
 
 
 

Non-
CTEPH 
group 
(86) 

CTPA V/Q 
Positive Negative High probability Intermediate 

probability 
Low probability 

/ normal 
 
 
 

1 

 
 
 

85 

2 2 82 
Positive:  

High probability  
Negative:  

Intermediate + low probability / 
normal 

2 84 
Positive:  

High + intermediate probability 
Negative:  

Low probability 
/ normal 

4 82 
 

The accuracy, sensitivity, and specificity of V/Q were 83.5%, 57.5% and 97.7% respectively, 

with a PPV of 93.1% and a NPV of 80.8% when only high probability reports were considered 

CTEPH positive. The accuracy, sensitivity, and specificity of V/Q were 96.2%, 97.9% and 95.4% 

respectively, with a PPV of 92.0% and a NPV of 98.8% when both high probability and 

intermediate probability reports were considered CTEPH positive. The accuracy, sensitivity 

and specificity of CTPA were 70.7%, 19.2% and 98.8% respectively, with 90% PPV and 69.1% 

NPV (table 4.4). 

 



Diagnostic performance of lung perfusion and CTPA for CTEPH among a Southeast Asia (SEA) 
population 

 
 

 

112 
 

Table 4.4: Predictive Performance of CTPA and V/Q.  
 CTPA 

(%) 
V/Q 

High 
probability 

(%) 

High + 
Intermediate 

probability 

Low 
probability / 

normal 

Intermediate + 
low probability 

/ normal  
True positive n = 9 

(19.15%) 
27 

(57.45%) 
46 

(97.87%) 
- - 

False 
positive 

n = 1 
(2.13%) 

2 
(4.26%) 

4 
(8.51%) 

- - 

True 
negative 

n = 85 
(98.84%) 

- - 82 
(95.35%) 

84 
(97.67%) 

False 
negative 

n = 38 
(44.19%) 

- - 1 
(1.16%) 

20 
(23.26%) 

Positive 
predictive 

value (PPV) 
90.00% 93.10% 92.00% - - 

Negative 
predictive 

value (NPV) 
69.11% 80.77% 98.80% - - 

Accuracy 70.68% 83.46% 96.24% - - 
Sensitivity 19.15% 57.45% 97.87% - - 
Specificity 98.84% 97.67% 95.35% - - 

 

 

4.3 DISCUSSION 

Diagnosis of CTEPH is largely reliant on V/Q and CTPA, or pulmonary angiogram, magnetic 

resonance angiography and intravascular ultrasonography to a lesser extent. Pulmonary 

angiogram has the ability to identify CTEPH from primary and secondary non-PE related PH 

(Mills, et al., 1980). At the same time, pulmonary angiography findings consistent with CTEPH 

may also be related to other conditions (Auger, Fedullo, Moser, Buchbinder, & Peterson, 

1992). In addition, pulmonary angiogram is also not without risk and has been reported to 

result in a series of medical complications in patients with severe PH (Mills, et al., 1980; Snider 

et al, 1973). Although technological advancements in CT have seen CTPA successfully 

challenging V/Q as the primary mode of imaging investigation in the diagnosis of PE, there 
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still remains disparity in the results collected by centres all over the world validating this 

position. The PIOPED II guidelines indicated CTPA as the diagnostic imaging tool of choice for 

PE (Stein et al., 2007). Acute PE develops into CTEPH, but CTEPH may not necessarily be a 

manifest of PH from acute PE episodes (Lang, 2004). In this study, CTPA has shown to be 

markedly less sensitive than V/Q in the diagnosis of CTEPH. Overall, the performance of CTPA 

in terms of accuracy (70.7% versus 83.5%) and sensitivity (19.2% versus 57.5%) were markedly 

inferior to that of V/Q when only high probability reports were included in the diagnosis of 

CTEPH in this study. When both high and intermediate probability reports were included in 

the study, the accuracy (70.7% versus 96.2%) and sensitivity (19.2% versus 97.9%) of CTPA 

were similarly markedly inferior to that of V/Q. Nonetheless, CTPA demonstrated a high 

specificity of 98.8%. The sensitivity of V/Q in this study was, however, considerably low at 

57.5% when only high probability V/Q reports were considered suggestive of CTEPH. This 

differed vastly from most similar studies, which showed relatively high sensitivity values, with 

the exceptions of Gutte 2010 (64%), Macdonald 2005 (44%), Katsouda 2005 (57%), and Le 

Duc-Pennec 2012 (55%). Specificity for V/Q in this case was high at 97.7% as in Macdonald 

2005 (99%). Gutte 2010 (72%), Le Duc-Pennec 2012 (87%), and Katsouda 2005 (43%) recorded 

lower specificity values. The V/Q scans of Gutte 2010, Macdonald 2005, and Katsouda 2005 

were planar acquisitions while SPECT was employed for Le Duc-Pennec 2012. When both high 

and intermediate probability reports were interpreted as indicative of CTEPH, the sensitivity 

of V/Q increased significantly to 97.9% and specificity remained high at 95.4%. Similarly, 

accuracy of high probability V/Q was only 83.5% in the diagnosis of CTEPH, but rose to 96.2% 

when both high and intermediate probabilities were combined. The results of this study 

suggest that in the specific investigation of CTEPH with V/Q, the traditional interpretation of 
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intermediate probability PE can be considered as CTEPH positive and further enhanced by 

with a reporting confidence level minimally as that of a moderate probability of CTEPH. 

 

The concordance of the studies’ integrity was not deemed to be compromised by the time 

gap between both imaging studies as lung perfusion defects in CTEPH are the results of 

graduated consequence of the chronic nature of the condition which differ from that acute 

PE, of which perfusion patterns are time-sensitive with thrombolytic mechanisms (Rubini et 

al., 2007). The false positive CTPA study with an isolated clot was reported as low probability 

in the V/Q scan. Further checks revealed that two months later, the patient was diagnosed 

with mild PH on transthoracic echocardiography with put on warfarin. A repeat CTPA carried 

out a further two months later showed that the acute episode has been resolved. The false 

negative CTPA studies were investigated and explained as small embolis in the peripheral 

pulmonary arteries possibly beyond the resolution of the CT scanners with limited detections 

up to the sixth generation of pulmonary arteries. 

 

This initial investigation has shown that V/Q is a more valuable diagnostic imaging tool in 

detecting CTEPH in comparison to CTPA, proving the primary hypothesis correct. In suspected 

CTEPH, a high/intermediate V/Q report can most likely confirm the suspicion. On the other 

hand, an intermediate/low/normal V/Q report will safely validate prior suspicion of CTEPH’s 

non-involvement in PH. This is in line with the findings from studies conducted on study 

populations in other regions of the world (Bergin et al., 1997; Chapman, Bateman, & Benatar, 

1990; D’Alonzo, Bower, & Dantzker, 1984), and is an important validation as CTEPH is a 

potentially treatable condition worldwide. V/Q is readily available, and with its shown higher 
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sensitivity, in addition to a much reduced radiation burden, should be employed as the first 

line of diagnostic imaging evaluation as opposed to CTPA.  
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CHAPTER 5 

VALIDATION OF LUNG PERFUSION ONLY V/Q 
PROTOCOL IN THE DIAGNOSIS OF CTEPH 
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5.1 INTRODUCTION 

This study aimed to validate the specificity of normal lung perfusion studies in ruling out 

CTEPH. Data of completed lung perfusion studies and reports, as well as the full clinical history 

of consecutive patients referred to Nuclear Medicine in the Department of Diagnostic Imaging 

of the NUH for further investigation of suspected CTEPH, were retrieved for analysis. The lung 

perfusion only data were analysed according to the number of reported normal or abnormal 

studies against their final diagnosis of CTEPH in determining its specificity, sensitivity, 

accuracy, PPV and NPV as a diagnostic tool in the evaluation of CTEPH. Both readers were 

blinded to the patients’ respective CTPA reports and acquired images, as well as the clinical 

histories.  

 

5.2 RESULTS 

74 studies were reviewed as normal with no perfusion defects while 59 studies were reviewed 

as abnormal. No disagreements were found between the two readers (table 5.1). The K-value 

for the agreement was 1.00. 

 

Table 5.1: Review of 133 lung perfusion images using the PISAPED criteria. 
 Normal  Abnormal 

Reader 1 74 59 
Reader 2 74 59 

 

After further review using the modified PIOPED II criteria, 48 out of the 59 abnormal studies 

had mismatched ventilation and perfusion segmental and sub-segmental defects. One study 

showed bilateral small patchy segmental perfusion defects that were later correlated to be 

pulmonary vasculitis from anti-phospholipid syndrome. Eleven out of the 59 abnormal studies 
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were investigated to have matching defects. Out of these eight studies, two were found to be 

caused by pleural effusions with costophrenic angle blunting, with the perfusion defects 

suspected to be caused by compression of lung parenchyma. Three studies had defects 

imposed by cardiac silhouette with scattered diffused defects throughout both lungs, notably 

in the ventral regions. In another study, the posterior segment in the left lower lobe showed 

matched defect likely created by a pulmonary infarct consequence of the patient’s previous 

history of a thromboembolic episode with recanalised pulmonary vessels and complete 

resolution of PE. Two studies had multiple non-segmental perfusion defects which were later 

corresponded to IPAH. The other four studies revealed patchy inhomogeneous distributions 

notably in the ventilation images with the clinical history pointing to COPD and interstitial 

lung disease.  

 

The reports from the two readers were filtered out and grouped according to the individual 

studies’ final diagnosis of CTEPH versus non-CTEPH. No studies with a final diagnosis of CTEPH 

had perfusion defects in their respective lung perfusion images. There were 74 out of 86 lung 

perfusion studies in the non-CTEPH group were reviewed as normal with 12 reviewed as 

abnormal (tables 5.2 and 5.3). 

 

Table 5.2: Interobserver variability for lung perfusion (CTEPH group). 
 

CTEPH group (47) 
 

 Normal Abnormal Non-diagnostic 
Reader 1 0 47 0 
Reader 2 0 47 0 

 

Table 5.3: Interobserver variability for lung perfusion (Non-CTEPH group). 

 
 Normal Abnormal Non-diagnostic 

Reader 1 74 12 0 
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Non-CTEPH group 
(86) 

 

Reader 2 74 12 0 

 

In the extracted CTEPH group, all 47 studies were reviewed as abnormal by both readers. 

Segmental and sub-segmental perfusion defects were reported by both readers in the 47 

studies. Further reviews using the modified PIOPED II showed all corresponding ventilation 

studies to be normal. In the extracted non-CTEPH group, 74 out of the total 86 non-CTEPH 

studies were reviewed as normal using the PISAPED criteria by both readers. 12 studies (three 

left ventricular dysfunction, one pulmonary vasculitis, two pleural effusions, one pulmonary 

infarct, two COPD, two interstitial lung disease, and two IPAH) were reported as abnormal. 

Figures 5.1 and 5.2 demonstrate the appearances of normal and abnormal (CTEPH positive) 

V/Q images. 
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Figure 5.1: Negative CTEPH Planar V/Q images (full set). 
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Figure 5.2: Abnormal perfusion study (CTEPH positive) classified as high probability. Moderate 
and large sized defects in the inferior lingual, lateral basal segment of the left lower lobe, as 
well as in the lateral and posterior basal segment of the right lower lobe. 
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5.3 DISCUSSION 

Lung perfusion imaging in V/Q scintigraphy has the diagnostic ability in visualising small 

occlusive clots in small vessels and provides a clearer representation of haemodynamic 

significance, which are not easy to identify with CTPA (Hoey et al., 2009). CTEPH is classified 

under the fourth category of the NICE PH grouping, with one segmental defect or more in 

lung perfusion imaging and typical findings from CTPA (Simonneau et al., 2013; Pepke-Zaba 

et al., 2011). A normal lung perfusion result should essentially rule out the clinical diagnosis 

of PE and CTEPH as early manifestations of CTEPH, recurrent or occlusive PE of all types would 

demonstrate perfusion defect even if anticoagulant treatments were withheld (van Beek et 

al., 1995; Hull, Raskob, Coates, & Panju, 1990). In elaborating the point, if the ventilation study 

displays regional defects or is ambivalent, but the perfusion study shows normal blood flow, 

PE is ruled out. If both the ventilation and perfusion studies are normal, the presence of PE is 

emphatically dismissed (Hull, Raskob, Coates, & Panju, 1990).  

 

The proportional embolisation of 99mTc MAA in the pulmonary arterioles with that of 

pulmonary arteries flow in the terminal arterioles forms the basis of lung perfusion imaging 

(Bartalena et al., 2008). Diagnoses of CTEPH in V/Q are made with visualisation of segmental 

wedge-shaped defects in lung perfusion of which the corresponding ventilation images 

display normal uptakes. Multiple non-segmental patchy defects and/or heterogeneous 

radiopharmaceutical uptake may be due to IPAH, other severe implications of PH, 

vasoconstrictive obstruction of pulmonary arteries or of lung parenchymal origin (Lisbona, 

Kreisman, Novales-Diaz, & Derbekyan, 1985; Fishman, Moser, & Fedullo, 1983). In our study, 

48 perfusion studies were reported with having at least one segmental defect. Out of these 
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48 studies, 47 studies had a final diagnosis of CTEPH while one study exhibited bilateral small 

patchy segmental perfusion defects that were later correlated to be pulmonary vasculitis 

from anti-phospholipid syndrome mimicking PE. At the same time, none of the reported 

normal perfusion studies was later found to have a final diagnosis of CTEPH.  

 

From our study results, there is strong confidence to validate the diagnostic performance of 

lung perfusion in that standalone lung perfusion can be used as a credible imaging diagnostic 

tool for CTEPH in patients with PH. A normal perfusion scan will practically rule out the 

involvement of CTEPH. Earlier studies have also suggested the potential removal of 

ventilation studies without affecting diagnostic interpretation (Goldberg, Palmer, Scott, & 

Fisher, 1994), especially if chest x-rays findings are normal (Stein, et al., 1991). Notably, false 

positives with segmental perfusion defects have been reported in the literature which 

includes that of veno-occlusive diseases (Bailey et al, 2000), pulmonary vascular 

compressions, vasculitis, fibrosing mediastinitis, interstitial fibrous (Bartalena et al, 2008; 

Powe, Palevsky, McCarthy, & Alavi, 1987), as well as left-sided cardiac diseases (Au, Jones, & 

Slavotinek, 2001). Such false positives, however, exist even after correlation with ventilation.  

 

5.4 COST EFFECTIVENESS ANALYSIS 

Locally, the majority of ventilation studies are still consistently accompanying perfusion 

studies even when the latter is normal. The reasons could presumably simply be due to that 

of tradition and for the possibility of incidental findings even though the likelihood is low. In 

general, the average local costs difference on average between V/Q and lung perfusion only 

studies stands between USD$326. The additional costs with lung ventilation took into 
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consideration the additional time taken by Nuclear Medicine Technologists in preparing the 

technegas generator, the additional utilisation of the gamma camera, nursing and reporting 

time, and also consumables such as the ventilation breathing set, carbon crucible, argon gas, 

99mTcO4
-, and miscellaneous overheads. Meanwhile, performing ventilation only when it is 

clinically warranted enables time-savings that can be better utilised in expedited care to the 

next patient. The respective average costs used for comparison were calculated (Bloomberg 

currency conversion February 2019) from an aggregate of the procedure rates in local 

restructured hospitals. The stipulated costs excluded government subsidies for local residents 

for a better representation of the true procedures costs. The strategy two computation was 

carried out assuming the full V/Q set of lung ventilation and lung perfusion were carried out 

(table 5.4). 

 

Table 5.4: Cost and time savings summary of the measured cost effectiveness and time-
savings with the three diagnostic strategies. 

 Diagnostic strategy 
one: 

(Lung perfusion only) 

Diagnostic strategy two: 
(Lung perfusion first, 

followed by lung 
ventilation if lung 

perfusion is abnormal) 

Diagnostic strategy 
three:  
CTPA 

Average Cost 
(USD $) 

USD $317 USD $643 USD $628 
Cost savings of USD $326  

Time (mins) 25 mins 110 mins 20 mins 
Time savings of 85 mins  

 

At the same time, we applied a modelled economic cost-effectiveness analysis between the 

imaging techniques of V/Q and CTPA with a broad computation from the results obtained 

from this retrospective review. The computation pathways in deriving the respective cost are 

illustrated in figures 5.3, 5.4, 5.5 and figure 5.6. The cost consequence analysis (Bloomberg 
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currency conversion February 2019) showed that the cost per correct PE diagnosis for CTPA, 

V/Q (high probability only), V/Q (high + intermediate probability) and lung perfusion only are 

USD$887.89, USD$782.09, USD$687.89, and USD$714.11 respectively.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.3: Cost computational pathway for CTPA. 
 

 

 

 

 

  

n = 133 

CTEPH Positive CTEPH Negative 

0.35 0.65 

False-negative False-positive True-negative True-positive 

0.19 0.81 0.99 0.01
0 

n = 8.93 n = 38.07 n = 85.14 n =0.86 

USD$23907.96 
 

USD$5608.04  
 

USD$53467.92  
 

USD$540.08  
 

Total: USD$83524 
No. of correct diagnosis: 94.07 

→ Cost per correct diagnosis = USD$887.89 
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Figure 5.4: Cost computational pathway for V/Q (high probability only). 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

CTEPH Positive CTEPH Negative 

0.35 0.65 

False-negative False-positive True-negative True-positive 

0.57 0.43 0.96 0.04 

n = 26.79 n = 20.21 n = 82.56 n =3.44 

USD$12995.03 
 

USD$17225.97  
 

USD$53086.08  
 

USD$2211.92  
 

Total: USD$85522 
No. of correct diagnosis: 109.35 

→ Cost per correct diagnosis = USD$782.09 

n = 133 

CTEPH Positive CTEPH Negative 

0.35 0.65 

False-negative False-positive True-negative True-positive 

0.98 0.02 0.91 0.09 

n = 46.06 n = 0.94 n =78.26 n =7.74 

USD$604.42 
 

USD$29616.58  
 

USD$50321.18  
 

USD$4976.82  
 

Total: USD$85519 
No. of correct diagnosis: 124.32 

→ Cost per correct diagnosis = USD$687.89 

n = 133 
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Figure 5.5: Cost computational pathway for V/Q (high + intermediate probability). 
 
 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 5.6: Cost computational pathway for lung perfusion only. 
 

 

The results showed that CTPA had the highest cost per correct diagnosis. V/Q (high + 

intermediate probability) had the lowest cost per correct diagnosis and was only slightly lower 

than lung perfusion only by USD$26.22. This may not be truly representative for all regions as 

the referenced cost used in the computation are from local restructured hospitals, and will 

undoubtedly vary between countries, or even within countries depending on factors such as 

public versus private healthcare sector. The cost effective analysis also did not capture the 

full downstream analysis of the consequential cost of false-positives and false-negatives such 

as time spent, resources employed, additional scans, costs of treatment for complications and 

adverse events such as bleeding, and the costs of and potential reduction in lifespan from 

CTEPH Positive CTEPH Negative 

0.35 0.65 

False-negative False-positive True-negative True-positive 

1.00 0.00 0.14 0.86
0 

n = 47.00 n = 0.00 n = 12.04 n =73.96 

USD$0 
 

USD$14899  
 

USD$3816.68  
 

USD$23445.32  
 

Total: USD$42161 
No. of correct diagnosis: 59.04 

→ Cost per correct diagnosis = USD$714.11 

n = 133 
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unwarranted oral anticoagulation therapy due to the lack of data supplied in the included 

studies.  

 

The consideration of an increased radiation burden should also not be neglected. This is 

especially true towards the breasts, which are radio-sensitive especially in younger females. 

In our study, 17 female patients were below the age of 50, with the youngest aged 18. The 

estimated absorbed dose to the breasts from V/Q ranges approximately between 0.48 to 0.83 

mGy on average (International Commission on Radiological Protection Publication 53, 1988). 

In comparison, absorbed radiation doses to the breast from CTPA are estimated to be 40 mGy 

on average, and up to 80 mGy (Einstein, Henzlova, & Rajagopalan, 2007; Parker et al, 2005; 

Cook & Kyriou, 2005). This represents a massive difference of 40 to 166 times more when 

utilising CTPA. The ICRP reported that radiation doses from CT have the potential to carry an 

increase in cancer likelihood (ICRP Publication 87, 2000). Radiation dose exposures from CTPA 

may lead to a non-negligible increase in cancer risk; 1 in 143 for young females, notably to 

the breasts (Einstein, Henzlova, & Rajagopalan, 2007). An interesting study reported the 

radiation dose from CTPA is an estimated 20 times higher than a standard two-view 

mammogram, which is almost equivalent to a lifetime of mammograms (Parker, Hui, & 

Camacho, 2005; ICRP Publication 53, 1988).  Within the V/Q procedure, lung perfusion 

delivers an estimated absorbed radiation dose of 0.41 mGy to the breasts (ICRP Publication 

53, 1988). The addition of lung ventilation, where clinically warranted, will result in an 

estimated dose of 0.07 mGy with Technegas and 0.42 mGy with Tc-99m labelled DTPA aerosol 

(ICRP Publication 53, 1988). The whole body effective dose equivalent with lung perfusion 

only will deliver an estimated dose of 0.88 mSv (ICRP Publication 53, 1988). Comparatively, 
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the whole body effective dose equivalent for both lung ventilation and perfusion can be an 

estimated high of 2.44 mSv. Statistically, lung scintigraphy delivers a significantly lower 

effective radiation dose and absorbed dose to the breasts in comparison to CTPA. These doses 

will be further reduced when only lung perfusion imaging is performed. The institution’s lung 

perfusion portion of the V/Q protocol administers 74 MBq of 99mTc MAA, which distributes an 

approximate 100,000 MAA particles to the precapillary arterioles and the pulmonary 

capillaries. The EANM recommends an administration of 100,000 to 200,000 particles in 

pulmonary hypertensive patients in V/Q imaging (Bajc et al, 2009). The absence of 

background from the ventilation portion of V/Q imaging provides the opportunity to a 

potential further reduction of the radiation dose from perfusion imaging without 

compromising the diagnostic quality of the acquired images. See table 5.5 and figure 5.7 

below for a summary of the radiation doses.    

 

Table 5.5: Summary of radiation doses.   
 

Diagnostic strategy 
one: 

(Lung perfusion only) 

Diagnostic strategy two: 
(Lung perfusion first, 

followed by lung 
ventilation if lung 

perfusion is abnormal) 

Diagnostic strategy 
three: 
CTPA 

Effective 
dose (mSv) 

0.89 mSv 

 V/Q with DTPA aerosol: 
2.44 mSv 

 V/Q with Technegas: 
1.15 mSv 

21 mSv 

Dose 
absorbed to 

Breasts 0.41 mGy 

 V/Q with DTPA aerosol: 
0.84 mGy 

 V/Q with Technegas: 
0.48 mGy 

40 mGy 
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Figure 5.7: Comparison of radiation doses.  
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CHAPTER 6 

DISCUSSION 
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6.1 DISCUSSION 

Diagnostic imaging in the determination of CTEPH in patients with PH is important as clinical 

investigations such as pulmonary tests, electrocardiogram (ECG), right heart catheterisation 

are not able to provide a clear differentiation between the these two conditions (Moser et al, 

1987). Treatment delay due to a misdiagnosis may potentially result in progressive 

deterioration and injuries to the ventricular functions and pulmonary arterial vessels (Moser, 

Spragg, Utley, & Daily, 1983). Pulmonary angiography has widely been accepted as a gold 

standard but is an invasive procedure that requires considerable expertise (PIOPED 

Investigators, 1990). A proven and reliable alternate imaging modality without the need for 

pulmonary angiography will be an attractive option.  

 

Lung V/Q imaging has the capability to differentiate CTEPH from other non-embolic causes of 

PH though the distinctive appearances in the perfusion defects (Lisbona, Kreisman, Novales-

Diaz, & Derbekyan, 1985). It is also noted however, that V/Q does have its caveats, one of 

which is that it does exhibit perfusion defects that may not be due to CTEPH as discussed in 

the earlier chapters. Such perfusion defects with areas of mosaic oligoemia in pulmonary 

segments may be a result of small vessel arteriopathy instead of thromboembolic occlusion 

of arteries (Bartalena et al, 2008; Bergin et al, 2000). At the same time, there can also be 

major-vessel thromboemboli in the main pulmonary arteries that may not be picked up as 

large segmental mismatches in V/Q imaging (Moser et al., 1987). Brandstetter et al., 1987 

reported of a normal perfusion study which was later found out that the patient had extensive 

thromboembolic disease with diffuse symmetrical thrombi that was not picked up. In 

addition, V/Q does not have the ability to provide specific anatomical information to 
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differentiate if the visualised segmental defects are caused by one large proximal obstruction 

or that of a few smaller distal obstructions, and can be influenced by enlarged mediastinum 

and cardiomegaly. Numerous studies have, however, evidenced and supported the 

international CTEPH guideline of instilling V/Q as the preferred choice of imaging modality as 

the advantages of V/Q outweighs its disadvantages (Kim et al, 2013). These include a clinical 

high sensitivity in comparison to CTPA, the removal of the need for nephrotoxic concerns, and 

more importantly, the much reduced radiation dose from that of CTPA (D’Armini, 2015; 

Giannouli & Maycher, 2013; Kim et al, 2013; Jenkins, Mayer, Screaton & Madani, 2012; 

Tunariu et al, 2007). With the reduced radiation dose from the absence of ventilation imaging, 

the possibility of complementing lung perfusion imaging with low dose CT where necessary, 

for additional insights such as anatomical information may be worth further research.     

 

Growing interests in newer modalities’ techniques such as MRI (Magnetic Resonance 

Imaging) and DECT (Dual Energy Computed Tomography) have somewhat diluted the use of 

V/Q. MRI enables pulmonary transit time assessment, pulmonary perfusion and right 

ventricular function evaluation, and central flow quantification (Ameli-Renani et al, 2014). At 

the same time, the disadvantage of MRI is its lack of functional information of the lung 

parenchymal as compared to V/Q scintigraphy, thus limiting its use as a PH imaging tool (Skrok 

et al, 2012). DECT has the capability to simultaneously perform the assessment of functional 

perfusion, parenchymal morphology, and cardiopulmonary status, with information of the 

vascular anatomy (Ameli-Renani et al, 2014). Recent studies have demonstrated that the 

diagnostic value of DECT is comparable to that of the V/Q in the evaluation of CTEPH (Masy 

et al, 2018). DECT has also shown to have a higher accuracy in comparison to angiography in 
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localising abnormalities at the segmental levels (Dournes, et al, 2014). The main imitation 

associated with DECT involves the availability and the use of this high cost technology while a 

cheaper and competent alternative of V/Q imaging is available. At the same time, more 

prospective investigations are necessary to correlate defects in perfused blood volume (PBV) 

with CTEPH evolution (Gopalan, Delcroix, & Held, 2017). 

 

The retrieved database of 683 V/Q and 6288 CTPA procedures demonstrated an initial 

impression of V/Q seemingly being underutilised as the diagnostic imaging modality of choice 

and possibly carried out only due to patient-related conditions such as allergy to contrast 

media and nephrotoxicity problems, thus unable to undergo CTPA.  In this study, 133 patients 

with PH underwent both V/Q and CTPA procedures in the diagnosis of CTEPH. Further scrutiny 

in the remaining 6155 CTPA procedures did not offer any evidence as to whether these scans 

were ordered for the specific purpose of diagnosing CTEPH as there were no mention in the 

clinical notes, as well as no accompanying procedures such as right heart catheterisation with 

relevant clinical history pointing to suspicion of CTEPH. Most were specifically for the 

evaluation of acute PE and the evaluation of chest pain or discomfort. Out of the 550 V/Q 

studies that did not have an accompanying CTPA procedure, 491 were specifically ordered in 

the evaluation of CTEPH. This information is based on further scrutiny that the patient had a 

recent right-heart catheterisation or echocardiogram carried out, or that the evaluation of 

CTEPH was specifically mentioned in the CPSS or stated in the request form. All V/Q studies 

were carried out in full with both ventilation and perfusion performed, unless it was 

specifically indicated that a patient is unable to perform the lung ventilation portion. These 

numbers infer that V/Q is actually the preferred choice of imaging modality in this study 
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population which is in compliance to the CTEPH diagnostic algorithm and guidelines that V/Q 

should be the imaging test of choice for CTEPH screening in PH patients, and utilising CTPA 

only when the results of V/Q is indeterminate or reveals defects which require further 

investigation (Kim et al., 2013). The sequence of the carrying out of CTPA and V/Q imaging 

does not prove if one modality was used as a first-choice or confirmation to doubts over the 

initial preferred choice due to the fact that there are five CT scanners compared to two 

gamma cameras, and that CTPA is available 24 hours compared to V/Q, thus making it more 

readily accessible at an earlier time.   

 

The study has also summarised the key clinical diagnostic data representative of CTEPH in 

SEA. CTEPH was the disease in focus in evaluating the efficacy of CTPA versus V/Q. In our 

extracted CTEPH population, the mean age at diagnosis at 66.21 years old is slightly higher 

than that reported in other international registries as previously seen in table 2.7, are still 

within the 60 years old range as with all other reviewed registries, except that of the Korean 

registry that had a mean age of 58.13 years old. The higher mean age in our study may be in 

part due to delayed diagnosis from a lack of expertise in the disease in the region during the 

early years, as well as the lack of a nationwide reference network resulting in late referrals to 

specialised PH centres. The other aspect is that more than half of the studied CTEPH patients 

were above 60 years of age. The trend of older patients being diagnosed with CTEPH is 

becoming progressively recognised in contemporary registries (Fischler et al, 2008; Jais et al, 

2008; Pengo et al, 2004). This study also had a predominance of females in both CTEPH and 

IPAH patients. This female gender specific predominance was studied and concurred by 

Shigeta et al (2008), and similarly reported by Tanabe (2009) and Lang & Klepetko (2009), but 
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not agreed upon by Delcroix, Kerr & Fedullo (2016). While there are a large host of 

information on CTEPH from PAH registries internationally, the same cannot be said of Asia, 

especially in the SEA. Unfortunately, this is also one of the regions on the world map where 

the availability of well-established PH expert centres is lacking, with accessibility a challenge 

even if there is one. Out of 11 countries in the SEA region, three are classified as least 

developed countries while seven are classified as developing countries (United Nations, 

2018). This implicates the level of affordability.  

 

The cost of a lung perfusion study is USD$317, while that of a complete V/Q study including 

ventilation is USD$643. This amounts to a 102.8% (USD$326) cost increase which could have 

been fully avoidable as revealed in 47 cases in this dissertation where all reported 47 CTEPH 

studies had abnormal perfusion only reports. As a whole, healthcare cost in Singapore has 

been rising at a rapid rate. The national spending on healthcare has doubled from eleven 

billion Singapore dollars in the year 2010 to twenty-one billion Singapore dollars in the year 

2016. Coupled with the increase of life expectancy of up to 84.8 years in the year 2017, the 

sustainability of the government health expenditure can only become more challenging to 

maintain in the coming years. There may be no collected statistics on medical treatment costs 

of CTEPH in Singapore at the moment for a direct cost consequence discussion, yet every 

responsible and wiser use of diagnostic algorithms and procedures help play a part in reducing 

unnecessary spending which can be better channelled to uses such as research and 

development in treatments. It should be noted, though, that healthcare costs are subsidised 

by the government in Singapore, and the true cost effective differences may therefore not be 

truly felt by native residents who qualify for them. The level of subsidies also varies across the 
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SEA countries. It is also worth acknowledging that subsidies do not apply in the private 

healthcare sector, where the potential elimination of ventilation and CTPA will have an impact 

on revenue. This will then be the part where medical ethics should take over. 

 

Performing ventilation ‘to play safe’ or ‘just in case’ there are incidental clinical findings such 

as asthma, COPD and early pneumonia are not substantial medical reasons for performing 

ventilation when perfusion is normal as such conditions present obvious clinical tell-tale signs 

and symptoms which would not have been missed even without the intervention of a 

complete V/Q study with ventilation. At the same time, CTPA should only be carried out if 

there is an inconclusive V/Q result, and not as a mandatory complementary procedure to the 

V/Q in diagnosing CTEPH. The unnecessary extra burden of manpower and the wait for a CTPA 

appointment contributes to the overall health cost, and delays the commencement of 

treatment. To cope with rising healthcare manpower needs, the number of doctors and 

nurses in Singapore has been ramped up by 52 and 44 percent respectively since the year 

2010. If the patient is an in-patient in the hospital, this also contributes to the bed shortage 

situation. In matching the medical needs, the healthcare infrastructure in Singapore have also 

thus been ramped up with seven new hospitals built, adding a total of 3800 beds for patients. 

The overall scale of these works result in the massive increase in healthcare spending and 

costs. Downstream consequence of performing the unnecessary ventilation or CTPA also 

means there are lesser appointment slots for other patients with different clinical needs, 

potential delays in treatments from delayed diagnosis, as well as lesser hospital beds due to 

delayed treatment and thus discharges.  
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In the fight against chronic disease, and specifically CTEPH in this case, early detection, and 

treatment helps. This is also true in every other medical condition. The time savings from 

performing ventilation only when perfusion is abnormal is 85 mins. From this dissertation, it 

would translate to a total of 3995 mins saved from the 47 CTEPH studies with abnormal 

perfusion. This excludes the 20 mins per CTPA study performed even when the complete V/Q 

studies all had conclusive reports. Performing ventilation only when it is clinically warranted 

enables time-savings that can be better utilised in expedited care to the next patient.  

 

In terms of radiation exposure, the reduced radiation burden applies not only to the patient, 

but also to members of the public, as well as staff. This complies with the international 

standard on radiation safety where the ALARA (As Low As Reasonably Achievable) principle 

should be applied. The removal of the ventilation component means that staff would not need 

to be exposed to addition radiation from the preparation of the ventilation 

radiopharmaceuticals. Radioactive gases also have the potential of escaping into the 

environment and increasing the background radiation level. In addition, the patient would 

present as a higher radioactive source to the public with the additional inhaled radioactive 

isotopes.  

 

6.2 LIMITATIONS 

Our study had several limitations. The main limitation was that the population studied was 

retrieved only from a single institution in Singapore, much less SEA. This impacted on the 

statistical permutations and representation on the SEA population, limiting calculations on 

incidence and prevalence due to a severe under-representation of statistics across the region. 
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As such, the data in this study may not be a true surrogate for extrapolation in application to 

the other SEA countries with differing treatment options availability, expertise levels, 

demography as well as healthcare accessibility. NUH is one of the largest government hospital 

in Singapore, and is a university teaching institution, visited by many patients in the SEA region 

due to its reputation of medical excellence. The data retrieved will provide diverse 

representation among a SEA population.  

 

Although the study analysed data over a span of 11 years, the number of actual analysed 

studies was only 133. There was no procedural gold standard such as pulmonary angiogram 

in comparison of the efficacy of the two modalities of CTPA and V/Q with the final diagnosis 

confirmed based on a combination of patient clinical history, echocardiography, right heart 

catheterisation, as well as the imaging information from the performed CTPA and V/Q studies. 

As this study was retrospective in nature, the retrieved data had to be interpreted with certain 

caution with clinical notes having differing levels of completeness. This may have potentially 

obfuscated the actual numbers of included studies that could have also met the inclusion 

criteria but were excluded with precaution.   

 

The cost effectiveness analysis did not include the costs of ancillary procedures such as chest-

x-rays, electrocardiography, echocardiograms, laboratory studies, as well as the costs of 

complications, treatments and the associated side effects especially with anticoagulant 

therapy. In addition, haemodynamic, aetiologies and survival rates were not within the scope 

of the analyses. The robustness of the study can be further improved by including the analysis 

of the increase or loss of quality adjusted life years depending on the true positive or false 
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positive diagnosis respectively. Although ethnic diversity is a colourful aspect of the Singapore 

population, the same may not apply to other countries in SEA. A follow-up multi-ethnic study 

on the Singapore cohort may supplement the current investigation.  
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6.3 RECOMMENDATIONS 

The use of lung perfusion first and only if it is normal without undergoing ventilation, is the 

lowest in cost, although when combined with ventilation, it becomes slightly more costly than 

CTPA. The time difference between lung perfusion and CTPA is only 5 minutes, although it can 

stretch up to 110 minutes if ventilation is warranted. Radiation dose from CTPA is massively 

higher as compared to lung perfusion only or V/Q. The accuracy and sensitivity of V/Q far 

exceeds that of CTPA, although CTPA has a slight edge in terms of specificity. Overall, in 

ranking the three strategies based on the combination of all the factors analysed and 

discussed, we recommend employing strategy one of lung perfusion only in the diagnosis of 

CTEPH, and moving on to strategy two to include ventilation only when perfusion is abnormal.  

 

6.4 CONCLUSIONS 

Our study has validated the diagnostic efficacy of V/Q over CTPA, in diagnosing CTEPH in the 

SEA population. Importantly, in addressing the study objective, the evaluation of the 

diagnostic performance of lung perfusion has shown that a normal lung perfusion excludes 

the presence of CTEPH in PH patients. Perfusion imaging within V/Q imaging should be carried 

out first in eliminating the need for ventilation if perfusion is normal. In the event of 

mismatched ventilation and perfusion segmental defects, follow-up assessments can be 

carried out in accordance to the diagnostic algorithm proposed by the CTEPH expert task force 

(Kim et al., 2013). We also conclude that a standalone perfusion study is a dependable 

diagnostic imaging tool to diagnose CTEPH in PH with no significant added benefits with 

ventilation. These findings, put in perspective with the current era of evidence-based 

healthcare costs management, provided a practical and relatable comparison of the imaging 
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options in the diagnosis of CTEPH. A larger consolidated SEA population sample size is 

required for a more validated conclusion and to determine if there are any exceptions to the 

findings reported in this study. Further analyses can also be carried out to supplement the 

study in finding out the clinical characteristics of CTEPH in the region, as well as time of 

progression from acute PE to CTEPH.  
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