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Abstract

Computer simulation and Analysis of Nuclear Medicine Studies

by John Stephen Magnussen

Problem investigated: There is no substantive literature on the three dimensional seg-

mental anatomy of the lungs. Extant literature has primarily been concerned with the

surface markings of the segments. There is clearly a need for the establishment of such a

model of the lungs to permit investigation of basic issues germane to planar lung scin-

tigraphy in the diagnosis of pulmonary embolic disease. Issues as basic as which views

of the lungs offer the highest information density, variability of perceived defect size,

the utility of lung charts in reporting, how small a lesion must be for diagnosis and the

investigations of artifacts in lung scintigraphy require exploration. These problems were

identified by systematic review of clinical reporting in a large database of cases in a

typical hospital practice.

Procedures followed: A three dimensional model of the scintigraphic anatomy of the

lungs was constructed based on computed tomography, cadaveric dissection and extant

literature. A Monte Carlo simulation technique was then applied with generation of

photons within the segmented model with the subsequent emission, scatter, attenuation

and eventual collimation and detection to produce clinically acceptable images in stan-

dard projections.

General results obtained: 1. Information density about the lung segments is highest in

the anterior and posterior oblique projections. 2. Classification of lesion size by clini-

cians has poor accuracy and reproducibility. This is improved with the use of a guide-

chart of segmental anatomy. 3. The smallest detectable lesion is 3% of the volume of a

lung with reduced detectability in the right lung base. 4. The “stripe sign” can be readily

produced in both lungs with the major mechanism being scatter from adjacent segments

in the same lung rather than shine through from the other lung.

Major conclusions: The model developed is clinically acceptable and capable of pro-

viding solutions to major problems involved in planar lung scintigraphy. It also has the

potential to provide a framework for more complex problem-solving in tomographic

lung imaging.
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INTRODUCTION

Throughout a person’s lifetime, a great many disease processes can occur which are

manifest as changes in the lungs. Many of these diseases can be life threatening, and yet

they are not always easily diagnosed or distinguished from one another.

The pathophysiological processes underlying different diseases can vary widely, and

yet the changes detected in the assessment of the lungs may not always clearly reflect

this. However, since the appropriate treatment can also vary widely, the correct diagno-

sis is crucial.

A large repertoire of investigations has been developed to augment the classical

physical examination of a patient in an attempt to resolve, or at least clarify the question

of diagnosis. These investigations vary in both their sensitivity and specificity in differ-

ent disease processes, and thus the choice of appropriate investigations can be crucial.

Pulmonary angiography, whilst providing the ‘gold standard’ for the diagnosis of

pulmonary embolism in particular, is relatively uncommonly used in Australia, at least

in part due to its invasive nature, with possible resultant complications and associated

morbidity.

With the advent of first perfusion, and then ventilation/perfusion (V/Q) scintigraphy

of the lungs by the use of radioisotopes it became possible to image a measure of the

physiology, and also pathophysiology of the lungs, in a relatively non-invasive manner.

The diagnosis is statistically established on the extent of mismatch between perfusion

and ventilation in the various segments of the lungs. However, the interpretation of such

studies is not always straightforward, and in approximately 40% of cases, the result is

indeterminate (1,2).

There is currently the need in clinical practice to improve the diagnostic accuracy of

V/Q scintigraphy of the lungs, and reduce the large area of indeterminacy that plagues

this investigation.

Current, commonly employed techniques involve the application of a set of diagnos-

tic criteria that have been derived from large-scale studies of patient populations with

reference to a ‘gold standard’ such as pulmonary angiography. These criteria produce a

qualitative assessment of the disease process present on V/Q scintigraphy and enable the

probability of the disease being present to be categorised.
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It has been suggested in the literature that there are limitations to the ability of ob-

servers to appreciate critical aspects of lung perfusion defects as well as difficulties with

intra- and inter-observer agreement (3). These difficulties are not isolated to V/Q scin-

tigraphy (4-6), but are certainly of critical import if it is to be used as the sole method

for the detection of pulmonary embolism in some centres.

The thesis begins in Chapter 1 with an introduction to the relevant anatomy and

physiology of the respiratory system. This is followed by a consideration of the patho-

physiology of pulmonary embolic disease, its diagnosis, natural history, prevention and

methods of treatment.

Directly relevant aspects of the practice of nuclear medicine are summarised in the

subsequent section. These include a consideration of gamma cameras, including the as-

sessment of system performance, radioisotopes and radiopharmaceuticals used in the

investigation of pulmonary embolism and a detailed account of the investigation of

pulmonary embolism using nuclear medicine. Different reporting criteria are consid-

ered, as are some of the pitfalls of V/Q scintigraphy.

Investigations performed and results gained as part of this thesis are contained in

Chapters 2 to 12, each of which begins with a short summary of the work, and progress

in chronological order. Chapter 2 discusses the collection of a large database of clinical

studies from a major teaching hospital, together with the reporting of a subset of studies

by experienced nuclear medicine physicians. Chapters 3 and 4 detail the investigations

required for, and the creation of a clinically realistic and plausible three-dimensional

model of the segmental and subsegmental anatomy of the human lungs.

The implementation and performance verification of an existing system for the

simulation of emission tomography is discussed in Chapter 5. Details of the system

characteristics are included together with initial simulations of planar lung scintigraphy

using the previously developed model of the human lungs. The introduction of com-

pletely defined segmental or subsegmental defects is demonstrated with examples in

Chapter 6.

In Chapter 7 a series of segmental and subsegmental defects were produced and

shown to a cross-section of nuclear medicine physicians and trainees, both without and

with the benefit of a segmental reference chart. The results of this small sample

prompted the work contained in several of the later chapters.
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Several basic questions were addressed in subsequent chapters. Chapter 8 investi-

gated the optimal projection for the detection of segmental defects in each of the seg-

ments, particularly pertinent when restricted views are collected. The difficulty in accu-

rately estimating the size of defects was considered in Chapter 9, whilst the improve-

ment in reporting possible with an optimal segmental reference chart was investigated in

Chapter 10.

The stripe-sign, whose presence has been postulated to imply a lower probability of

the presence of pulmonary embolism in the affected area, was simulated in a compre-

hensive series of studies in Chapter 11. Conclusions could then be drawn as to its possi-

ble occurrence with embolic disease.

Chapter 12 investigated the threshold for detection of subsegmental defects through-

out the lungs, demonstrating problematic areas, based upon the three-dimensional ar-

rangement of segments, particularly within the lungs bases.

Conclusions are drawn together from the thesis in Chapter 13, presenting a summary

of the most pertinent results and noting areas of possible further investigation.
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1. BACKGROUND INFORMATION
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1.1 LUNG ANATOMY

Introduction

Just as the lungs perform more than purely respiratory functions, as will be discussed

below, there is more to the respiratory system than the lungs.

Passage of gases during inspiration and expiration take place through the upper respi-

ratory tract which includes the mouth and naries, the paranasal sinuses and the naso-

pharynx, which forms a relatively tortuous (therefore turbulence inducing) anatomical

structure. Air then enters the first part of the lower respiratory tract, the conducting air-

ways, which start at the level of the larynx (inferior to the cricoid cartilage).

The conducting airways consist of the trachea (a fibrocartilagenous tube approxi-

mately 2.5cm in diameter with horseshoe shaped hyaline cartilage rings in its walls),

which divides at the level of the sternal angle to form the left and right main bronchi,

then lobar and segmental bronchi (see Figure 1-1). There are cartilage rings in its wall to

prevent collapse caused by compression, both from trauma and from changes in pres-

sure developed during respiratory effort.

Through successive generations these airways divide into bronchioles (defined by the

absence of cartilage and submucosal glands in their walls) to reach the terminal bron-

chioles (numbering approximately 25,000 and typically less than 2mm in diameter). At

each stage of branching in the respiratory system the cross-sectional area of the airways

increases. The conducting airways, together with the nasopharynx constitute the ana-

tomical dead space of the lungs.

Distal to the terminal bronchioles is the respiratory zone (or acinus) that includes the

subsequent generations of transitional airways, named because of the presence of alveoli

budding off from their walls. These are the respiratory bronchioles, alveolar ducts and

alveolar sacs, which open into the alveoli (numbering approximately 3x108 in adults and

200-300µm in diameter(7)). Alveoli form the majority of lung tissue and perform gase-

ous exchange between the inspired air and the circulating blood. Lobules are formed

from 3-5 terminal bronchioles and their associated acini.
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Ancillary lung functions

Apart from bulk airflow, the respiratory system warms and humidifies the inspired air,

bringing it to body temperature and fully saturating it with water vapor, which allows

the dissolution of oxygen prior to reaching the alveolar walls.

Both airway and vascular filtration occur in the lungs and they play a role in metabo-

lism of certain compounds (such as angiotensin I, serotonin and calcitonin). They also

help buffer blood volume and have some endocrine and immunological functions (such

as the secretion of IgA into the respiratory mucus). The upper airways act as a filter to

large particles by way of their ciliated epithelium and relatively tortuous branching

which induces turbulence and enhances the ciliated and mucous trapping functions.
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Figure 1-1: Bronchial tree, with a key showing the numbering of the segmental

bronchi
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Gross anatomy

The lungs are roughly symmetrical, lateralised structures in the thorax, separated by the

mediastinum (the heart, great vessels, oesophagus, and other smaller structures) and de-

lineated by the chest wall superiorly and laterally, and by the diaphragm, a musculoten-

dinous structure, inferiorly.

They are attached by their airways and blood supply to the mediastinal structures at

the hilum of each lung, which acts to suspend the lungs inside the pleural cavity, leaving

them free to move with respiration(8).

Each lung has a system of airways for gas delivery, a pulmonary and bronchiolar

blood supply, and lymphatic drainage, which are described below.

Each lung is covered by a thin layer of fibrous tissue, the visceral pleura, which has

its reflection at the hilum, to cover the inside of the chest wall (as the parietal pleura)

and form a sealed sac. Normally this contains only a small amount of pleural fluid,

which acts as a lubricant for lung expansion and contraction.
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Figure 1-2: Views of the lungs, including bronchopulmonary segments

The lungs are divided into lobes and segments (sometimes called bronchopulmonary

segments), that are defined by the area supplied by the second and third generation

branches of the conducting airways respectively. The left lung has two lobes (upper and

lower) with either eight or nine segments (depending upon the numbering scheme and

the textbook), and the right three lobes (upper, middle and lower) with ten segments.

Each lobe is delineated by a fold of pleura, which extends from the periphery towards

the hilum. They are characterised by having a separate blood and air supply at the level

of the secondary bronchi (described below).

Whilst lobes are easily visible structures, segments are only delineated at dissection

(9), having no clear surface markings on the lung. Anatomically they represent the terti-

ary level of differentiation of the blood and air supply (see Table 1-1 and Figure 1-2),
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and are pyramidal in shape, with their apex towards the hilum and their base facing to-

wards the outer surface of the lung.

Table 1-1: Bronchopulmonary segments

Number Left Number Right
1+2 apicoposterior 1 apical

2 posterior
3 anterior 3 anterior
4 medial, superior 4 medial, superior
5 medial, inferior 5 medial, inferior
6 superior 6 superior

7+8 anteromedial basal 7 medial basal
8 anterior basal

9 lateral basal 9 lateral basal
10 posterior basal 10 posterior basal

Blood supply

A two-fold supply of blood exists for the lungs— the pulmonary and bronchiolar sys-

tems. The pulmonary supply provides the great majority of the flow to the lungs, via the

pulmonary arteries from the right ventricle. It is composed of relatively large diameter

vessels (close to that of the airways they follow) with predominantly elastic walls to

maintain a relatively constant blood pressure to the lungs(10). These branch repeatedly

with the airways to finally surround the alveoli as a fine meshwork of thin walled al-

veolar capillaries (7-10µm in diameter). The mean pulmonary arterial pressure is ap-

proximately 15mmHg, decreasing to 12mmHg at the start, and 8mmHg at the end of the

pulmonary capillary bed.

 Once oxygenated in the capillary meshwork, this blood drains into the pulmonary

venous system, from there entering the left atrium of the heart and the systemic circula-

tion.

Oxygenated blood is delivered to the lower respiratory tract, a proportion of the lung

interstitium and the visceral pleura by the bronchiolar supply from the thoracic aorta (9).

Its drainage is partially confluent with that of the pulmonary circulation, becoming

common at the level of the pulmonary capillaries. The remainder drains indirectly into

the right atrium via the azygos and hemiazygos veins into the superior vena cava.
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Lymphatics

The lymphatic drainage of the lungs is also two-fold, consisting of a superficial and

deep lymphatic plexus. These drain predominantly into the hilar lymph nodes, with

some drainage from the deep plexus going to the pulmonary lymph nodes near the hi-

lum first, before entering the bronchopulmonary lymph nodes.

The superficial plexus drains the lung interstitium and the visceral pleura, whilst the

deep plexus drains the bronchi, pulmonary vessels and their surrounding tissue.

From the hilar lymph nodes, the drainage continues to the tracheobronchial lymph

nodes and eventually into the right atrium via the right and left mediastinal lymph

nodes.

Histology

Gradual changes to the epithelium and other structural features characterise the respira-

tory tract. Respiratory epithelium (pseudostratified, tall columnar, ciliated) lines the na-

sopharynx and large airways, apart from the vocal cords, which are covered by a strati-

fied squamous epithelium. Together with numerous goblet cells, the lamina propria and

seromucinus (or bronchial) glands this forms the respiratory mucous membrane (see

Figure 1-2).

Figure 1-3: Alveoli

Through subsequent branches of the respiratory tract the epithelium changes to be-

come simple columnar, then simple cuboidal in the tertiary bronchi and terminal bron-

chioles respectively and non-ciliated in the smaller respiratory bronchioles (10). Bron-

chial glands and goblet cells decrease in frequency in the distal airways and are absent

by the level of the bronchioles and terminal bronchioles respectively.



9

Supporting cartilage, present in the trachea, is largely absent by the level of the seg-

mental bronchi. Smooth muscle is present submucosally in the posterior wall of the tra-

chea and then spiraling around the smaller airways beneath the lamina propria, being

responsible for the majority of airway constriction. It increases to become most promi-

nent in the terminal bronchioles and absent in the alveolar ducts (10).

Figure 1-4: Respiratory epithelium

After the terminal bronchioles, the walls of the airways become very thin until the

level of the alveolar sacs and alveoli, at which point they consist of little more than two

cells (a pneumocyte on one side and an endothelial cell on the other). A narrow, some-

times conjoint basement membrane and a variable, but small interstitial space separate

these cells. This very thin arrangement (0.2-0.6µm thick (11)) allows for rapid gaseous

diffusion to and from the bloodstream into the alveoli (see Figure 1-5 and Figure

1-6)(12).

Interalveolar septa are the common walls of abutting, adjacent alveoli, which bulge

out with the passage of the rich capillary network. Alveolar pores (pores of Kohn) per-
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forate the septa, joining adjacent alveoli and allowing not only for equilibration of pres-

sure, but also the passage of inflammatory cells and exudate.

The alveoli are lined predominantly by type I pneumocytes (thin, squamous cells),

which form the structural framework for the gas exchange interface. Type II pneumo-

cytes (cuboidal cells) are present in large numbers, though covering far less of the sur-

face area. They are responsible for the production of surfactant (a long chain polysac-

charide molecule that reduces the surface tension in the fluid lining the alveoli), and

proliferate to replace type I pneumocytes damaged by toxins.

Figure 1-5: Alveolar space
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Figure 1-6: Alveolar space showing basement membrane

Several other cell lines and structures are seen in the walls of the respiratory system

and worthy of individual consideration. Ciliated epithelial cells, each with up to 300

cilia on their luminal surface, are most common in the trachea and large bronchi. The

cilia range from 6-10µm in length and 0.3µm in diameter, beating 12-20 times per sec-

ond in a synchronous manner. This moves the mucus approximately 1cm per minute

under normal conditions, towards the epiglottis from both the nasopharynx and the dis-

tal airways. From here it can either be coughed up or swallowed. Each cilia is com-

prised of a complex arrangement of microtubules, defects of which can significantly

affect ciliary motility.

Goblet cells, together with the bronchial glands, are responsible for the production of

the layer of mucus carried on the surface of the cilia, with the daily production of mucus

varying from 10-100ml depending upon the amount of local irritation and vagal tone.

Goblet cells are present throughout normal respiratory mucosa as modified columnar

epithelial cells, extending from the basement membrane to the luminal surface. Signifi-

cantly, IgA containing plasma cells and some of Feyrter cells (part of the APUD (amine

precursor uptake and decarboxylation) system) are found associated with the bronchial

glands.

Clara cells, whilst found elsewhere in the respiratory system, are most common in

bronchioles, increasing in number to predominate in the distal respiratory bronchioles.

Similar in appearance to secretory cells, they are not ciliated and though their exact

function is unclear, may secrete a component of surfactant.
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Alveolar macrophages, derived from blood monocytes, are present both in the inter-

alveolar septa and the alveolar lumen. They engulf foreign particles, including inhaled

dust and bacteria, to be eliminated either by the passage of mucus or in the respiratory

lymphatics.
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1.2 LUNG PHYSIOLOGY

The primary function of the lungs is gas exchange or respiration, which involves the

oxygenation of venous blood, and the disposal of carbon dioxide, a waste product of

aerobic cellular activity.

The lungs have a role in endocrine function (both in the production and the metabo-

lism of circulating hormones), can act as a filter for thrombi (by way of their physical

structure— discussed below), and act as part of the acid-base buffering system in the

body.

Mechanics of ventilation

Respiratory volumes

At rest, an average 70kg male has a respiratory rate of 12-16 breaths per minute, each of

which has a tidal volume of approximately 500ml, for a total minute volume of 6-8L air.

With exercise, both the respiratory rate and the tidal volume can increase, yielding a

minute volume of up to 100L of air in a healthy individual.

The increase in ventilation that is possible for each person is characterised by their

vital capacity, a measure of the volume from full expiration to full inspiration. This in-

cludes both the expiratory and inspiratory reserve volumes, which together with the

tidal volume total approximately 4.5L in a 70kg male (see Figure 1-7). The total lung

capacity is equal to the vital capacity plus the residual volume of the lungs.

The physiological dead space is that volume of air contained in the conducting air-

ways, and which although moved with each breath, does not contribute to gaseous ex-

change. Thus rapid, shallow respiration acts only to move the dead space air. Whilst this

increases the minute volume of air respired, it may not increase the alveolar ventilation

(the measure of volume change of air passing the alveoli).
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Figure 1-7: Respiratory volumes

1.2.1.1 Inspiration and expiration

Inspiration is an active process, requiring muscular effort to increase the volume of the

chest cavity containing the lungs. This is achieved primarily by the contraction of the

diaphragm, which increases the vertical diameter of the chest, displacing the abdominal

contents inferiorly (see Figure 1-8).

When more inspiratory effort is required, the external intercostal muscles contract to

increase the transverse and antero-posterior diameter of the chest (9). Still further inspi-

ratory effort can be achieved by the use of the sternocleidomastoid, scalenus and serra-

tus anterior muscles.

Normally the pleural cavity is under a slight negative pressure (approximately 2-

3mmHg), and is only a potential space. During inspiration the pressure in the pleural

cavity decreases to approximately -6mmHg (13), which is reflected by a sub-

atmospheric airway pressure, causing gaseous inflow.

During inspiration, as the chest cavity expands and a slight negative pressure is gen-

erated, the lung parenchyma expands to fill the available space. This predominantly

takes place by the expansion of the alveolar spaces, but to a lesser extent, the pulmonary

vasculature also expands. With the slight negative pressure, venous return is increased

and with it, the blood flow into the pulmonary arteries. The alveolar dilatation during
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inspiration is not uniform, with more dilatation taking place towards the apices of each

lung.

Expiration is normally passive, relying on the elastic compliance of the lungs and the

chest wall to reduce the volume of the lungs, slightly increasing intrathoracic pressure

and causing gaseous outflow.

Active expiration is possible by the use of the internal intercostal muscles to reduce

the transverse and antero-posterior diameter of the chest, and the abdominal muscula-

ture to decrease the vertical diameter by forcing the abdominal contents superiorly un-

derneath the diaphragm.

Figure 1-8: Chest wall and diaphragm movement with respiration

Gas exchange

Gas exchange occurs by diffusion along a concentration gradient throughout the lungs.

At the level of the respiratory bronchioles, alveolar ducts and alveoli, the very thin walls

of the airways establish a steep concentration gradient (see Table 1-2 and Table 1-3).

This enables the rapid transfer of gasses across the thin basement membrane, effectively

giving rise to ventilation so long as the concentration gradients are maintained.
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Table 1-2: Partial pressures of respiratory gases at sea level in mmHg (from (14)).

Atmospheric air Humidified air Alveolar air Expired air

N2 597.0 (78.62%) 563.4 (74.09%) 569.0 (74.9%) 566.0 (74.5%)

O2 159.0 (20.84%) 149.3 (19.67%) 104.0 (13.6%) 120.0 (15.7%)

CO2 0.3 (0.04%) 0.3 (0.04%) 40.0 (5.3%) 27.0 (3.6%)

H2O 3.7 (0.50%) 47.0 (6.20%) 47.0 (6.2%) 47.0 (6.2%)

Table 1-3: Partial pressures of oxygen and carbon dioxide in blood in mmHg (from

(14))

Pulmonary artery Pulmonary vein

O2 40 104

CO2 45 40

Ventilation / perfusion ratio

At rest the alveolar ventilation is approximately 5.25L/min (VA), whilst at rest the heart

delivers a relatively constant amount of blood to the lungs via the pulmonary circulation

(approximately 5L/min). Disregarding the bronchiolar circulation, this amount repre-

sents the pulmonary perfusion (Q).

Under normal circumstances, the ventilation/perfusion ratio averages approximately

one, however this varies not only with changes in physiological or pathophysiological

state, but also throughout each of the lungs.

The mean pulmonary arterial pressure is 15mmHg at the hilum of each lung. This

pressure is lower in the superior portion of each lung, and conversely higher in the infe-

rior portion of each lung due to hydrostatic forces— assuming the person to be upright

(see Figure 1-9).
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Figure 1-9: Lung perfusion zones (from (7), adapted from (15))

The difference in pressure can be such that there is minimal perfusion of the superior

part of each lung at rest, giving a V/Q ratio that can theoretically approach infinity.

In the inferior part of each lung, with relatively increased perfusion (and conse-

quently some decrease in ventilation due to displacement of air spaces by vasculature)

the V/Q ratio is lower (see Figure 1-10).
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Figure 1-10: Ventilation/perfusion ratios throughout the lungs (from (7) adapted

from (15))

A physiological shunt occurs when the V/Q ratio is less than one, representing a

relative hypoventilation for the volume of blood perfusing the lungs. This allows less

than fully oxygenated blood to pass through the lungs to the peripheral circulation.

Conversely, an increase in physiological dead space is considered to have occurred

when the V/Q ratio is greater than one, representing a relative hypoperfusion for the

ventilation present in the lungs. In this situation, ventilatory effort is wasted for the de-

gree of oxygenation achieved.
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1.3 PATHOPHYSIOLOGY OF PULMONARY EMBOLISM

Pulmonary embolism can be defined as the occlusion of one or more parts of the pul-

monary arterial supply to the lung parenchyma by a thrombo-embolic process (for

which there are many possible causes of the thrombo-emboli). It is a relatively common

disease process that has been estimated to occur in over 500,000 people each year in the

United States alone, and comparable rates in other countries (16). There is a high asso-

ciated mortality, ranging from 10% in treated patients to over 30% in those who remain

untreated (17), which translates into an annual mortality in the United States of between

50,000 and 200,000, as estimated by different authors (17,18).

The true incidence of pulmonary embolism is difficult to determine, with the major-

ity of cases going undiagnosed and thus untreated. One estimate of the annual incidence

was 23 per 100,000 (19), but other studies have suggested that 65-75% of cases remain

undiagnosed (17,20).

Aetiology

The most common cause for pulmonary embolism (PE) is venous thrombosis, with the

deep veins of the legs being the site for up to 95% of cases (21).  A summary of some of

the more common causes is shown in Table 1-4.

Table 1-4: Sources of pulmonary emboli

Venous thrombosis • deep calf veins

• upper extremities

• right heart chambers

Fat embolism

Amniotic fluid

Bone marrow

Foreign bodies

Parasites

Neoplastic cells

Whilst sudden death from PE occurs in up to 10% of patients (17), it is those cases

which remain undiagnosed which pose the greatest concern and the best prospect for
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treatment. When PE remains undiagnosed it is associated with a high mortality (up to

one third of patients), yet with appropriate treatment this can be reduced to below one in

ten (17).

Deep venous thrombosis

This is the formation of a thrombus in the deep veins of the calf or thigh, and may ex-

tend into the pelvis. Although commonly described, the clinical signs of a deep venous

thrombosis (DVT) (see Table 1-5) are not generally helpful since only about 50% of

people with a DVT will have any associated symptoms or signs, and thus the diagnosis

of PE may be the first indication that a DVT was present (16).

It has also been noted that in some 50% of people with symptoms and signs sugges-

tive of a DVT, one is not present (21). The problem of diagnosis is further complicated

when it is considered that in those patients with a proven DVT, but with low clinical

suspicion of PE up to 50% have high-probability V/Q scintigraphic studies (22,23), de-

pending on the site of the venous thrombosis.

The causes of DVT can be considered according to Virchow’s triad: alterations in the

coagulation system, stasis of blood flow, and vascular wall damage, with several factors

being common in their predisposing to DVT, listed in Table 1-6.

Once a DVT has formed, it can progress very rapidly with large thrombi forming in

only minutes (21). Once formed the thrombus may continue to extend proximally along

the vein, towards the heart. During the first few days the thrombus begins to organise,

and during this time it is most friable and likely to embolise.

Table 1-5: Symptoms and signs of a DVT (from (24-26))

Calf pain

Calf swelling

Calf tenderness

Calf venous distension

Positive Homan’s sign
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Table 1-6: Predisposing factors for deep venous thrombosis

Prolonged bed rest or immobilisation (27)

Oral contraceptive or other oestrogens

Pregnancy and the post-partum period (also causing amniotic fluid emboli)

General anaesthesia for ≥ 30min(21)

Major surgery (also contributing to other causes) (28)

Fractures and other injuries of the lower limbs (also causing fat emboli)

Major trauma (also contributing to other causes) (29)

Obesity

Malignancy (27)

Chronic lower limb venous stasis

Haematological disorders Polycythaemia rubra vera(30)

Resistance to activated protein C (31)

Chronic obstructive airways disease

Chronic cardiac failure

Older age (18,32)

Previous deep vein thrombosis

Some investigations for the detection of DVTs in a patient are listed in Table 1-7.

Even the ‘gold standard’ of ascending contrast venography has its diagnostic pitfalls,

since “venograms of the lower extremities may be normal or without intraluminal

thrombi because all thrombi have embolised to the lungs or because the source of the

emboli is elsewhere”(17), and in greater than 50% of patients the presence of a DVT

cannot be confirmed by venography (33). Venography also suffers from the disadvan-

tage that it cannot be used repeatedly for monitoring purposes, and has associated mor-

bidity (21) such as a 2-3% rate of peripheral vein thrombosis (28), which is due at least

in part to vascular irritation from the contrast medium used.

Table 1-7: Investigations for deep venous thromboses

Clinical assessment

Ascending contrast venography

Radionuclide venography (34)
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Impedance plethysmography (IPG) (35,36)

B-mode and duplex doppler ultrasound (37,38)

Radiolabelled fibrinogen (35)

Radiolabelled platelets, fibrin, antifibrin or platelet components

(39,40)

Magnetic resonance venography (41,42)

Plasma D-dimer assay (43)

Other methods of investigation each have their limitations or disadvantages. A simple

test such as the plasma D-dimer assay is sensitive, though not specific for DVTs. Thus

when normal, a DVT is unlikely to be present (negative predictive value 0.97), but there

is far less certainty in the case of an abnormal result (43).

Non-invasive tests such as impedance plethysmography and b-mode ultrasonography

have proven useful in serial examinations to exclude the presence of DVTs, with a good

correlation to long term outcome (38) but still lack sensitivity in asymptomatic cases

(28). Compression ultrasound, in which the ability to compress the calf and thigh veins

is assessed, has a sensitivity of 91% and specificity of 99%, which drop to a sensitivity

of only 36% in isolated calf-vein thrombosis (37). It has positive predictive value of

94% compared to 83% for impedance plethysmography (36). Poor results have been

obtained when these techniques are used as screening tests for pulmonary embolism

(44).

Radionuclide venography has significant diagnostic pitfalls (34), and the role of ra-

diolabelled platelets and fibrin, by monoclonal antibodies or other means have yet to

establish a clear role in the diagnosis of DVTs or PE, but can be used successfully to

monitor the progression of thrombosis and possible subsequent embolism (39,40,45).

Gradient-echo and spin-echo MR imaging have been successfully used in the diagno-

sis of DVT and pelvic venous thrombosis, with both sensitivity and specificity above

90%(41,42). However, both methods are limited by the availability of suitable MR

units, and the costs incurred therein.

As often will be the case, it is the presence of symptoms or signs suggestive of PE

that prompts further investigation, rather than indications of a DVT (46). Since most

treatment regimens for PE also constitute adequate treatment for DVT, it is sufficient to

correctly diagnose the presence of PE alone when it is suspected, even though a DVT
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may still be present. However, this is far from straightforward, and an excellent review

of this complicated area is presented by Weinman and Salzman (1994) (28).

Diagnosis

Difficulties in diagnosis provide the greatest challenge in the management of pulmonary

embolism.

The clinical assessment of a patient is only enough to establish the suspicion of a PE.

Whilst some studies have shown that symptom and sign clusters can have a high posi-

tive predictive value for the diagnosis of PE (26), others found that there was little cor-

relation(25,47), making a decision regarding which patients require further investiga-

tions very difficult. In one study nearly 70% of patients found to have PEs on postmor-

tem examination, which may have been the cause of death, were not suspected ante-

mortem (20).

The value of such symptoms and signs listed in Table 1-8, whilst limited, will alert

the clinician to the risk of a PE. It has been shown however that a significant number of

patients with a DVT, progress to have clinically silent pulmonary emboli (48).

Table 1-8: Symptoms and signs of PE (from (24-26,49))

Pleuritic chest pain

Retrosternal or substernal chest pain

Haemoptysis

Dyspnoea

Tachyopnoea

Tachycardia

Added heart sounds

Added respiratory sounds

Confirmation by other investigations (21) such as those listed in Table 1-9 is most

often required before treatment is instigated, since the treatment is not without its own

associated morbidity and mortality.

Chest X-ray changes, such as localised, often basal infiltrates, pleural effusions, ate-

lectasis and an elevated diaphragm may be suggestive of the presence of PE (24,25,49).
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However, pre-existing changes must be accounted for in the diagnosis. Prospective

analysis of chest X-ray changes have failed to show it to be useful as an independent

tool for the diagnosis of pulmonary emboli (55).

The chest X-ray may give information regarding the presence of other concomitant

illnesses such as emphysema, pneumonia, chronic airway limitation (CAL), and possi-

ble mass lesions. It can also allow the assessment of the cardiac size, important in the

interpretation of further investigations such as V/Q scintigraphy. Thus although of lim-

ited usefulness in the diagnosis of PE, it important when the interpretation of other

studies is being considered (56).

Table 1-9: Investigations for pulmonary embolism (adapted from (21))

Clinical assessment

Plasma D-dimer (43)

Thrombin/anti-thrombin complexes (50)

Electrocardiogram —  Q3, T3, and other changes

Arterial blood gases —  increased A-a gradient (51)

Chest X-ray

Chest ultrasound(52)

CT with contrast

MRI (53,54)

Ventilation/perfusion scintigraphy

Pulmonary angiography

The current ‘gold standard’ for the investigation of pulmonary embolism is pulmo-

nary angiography, an invasive test that has significant associated morbidity and mortal-

ity, with major complications in 1% and minor in 5%(1,2) in one study, and similar re-

sults in others (57). The inter-observer agreement decreases as the emboli become more

peripheral. In the PIOPED study the agreement was 97%, 80% and 40% for the lobar,

segmental and subsegmental emboli respectively (1,2).

A variety of subtypes of pulmonary angiography exist, and their use has been well

correlated as a follow-up examination when perfusion defects are found on V/Q scintig-
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raphy (58). A good review of pulmonary angiography is presented in Greenspan

(1994)(57) and Goodman (1984)(59).

Digital subtraction angiography has been used to try and improve the diagnostic

abilities of pulmonary angiography, but does have shortcomings such as dependence on

accurate image registration, which can be difficult with some of the more seriously ill,

or less compliant patients (57,60).

Both computed tomography (CT) and MR imaging have been used for the diagnosis

of PE, with good results in some studies (53,54,61), yet these are not consistently dem-

onstrated in the literature(62). As yet these have only been in relatively small, select pa-

tient populations. Cost and availability is a major factor limiting the acceptance of these

otherwise possibly very effective, non-invasive diagnostic modalities, both requiring

newer CT and MR technologies.

V/Q scintigraphy is discussed below.

Natural history

The embolus formed, either from a DVT or from another source, passes via the venous

circulation through the right side of the heart and is filtered by the pulmonary arterial

vasculature. The presence of a patent foramen ovale (a defect in the septum separating

the left and right atria) may however allow a right to left passage for the embolus into

the systemic circulation.

Of those emboli entering the pulmonary arterial supply, more lodge in the right than

the left lung (63) (65% go to both lungs, 20% to the right lung exclusively, and 10% to

the left(30)). There is also a higher frequency of emboli lodging in the lower lobes

rather than the middle or upper (63) (4:1 of lower lobes:upper lobes (30)), which is due

to the relative ratio of blood supply to each area as shown in Figure 1-9 and Figure 1-10.

Most emboli lodge in large or intermediate pulmonary arteries (30).

Since the lung has a dual blood supply (the pulmonary and the bronchial circula-

tions), pulmonary infarction due to a PE is relatively rare, occurring in less than 10% of

cases (30). However, almost invariably a V/Q mismatch is created by the presence of

the emboli. That is whilst ventilation persists, the pulmonary circulation is occluded for

a section of the lung (be it subsegmental, segmental, lobar or more rarely an entire

lung). This decreases the efficiency of gas exchange since areas of the lung that have

minimal gas exchange capacity continue to be ventilated.
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The severity of the resultant haemodynamic disturbance from the PE is quite vari-

able, and depends on several factors (shown in Table 1-10).

Table 1-10: Factors affecting the severity of pulmonary embolism (adapted from

(46))

Degree of vascular occlusion

Pulmonary vascular reserve

Age of the embolised thrombus

Associated medical or surgical conditions

Pulmonary vascular smooth muscle function

Fibrinolytic activity

One study with long term follow-up showed that survival was best correlated with

the severity (or lack thereof) of any underlying cardiac disease (64).

Once the emboli has lodged in the pulmonary vasculature, organisation and subse-

quent dissolution of the emboli begins to take place with some improvement in pulmo-

nary circulation seen in the first 24 hours and significant resolution within two weeks

(21,65). In one study there was shown to be almost complete resolution of chest X-ray

changes, and lesser resolution of arterial blood gas and V/Q scintigraphic changes after

one month (66). However, other studies have shown that changes associated with large

emboli can persist for more than twelve months (67).

The long term prognosis following PE is generally good in those patients for whom

the disease is appropriately treated (outlined below), with approximately 2.5% dying of

PE in one study of 399 patients with PE, the majority of whom had clinically suspected

recurrent PE (68). Recurrent PE was diagnosed in 8.3% in that study. Others suggest

that the rate of recurrence is between 15-35% in the first year (65)

Prevention

Because of the high morbidity and mortality associated with PE, the focus is prevention

of DVTs wherever possible— representing the major source of PEs. By minimising

some of the risk factors listed in Table 1-6 and using prophylactic measures such as

those listed in Table 1-11, the incidence of DVTs and PE can be reduced. However all

these measures do not eliminate the presence of DVTs and subsequent PEs.
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Table 1-11: DVT prophylaxis (adapted from (69) and (28))

Low dose heparin

Low molecular weight heparin

Compression stockings

Intermittent calf compression

Oral anticoagulants, e.g. warfarin

Anti-platelet agents, e.g. aspirin

In cases of recurrent pulmonary embolism, from sources of emboli in the lower limbs

or pelvis, when other forms of prophylaxis have failed, a vena caval filter can be con-

sidered. This, and other forms of inferior vena cava interruption or filtering have proven

effective (28).

Treatment

Establishing a diagnosis is important because of the risks associated with treatment for

both DVTs and PE. Whilst the risks associated with the acute therapy of intravenous

heparinisation are low, they are not zero.

Initial treatment for both DVT and PE is usually heparinisation, be it conventional

heparin infusion, intermittent intravenous injection, intermittent subcutaneous injec-

tions, or the use of low-molecular weight heparins. In each of these cases, the aim is to

rapidly achieve therapeutic levels of inhibition of coagulation, which is normally meas-

ured as a ratio from the baseline coagulation measurements (PT and APTT) (21).

After a sufficient degree of anticoagulation has been reached, warfarin (an oral vita-

min K antagonist) can be introduced, and once therapeutic levels reached, the heparini-

sation can be ceased. Some regimes advocate continued self-administration of subcuta-

neous heparin, but this is yet to achieve widespread acceptance.

The subsequent long-term (3-6 month) warfarinisation requires regular monitoring

and may be adversely affected by other intercurrent medications or disease processes.

These may increase or decrease the anticoagulant action of the warfarin, exposing the

patient to an increased risk of haemorrhage or conversely, of further pulmonary emboli.

Other treatment options such as thrombolysis (70,71) or surgical embolectomy exist,

but are relatively rarely used, and not without their own associated morbidity and mor-

tality(21,72).
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Thus, there are significant risks associated with both an incorrect positive diagnosis

and an incorrect negative diagnosis of pulmonary embolism. It becomes important

therefore, to ensure the correct diagnosis is reached.
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1.4 NUCLEAR MEDICINE

“An acceptable definition for today’s nuclear medicine is to call it the discipline con-

cerned mainly with artificial radioisotopes in diagnosis and (except for sealed sources)

in therapy” (73). This simple definition usefully divides nuclear medicine into the con-

sideration of diagnosis and therapy, with only the former, as it is relevant in the case of

pulmonary embolism, being considered in this introduction.

Following the discovery of radioactivity late in the Nineteenth century by Marie and

Pierre Curie (74), the progression to modern nuclear medicine takes a rapid and yet

tortuous course, however a few events are of particular import, especially in the consid-

eration of the diagnosis of pulmonary embolism.

Georg de Hevesy, in his work with Ernest Rutherford in the early parts of this cen-

tury described the use of radioactive elements as ‘tracers’, initially monitoring the

course of radioactive lead in plants, using Geiger-Muller (G-M) tubes (75,76). Research

followed which initially focused on normal physiology, and then proceeded to investi-

gate the pathophysiology of brain tumours.

Even with its poor high-energy resolution, the G-M tube formed the basis of the first

rectilinear scanner, used to provide spatial localisation of activity in tissue. However, it

was not until the 1940s, when the photomultiplier tube was used in combination with

scintillating crystals that sufficient sensitivity to high-energy photons was obtained.

This, when used in combination with the advances of pulse height analysis and multi-

hole collimators provided the basis for the development of the Anger camera, which in

an improved form (which is described below), is still the current method of acquisition

of planar and volumetric data in much of nuclear medicine.

Just as is the case with the development of the modern gamma camera, the develop-

ment of radiopharmaceutical agents used for the investigation of pulmonary embolism

has taken place in several stages, culminating in the agents currently in use for ventila-

tion and perfusion imaging.

Whilst technetium was discovered in the 1930s, it was not until a simple method for

the production of this relatively short half-life radioisomer was developed that it came

into more common use. The molybdenum-technetium generator was developed in the
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late 1950s, providing just such a method, with relatively easy ‘milking’ of the generator

to provide technetium on a daily basis.

Pulmonary perfusion imaging became a reality with the use of macroaggregated al-

bumin. It was shown by George Taplin, in 1963 that particles of the correct size would

lodge in pulmonary capillaries, and that the associated risks of diminished pulmonary

perfusion and arterial embolisation were minimal. At about the same time, pulmonary

ventilation imaging developed with the use of radioactive gases, initially Oxygen-15,

and later Xenon-133 and Xenon-127 (73,77-79).

It has been noted that in modern nuclear medicine “the emphasis is on function…

rather than structure” (79), which is certainly the case in the investigation of pulmonary

embolism by V/Q scintigraphy.

Gamma cameras

The gamma camera provides the method of converting gamma ray photons emitted

from radioactive sources into information useful for interpretation, either by a human or

a computer. As outlined above, this initially consisted of single point detectors, usually

using a G-M tube. When combined with simple collimation systems, these single point

detectors could be scanned over an area, providing data on the emission of photons in a

plane, and forming the basis of the rectilinear scanner.

The rectilinear scanner was limited in several important ways, including its slow

speed and poor spatial resolution. It was superseded with the development of the scin-

tillation camera by H. Anger in the 1950s, which consisted of a multihole collimator, a

scintillation crystal, an array of photomultiplier tubes and finally energy and position

circuitry as shown schematically in Figure 1-12. These components will be considered

in turn below.

Shown in Figure 1-11 is a simple flowchart of the sequence of events from the emis-

sion of a gamma ray photon from a radioactive source, to its eventual loss or detection

and inclusion in an image.
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Figure 1-11: Flowchart of the imaging of a single photon emitted from a source
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Collimator

Gamma photons cannot be focused, since they have no charge and no magnetic field,

and they are of too high an energy to use lenses such as is possible with visible light.

Instead a collimator is used to restrict the acceptance angle for photons which would

otherwise strike the face of the gamma camera. The intention is that only those photons

originating from a position which was in a ‘line-of-sight’ with the camera face should be

accepted. However there is no way to stop the passage of photons which have been

scattered by tissues prior to exiting the body, and which happen to fall within this ‘line-

of-sight’. The job of distinguishing the source of photons by their energy falls to the en-

ergy detection circuitry, discussed later.

A collimator consists of a two-dimensional array of holes in a dense material such as

lead or tungsten, as depicted schematically in Figure 1-13. Shown in the diagram is the

solid angle of acceptance for each hole in the collimator. This angle defines the direc-

tions which a photon can travel, and still strike the camera face directly without having

first passed through, or been absorbed by the collimator material. Several features of a

collimator can be independently altered to suit a variety of imaging requirements, in-

cluding hole size and shape, septal thickness (or distance between the holes), geometric

arrangement of the holes and the overall thickness of the collimator.

Hole size and shape, septal thickness and collimator thickness

Varying the hole size (and to a lesser extent the hole shape) and the collimator thickness

alters the solid angle of acceptance for photons striking the collimator. Changing the

ratio of the area of the hole to that of the septa alters the sensitivity, since with a larger

septal thickness there is more material for the photons to strike, even if they were in the

correct line to pass through the collimator holes.

It is a compromise between these features, which determines the sensitivity, resolu-

tion and the septal penetration of photons in an individual collimator. Septal penetration

is important since if a sufficient proportion of photons striking the collimator outside the

solid angle of acceptance still pass through to the scintillation crystal the image resolu-

tion is decreased, and problems from scatter photons result in decreased image contrast.

Septal penetration is more important with higher energy photons; thus collimators are

designed with a particular energy in mind. Higher energy collimators have a large

amount of septal material, by some combination of longer holes and thicker septa.
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However, the disadvantage is that of decreased sensitivity, and the possibility of arte-

facts from imaging collimator features, such as widely spaced holes.

Geometry

Four main geometric arrangements of collimator holes are used, each with a different

task in mind. A pinhole collimator has a single, small hole, which causes the magnifica-

tion, field of view and sensitivity to change with the distance between the source and the

pinhole.

Parallel hole collimators are the most common geometric arrangement used. They

provide constant, one-to-one magnification (and nearly so for sensitivity) as the distance

between the source and the camera face varies, with decreased resolution at greater dis-

tances.

Diverging hole collimators widen the field of view of the camera, and were most

commonly used with earlier, small field-of-view cameras to allow imaging of large or-

gans, and thus with the advent of large field-of-view cameras are currently rarely used.

Cone- and fan-beam collimators both have converging hole geometry, with the in-

tention of magnifying organs of interest and either increasing resolution or sensitivity.

Fan-beam collimators have holes which converge in one axis and are parallel in the

other, whilst in cone-beam collimators, the holes converge in two dimensions (80-83).

Scintillation crystal

Conversion of gamma photons into lower energy photons suitable for detection by a

photomultiplier tube occurs in the scintillation (meaning to sparkle or twinkle) crystal.

This usually consists of a single crystal of sodium iodide, which has been doped with a

small amount of thallium. Sodium iodide is particularly useful in this role since it is

nearly transparent to the low energy photons that are emitted during scintillation. Thal-

lium doping is necessary to increase the number of low energy photons emitted follow-

ing the interaction with a gamma photon, which would otherwise be negligible at room

temperature.

In more detail, when a gamma photon strikes the sodium iodide crystal there is a fi-

nite probability (in proportion to the thickness of the crystal and the energy of the

gamma photon) that it will interact with the crystal, and transfer some of its energy to
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one or more of the electrons in the crystal. This occurs either by Compton scattering or

by the photoelectric effect.

The excited electron then passes through the crystal, losing its energy by striking

other electrons (as heat), or by the release of low energy photons (scintillations). It is the

presence of thallium doping in the crystal which causes more of the latter to occur, thus

making the process more suitable for detection by a photomultiplier tube.

In total, approximately 20-30 low energy photons (~3eV) are emitted from the crys-

tal for every keV of energy loss by the incident gamma photons, thus the photon release

is proportional to the energy of the gamma photons striking the crystal (80,81,83-85).

Photomultiplier tubes

Detection of the photons emitted from the scintillation events in the sodium iodide

crystal is achieved using photomultiplier tubes, which convert the photons into electrical

energy, amplifying the signal to levels suitable for subsequent processing. The signal

which is produced is proportional to the number of low energy photons striking the

photomultiplier tube, and thus also the original energy of the gamma photon striking the

scintillation crystal.

Photomultiplier tubes consist of a photocathode made of a photoemissive material,

which is bonded to the surface of the scintillation crystal, a series of dynodes, and an

anode, upon which the final signal appears. Between 5 and 10 photons are required to

strike the photocathode to produce a photoelectron, which is then accelerated towards

the first dynode by the presence of a large positive voltage. After striking the first dyn-

ode, the photoelectron causes the release of 4-8 more electrons, which are then acceler-

ated to the next dynode by a higher positive voltage. This continues until the electrons

finally strike the anode, having been amplified by a factor of 108-109, producing pulses

of sufficient amplitude for meaningful analysis (80,81,83-85).

Position and energy circuits

A two dimensional array of photomultiplier tubes is arranged over the face of the scin-

tillation crystal, and for every scintillation event a signal is produced at the nearby

tubes, with the strength of the signal proportional to the distance from the event. The

sum of all signals produced within a short period of time is considered to have come

from the same event. By the comparison of the relative strength of signals from all the
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tubes involved, a position for the event can be determined with much greater accuracy

than just the diameter of an individual tube. This is done by the use of an array or net-

work of resistors or capacitors which ‘weight’ the signal from each tube in proportion to

its position on the camera face in the X and Y axes.

Energy discrimination, or pulse height analysis is performed on the summed signal

for each event. This provides an energy spectrum for the events collected, and the dis-

crimination of different radioisotopes. For example, in a study using a single radioiso-

tope such as Technetium 99m, with a gamma photon energy of 140keV, an energy win-

dow may be used for collection of data. That is, any signals which have a total energy

(calculated using known constants of proportionality) falling within a certain range are

accepted, and those above or below are rejected. Those below are typically from scat-

tered events and background radiation, both of which it is advantageous to eliminate

(80,81,83-85).

Image correction, formation and storage

Image formation from a series of spatially localised, energy-binned events is required

before useful information can be gained from the gamma camera. This is usually pre-

ceded by corrections for static non-uniformities in the gamma camera system, and then

subsequently stored in some form.

Uniformity corrections are required due to several factors, including the response

characteristics of the photomultiplier tubes, which vary across the face of each tube and

can vary between tubes in a small, but detectable manner. Corrections can be applied by

the collection data using a flood field, a flat panel of uniform activity, which in the ideal

yields uniform results across the field of view of the camera. Any non-uniformities

which occur can be compensated for, and thus removed during a normal study acquisi-

tion.

Formation of an image can occur in either an analogue or digital manner, with the

exposure of photographic film or the storage of data by computer, which is now far

more common. Once stored digitally, the image can be viewed, stored and output in a

wide variety of formats (80,81,83,85).
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Figure 1-12: Basic components in a gamma camera showing A: collimator, B: scin-

tillation crystal, C: photomultiplier tubes and D: position and energy circuits

Figure 1-13: Schematic diagram of a collimator showing the solid angle of accep-

tance (θ)

System performance

Measures of the performance of a gamma camera system are necessary not only to make

meaningful comparisons between systems, but also to determine what factors influence

the image quality in an individual system. In an ideal system, all gamma photons emit-

ted would be detected, with the position of origin determined precisely without any

distortions being introduced by the imaging system. Clearly, this is not the case, with

the factors involved in the relatively poor photon capture discussed above. However,

once a photon has been captured, several important features of the gamma camera de-

termine the accuracy of the result.
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To enable the comparison of systems from different manufacturers, the National

Electrical Manufacturers Association (NEMA) has produced a series of publications that

outline a set of performance standards for scintillation cameras. The latest is the publi-

cation NU 1-1994 (86), from which several important performance characteristics have

been set out below.

Intrinsic spatial resolution is measured as the full-width at half-maximum (FWHM)

of a point or line spread function derived from a point or line source respectively, when

placed a known distance from the camera face, without the collimator present. Typi-

cally, this is measured by placing a point source of activity far from the camera face,

and with modern gamma cameras an intrinsic resolution of 3.0-4.5mm can be expected.

Extrinsic or system spatial resolution is similar to intrinsic, except that a collimator is

present, and the source of activity (usually a line source) is placed much closer to the

camera face (100mm). The degradation caused by a typical parallel hole collimator pro-

duces a FWHM value of 6-12mm at 10cm and worsens as the source is moved further

from the camera (collimator) face. Better resolution (FWHM values) can be achieved

with a collimator present, however this is usually at the expense of camera sensitivity.

Flood field uniformity is an important method of detecting irregularities in the re-

sponse characteristics of the camera across its face. These can be caused by such things

as differences between photomultiplier tubes and irregularities in the scintillation crystal

or for system uniformity, the collimator. This can be measured using either distant point

source or a closely applied uniform field, such as with a flood tank or sheet source.

Corrections for non-uniformities can be applied using the information collected from

a flood or point source to compensate in later clinical acquisitions, however changes do

occur day-to-day, due to external influences such as temperature and magnetic fields

and regular measurements are required. Modern gamma camera systems produce non-

uniformities of less than 5% over the entire camera face, and less than 3% in smaller

areas.

Linearity measurements, whilst a cause of non-uniformities in a gamma camera sys-

tem, are useful to consider separately. Linearity is important for localisation, shape and

the distribution of activity present in a particular area, and can be measured using line

sources placed relatively close to the camera face, noting any deviation from a line as

the output (80,81,83).
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Radioisotopes and radiopharmaceuticals

A large number of different radioisotopes and radiopharmaceuticals are used in the in-

vestigation of ventilation and perfusion defects in the lungs, and a tremendous number

exist for use in nuclear medicine in general, however only those in general use for ven-

tilation and perfusion imaging will be considered here.

Radioactive decay

Radioactive decay can occur in a number of different ways, depending upon the radio-

nuclide involved, however four important methods of energy release resulting from the

decay process are shown in Table 1-12. The emission of gamma photons is important

since these particles are able to escape the body of the patient being studies in sufficient

numbers, and the typical gamma camera is sensitive enough, such that effective imaging

can be performed. Alpha radiation is significant for its contribution to total absorbed

radiation dose to the patient (due to its high relative biological effectiveness). Together

with beta radiation, it does not significantly contribute to the imaging process (positron

emission tomography aside) since their range within body tissues is very small (typi-

cally much less than 5cm).

Table 1-12: Modes of emission of radiation

Name Symbol Radiation weighting factor (87) Range in water (mm) (88,89)
Alpha α 20 0.007 (for 1MeV)
Electron e- 1 4.2
Positron e+ 1 4.2
Photon γ 1 45 (for 140keV)*

* There is a probability that some photons will never be stopped, however the number of photons re-

maining is proportional to the linear attenuation coefficient of the material, for their energy, through

which they are passing.

The normal mode of radiation emission varies between radionuclides, and will be

discussed when individual agents are considered below (87-90).

Production of agents

Production techniques for the radionuclides used include reactor, cyclotron and genera-

tor, with the latter being by far the most convenient for use in a nuclear medicine de-

partment.
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Reactor production involves the neutron bombardment of an element, leading by a

variety of pathways to the subsequent production of radioactive isotopes. These path-

ways include the addition of a neutron to a proportion of the atoms involved, creating a

new isotope (equal number of protons, different number of neutrons). Difficulties arise

due to the inability to separate different isotopes, and so another mechanism becomes

important, when an isotope so produced undergoes beta decay, creating a new isobar

(equal atomic mass, different number of protons). The different element so produced

can then be separated form the original element for subsequent use.

Cyclotron production involved the production of charged particles, such as hydrogen

ions, which are directed to hit a target at very high velocities, and therefore with high

energy. These high-energy interactions can be used to cause a wide variety of nuclear

reactions, producing a large number of different radionuclides.

Generator production is necessary whenever a relatively short-lived radionuclide is

required, and a cyclotron is not available or practical. It is based upon the use of a long

half-life radionuclide, which decays to form a short half-life radionuclide for which

there exists a ready method of separation.

In the case of technetium 99m the parent radionuclide is molybdenum 99 which is a

reactor product with a half-life of 66.02 hours. Technetium 99m is eluted using normal

saline from a column upon which the molybdenum is adsorbed. It has a half-life of 6.02

hours with decay by isomeric transition releasing gamma photons with the majority of

energy 140keV.

Krypton 81m is also a generator product. Rubidium 81 is the parent, which is an ac-

celerator product with a 4.58-hour half-life. Krypton is eluted as a gas from the genera-

tor system, and has a half-life of 13 seconds, decaying by isomeric transition with the

release of gamma photons, the majority of which have energy 190keV.

From the definition: “Two nuclei having the same value for Z [number of protons]

and the same value for N [number of neutrons] but different nucleon configurations, as

a result of a nucleon being excited to a different energy state, are called ‘isomers’” (88),

both technetium 99m and krypton 81m are nuclear isomers, designated by the ‘m’, (rep-

resenting metastable) after the atomic weight (91,92). Technetium 99m is particularly

interesting because decay from its metastable state is almost entirely by the emission of

a 140keV gamma ray photon.
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Perfusion agents

Two radiopharmaceuticals are in common use for the investigation of perfusion defects

in the human lung, namely macroaggregated albumin and microspheres, of which the

former is the most commonly used (93,94). Both are labelled by technetium 99m, a

generator produced radioisomer. Some characteristics of each agent are shown in Table

1-13. Perfusion imaging is achieved by using these agents to cause microembolisation

of radiolabelled particles, the concentration of which is proportional to the regional

pulmonary arterial blood flow. Particle numbers are confined by the need to produce an

even distribution of activity throughout the lungs, whilst not significantly impeding

pulmonary blood flow. Thus if there are about 3x108 pulmonary arterioles which would

trap the particles, and in a typical study less than 5x105 are administered then there is a

ratio of 1000:1 of patent to temporarily embolised vessels.

Technetium 99m MAA (macroaggregated albumin) are particles of the range 10-

90µm, with the majority 10-40µm in diameter (95), formed by heating albumin in water,

then labelling with technetium 99m. These particles form a coarse dispersion which set-

tles with time, however when suitably agitated and injected into the venous circulation,

they travel to the lungs and lodge in the pulmonary capillaries and precapillary arteri-

oles (96). Early work demonstrated that the LD50 for MAA was more than 50 times that

required for typical V/Q scintigraphy, and the risks of cerebral emboli were minimal

(77).

The biological half-life of the MAA particles in the lungs is about 2-9 hours (65), and

differs from the radioactive half-life of technetium 99m (6 hours) since the particles are

broken down, transported elsewhere and then phagocytosed. MAA is favoured over MS

due to its simple preparation and low incidence of allergic reactions (94).

Technetium 99m MS (microspheres) are formed by the albumin being extruded into

hot oil (93) and are typically more uniform in size than macroaggregates (20-40µm di-

ameter).
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Table 1-13: Radiopharmaceuticals used in lung imaging (adapted from (97))

Perfusion Ventilation
99mTc

MS

99mTc MAA 133Xe 127Xe 81mKr 99mTc DTPA

aerosol

99mTc Techne-

gas

Size 20-40µm 10-90µm gas gas gas 0.25-2.0µm ~5nm

Number 1x105 4-5x105 NA NA NA NA NA

T1/2 6 hours 6 hours 5.25

days

36.4 days 13 sec 6 hours 6 hours

Origin generator generator reactor cyclotron genera-

tor

generator generator

Energy

(keV)

140 140 80 375

(22%)

203

(65%)

172

(20%)

190 140 140

Washout

imaging

NA NA Yes Yes No No No

Multiple

views

Yes Yes Difficult Difficult Simpler Easy Easy

Ventilation agents

A larger number of agents exist for imaging ventilation in the human lung, and can be

classified into radioactive gases, aerosols and so-called pseudo-gases (or fine particulate

clouds which can be inhaled). The latter two classes are labelled with technetium 99m.

Each class has its advantages and disadvantages, which will be briefly discussed below

and some of the features of which are shown in Table 1-13. Usage of particular agents

varies world-wide, with radioactive gases being more commonly used in the United

States, where Technegas is not available, and the converse is the case in Australia where

Technegas is in common use.

Significantly, there has not been any readily demonstrable difference found between

the variety of agents used for ventilation studies from a clinical perspective in making
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the diagnosis of pulmonary embolism (98). Other factors such as cost and availability

usually determine the agent used in each institution.

Radioactive gases

Xenon 133 is the most commonly used agent for ventilation studies in the United States

(46,94,99). Since it emits 80keV gamma photons, it is most efficacious to perform the

ventilation phase of a study first, as the scattered photons from remaining activity of

technetium 99m can obscure diagnosis if the perfusion study is performed first. It also

suffers from significant attenuation due to the relatively low gamma photon energy. The

use of xenon, as with the other true gases, requires a mask or mouthpiece for delivery

and a scavenging system for the exhaled gas.

A typical study includes an initial breath-hold view after deep inhalation of the gas,

aimed at providing a view of the large airways and shows areas of ventilatory distur-

bance. An equilibrium image (usually posterior) after about 4 minutes corresponds to

the aerated lung volume (46,94), and finally a series of ‘washout’ views as the gas is

blown off from the lungs is used to examine areas of poor clearance, with some centres

performing both early and late washout views (65). Areas of poor clearance appear as

‘hot-spots’ due to retained activity.

Xenon 127 is useful since the principle energy of gamma photons emitted is 203keV,

thus making it more suitable for performing the ventilation stage of the study after the

perfusion and is otherwise comparable to xenon 133. Its use is limited primarily by ex-

pense (65).

Krypton 81m is a generator-produced radionuclide with photon energy of 190keV,

making it suitable to study ventilation after the perfusion phase. Its limitations arise

from its short half-life (13 seconds) and its expense. The short half-life precludes its use

in assessing radiotracer washout, but it does allow for the acquisition of several views.

Radioaerosols and ‘pseudo-gases’

Technetium 99m DTPA (diethylenetriaminepentaacetic acid) is prepared as an aerosol by

the use of an ultrasonic nebuliser and yields particles which have an average diameter of

0.5–1.0µm through the use of a series of impaction and filter systems. This is delivered

to the patient using a continuous flow of oxygen at approximately 8L/min for 3-5 min-
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utes. The majority of the particulate deposition occurs at the level of the alveoli, show-

ing variations in regional ventilation and allowing imaging multiple views of the lungs.

Technegas is a dry dispersion of technetium 99m labelled carbon particles made us-

ing a generator system developed in Australia (100), and described as:

“a suspension of structured graphite ellipsoids with a diameter well below 10nm

with average diameter 5nm, labelled with 99mTc in a carrier gas of argon. Techne-

gas is formed by the initial evaporation of 99mTc sodium pertechnetate with the

subsequent sublimation of carbon from a disposable crucible graphite crucible at

~2500oC in argon. 99mTc atoms are lifted off with the crystalline layers of graphite

during the vaporisation.”

When inhaled, technegas particles are deposited in the alveoli, with little central air-

way deposition, and multiple views of the lungs can be obtained (96).

Pertechnegas is formed when the gaseous argon environment used in the Technegas

generator contains 3% oxygen. The resultant product is technetium 99m pertechnetate

(96), hence the name. Similarly to technegas, it is deposited in the alveoli but diffuses

through the alveolar-capillary basement membrane, allowing it to be used for lung per-

meability studies.

V/Q scintigraphy for the diagnosis of pulmonary embolism

The use of radionuclides in the investigation of pulmonary thromboembolic disease be-

gan with the use of perfusion agents alone. Although this method was sensitive, its

specificity was poor (65,99), for example “in patients with pulmonary emphysema, 95%

have some type of regional perfusion defect in the lungs” (65). Even so, before the in-

corporation of a paired ventilation study pulmonary scintigraphy began displacing the

‘gold standard’ of pulmonary angiography as the primary means of investigating the

presence of pulmonary emboli and it has proven to be “more accurate than any other

non-invasive method and is safe and technically simple enough to be used widely” (94).

With the introduction of ventilation imaging, as suggested by Wagner et al. in 1968

(101), the comparison of regional perfusion and ventilation was possible. It was found

that matched abnormalities (decreased perfusion and decreased ventilation) were less

likely to be due to pulmonary emboli than unmatched abnormalities (decreased perfu-

sion with preserved ventilation) (102), and thus the specificity of V/Q scintigraphy was

improved.
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Table 1-14: Causes of different defects on lung scintigraphy

Mismatched defects Matched defects

Few radiographic

changes

Radiographic changes Few radiographic

changes

Radiographic changes

Vascular occlusive Restrictive disease Obstructive disease Airspace occlusion

pulmonary emboli fibrotic diseases emphysema pneumonia

pulmonary vasculitis bronchitis pulmonary infarction

extrinsic vascular

compression

bronchiectasis

congenital abnormali-

ties

asthma

The logistics of a typical clinical study vary depending upon the agents used, and the

preferences of the clinicians involved. In the case of Technegas and technetium 99m

MAA, the ventilation study is normally performed first, providing either six or eight

views, each with around 100,000 counts. This is followed by the perfusion study, in

matched views and provides approximately 500-750,000 counts per view. Centres using

xenon 133 may vary this protocol, performing the perfusion study first so that the ap-

propriate ventilation projections can be acquired later. This however may cause prob-

lems with remnant technetium 99m activity from the MAA creating low energy scatter

photons, which can be mistaken for the lower energy xenon 133 photons.

The comparison of ventilation and perfusion studies, together with a recent chest X-

ray provides significant, diagnostically useful, information. Thus the description that

“the scintigraphic hallmark of PE is large, wedge-shaped, pleural based perfusion de-

fects in areas that ventilate normally and are radiographically clear” (103).

Patterns that are seen on lung scintigraphy can be considered in three classes, those

causing mismatched defects, matched defects and reverse mismatched defects (in which

there is relative preservation of perfusion and decreased ventilation). Some causes of the

first two types are shown in Table 1-14. Figure 1-14 to Figure 1-16 show examples of a

normal V/Q scintigraphic study, one from a patient with a high probability of pulmonary

emboli and one from a patient likely to have paremchymal disease.
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Perfusion defects can be segmental, sub-segmental or non-segmental in their distri-

bution. Pulmonary emboli commonly cause segmental or sub-segmental defects in per-

fusion, as can vasculitis. However interstitial or parenchymal lung diseases are not re-

stricted to the boundaries of bronchopulmonary segments and thus may demonstrate

non-segmental perfusion defects.

Interpretation criteria

Through several studies over more than fourteen years, a variety of criteria were devel-

oped for the diagnostic interpretation of V/Q scintigraphy, providing a formal basis

upon which to interpret the results of patient studies (1,2,104-108).

Shown in Table 1-15 to Table 1-18 are the diagnostic criteria used by several groups.

As can be seen from the tables, correlation of V/Q scintigraphy findings with a recent

chest X-ray (preferably in the last 24 hours) is considered very important. This allows

the explanation, and thus exclusion of lesions that may otherwise be considered as diag-

nostic for PE, such as a pleural effusion or massive cardiomegaly.

Most diagnostic criteria were developed by the retrospective comparison of V/Q

scintigraphy findings with those of pulmonary angiography in the same patients. How-

ever, in the case of the Prospective Investigation of Pulmonary Embolism Diagnosis

(PIOPED) study (108), the criteria were developed and then prospectively validated in

the largest series performed to date (933 people). Later refinements to the PIOPED cri-

teria were reported in a thorough analysis of the study outcomes (1,2), and have since

been validated using a separate cohort of 104 patients (109).

Even considering the different approaches for the development of the criteria, little

difference is to be found between them for the meaning of the diagnostic categories

(high, intermediate, low and normal) when judged by the likelihood of pulmonary em-

bolic disease in each case (see Table 1-19).
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Table 1-15: Normal or very low probability criteria for PE in V/Q scintigraphy, showing the classifica-
tion of the size of subsegmental defects for each scheme

Biello 1979 (104) Biello 1987 (105) PIOPED 1990 (108) Revised PIOPED 1993 (1,2)
Normal Q Normal Q Normal Q Normal Q

Q outlines exactly the shape of the
lungs as seen on CXR

Q outlines exactly the shape of the
lungs as seen on CXR

Hilar and aortic impressions may
be seen

Hilar and aortic impressions may
be seen

CXR and/or V may be abnormal CXR and/or V may be abnormal
Small: <25% defect Small: <25% defect Small: <25% defect Small: <25% defect
Mod: 25-90% defect Mod: 25-90% defect Mod: 25-75% defect Mod: 25-75% defect
Large: > 90% defect Large: > 90% defect Large: > 75% defect Large: > 75% defect

CXR - Chest X-ray; mod - moderate; seg - segmental; Q - perfusion; V - ventilation; N - normal; AbN - abnormal; < - less
than; << - much less than; > - more than; >> - much more than

Table 1-16: Low probability criteria for PE in V/Q scintigraphy

Biello 1979 (104) Biello 1987 (105) PIOPED 1990 (108) Revised PIOPED 1993 (1,2)
Small V/Q mismatches Small V/Q mismatches Non-segmental Q defects Non-segmental Q defects
Focal V/Q matches with no
corresponding CXR AbN

Focal V/Q matches with no
corresponding CXR AbN

Single mod mismatched seg Q
defect with N CXR

Any Q defect << CXR AbN

Q defects << CXR AbN Q defects << CXR AbN Any Q defect << CXR AbN Any number of small Q defects with
a N CXR

Large or mod seg Q defects in-
volving ≤ 4 seg in 1 lung and ≤ 3
seg in 1 lung with matching V ≥
in size and CXR either N or with
AbN << Q defects

Q defects matched by V AbN pro-
vided that CXR N & some areas of N
Q in the lungs

≤ 3 small seg Q defects with N
CXR

Table 1-17: Intermediate probability criteria for PE in V/Q scintigraphy

Biello 1979 (104) Biello 1987 (105) PIOPED 1990 (108) Revised PIOPED 1993 (1,2)
Diffuse, severe airway ob-
struction

Diffuse, severe airway obstruc-
tion

Not falling into N, very low, low
or high probability categories

1 mod to 2 large mismatched seg Q
defects or the arithmetic equivalent in
mod or large + mod defects

Matched Q defects and CXR
AbN

Matched Q defects and CXR
AbN

Borderline high or borderline low Single matched V/Q defect with N
CXR

Single mod V/Q mismatch
with N CXR

Single mod V/Q mismatch Difficult to categorise as high or
low

Difficult to categorise as low or high
or not described as low or high

Single large V/Q mismatch

Table 1-18: High probability criteria for PE in V/Q scintigraphy

Biello 1979 (104) Biello 1987 (105) PIOPED 1990 (108) Revised PIOPED 1993 (1,2)
Q defects >> CXR AbN Q defects >> CXR AbN ≥ 2 large seg Q defects without

corresponding V or CXR AbN or
>> than either matching V or
CXR AbN

≥ 2 large mismatched seg Q defects or
the arithmetic equivalent in mod or
large + mod defects

≥ 1 large V/Q mismatches
with no corresponding CXR
AbN

≥ 2 large V/Q mismatches with
no corresponding CXR AbN

≥ 2 mod seg Q defects without
matching V or CXR AbN and 1
large mismatched seg defect

≥ 2 mod V/Q mismatches with
no corresponding CXR AbN

≥ 2 mod V/Q mismatches with
no corresponding CXR AbN

≥ 4 mod seg Q defects without V
or CXR AbN
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In the PIOPED study, it was found that the combination of a high clinical suspicion

and high probability V/Q scintigraphy was highly predictive for the presence of pulmo-

nary emboli. Equally a low clinical suspicion with low or normal probability V/Q scin-

tigraphy almost excluded the presence of the disease (108). However, these situations

only occurred in the minority of cases, 29/933 (3.3%) and 61/933 (6.9%) respectively

(see Table 1-20).

Table 1-19: Probability (%) of PE obtained with different criteria for the interpre-

tation of V/Q scintigraphy for PE (adapted from (103))

Probability of PE Biello 1979 Biello 1987 PIOPED 1990
High 87-92 90 87
Intermediate 20-33 30 30
Low 0-8 10 14
Normal 0 0 0

Table 1-20: Correlation of V/Q scintigraphy categorisation of probability of PE
with the clinical assessment in the PIOPED study, shown as the percentage of
cases in which had pulmonary emboli for each combination of clinical and
scintigraphy results and the (percentage of patients in each category)
(adapted from (108))

Clinical assessment of probability (%)
Study category 80-100 20-79 0-19
High 96 (3.3) 88 (9.0) 56 (1.0)
Intermediate 66 (4.6) 28 (26.6) 16 (7.7)
Low 40 (1.7) 16 (21.5) 4 (10.1)
Normal 0 (0.6) 6 (7.0) 2 (6.9)

Table 1-21: Area under the ROC curve and standard error for different reporting

criteria (from (109))

Category Area under ROC curve Standard error
Hospital report 0.584 0.058
PIOPED criteria 0.650 0.065
Revised PIOPED criteria 0.753 0.050
Gestalt probability 0.836 0.056

An important finding from the retrospective analysis of the PIOPED data is shown in

Table 1-21. The area under the receiver operator characteristic (ROC) curve was calcu-

lated using different diagnostic reports and different criteria. This is a measure of the

combined sensitivity and specificity of a diagnostic method, and can vary from zero (in
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the worst case) to one (for the perfect case). The original PIOPED criteria were an im-

provement over the initial hospital report and the modified PIOPED criteria were again

an improvement. Significantly, the ‘gestalt’ probability of the presence of pulmonary

embolism, as determined by the overall judgement of the experienced nuclear medicine

observers was found superior to all other methods assessed. This result would imply that

factors that are not included in the reporting criteria continue to play an important role

in the accurate diagnosis of pulmonary embolism.

Table 1-22: Comparison of V/Q scintigraphy category with angiogram findings

(from (108))

Category Sensitivity % Specificity %

High 41 97

High or intermediate 82 52

High, intermediate or low 98 10

Sensitivity and specificity for the diagnosis of pulmonary embolism using the origi-

nal PIOPED criteria, when calculated using ‘truth’ as judged by pulmonary angiography

are shown in Table 1-22. This illustrates the relatively poor performance of V/Q scintig-

raphy in detecting the presence of pulmonary emboli if only the category of ‘high prob-

ability’ is used. However when other categories are included, false positive diagnoses

must occur, which can place the patient at some risk due to the treatment of pulmonary

emboli.

Several characteristics of the method of interpretation of V/Q scintigraphy in the

PIOPED study are important to note. When assessing the presence of a ventilation or

perfusion defect, ‘down is out’. That is, a reduction in count density in one area of the

scan is considered to represent a complete defect of that area and a defect had to be seen

in more than one view before it was considered to be present. The ‘stripe sign’ (preser-

vation of a peripheral band or strip of activity) was used to rule out the presence of em-

bolic disease, and the use of a recent chest X-ray was considered vital.

Comparison with pulmonary angiography

Pulmonary angiography is seen as the ‘gold standard’ for the diagnosis of pulmonary

embolism, since confirmation at autopsy is not routinely available and even so, the time
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between initial suspicion of pulmonary emboli, investigation using other techniques and

death can alter the pathology eventually found. It was used as the basis for the assess-

ment of the criteria proposed in the PIOPED study, in which pulmonary angiograms

were completed in 1099 patients out of the 1487 who had undergone V/Q scintigraphy.

 “Angiography should be done when the lung scan is inconclusive, technically inade-

quate, or if there is a marked disparity between the clinical impression and the nuclear

medicine study” (110). Other authors suggest that it should be used when the risks asso-

ciated with anticoagulation are particularly high, such as may be the case following sur-

gery, with peptic ulcer disease or in the case of prior complications with anticoagulants

(46). However, it is not without its limitations. There is a low though not negligible

complication rate with associated morbidity and a small, though measurable mortality.

In the PIOPED study there was a 0.5% rate of deaths directly attributable to pulmonary

angiography, 1% rate of serious complications and 5% of minor complications.

Table 1-23: Comparison of V/Q scintigraphy and pulmonary angiography (from
(97))

V/Q scintigraphy Pulmonary angiography
Simple to perform Difficult to perform
Easy to repeat Difficult to repeat
Safe Occasional serious complications
No morbidity Some morbidity
Sensitive Less sensitive
Non-specific Much more specific

A comparison of some of the features of V/Q scintigraphy and pulmonary angiogra-

phy is shown in Table 1-23. It is worthy of note that in Australia relatively few angio-

grams are performed, and perhaps accordingly more patients who are found to have a

V/Q scintigraphic study result of intermediate probability for pulmonary embolism are

treated with anticoagulants.

Conditions confused with pulmonary embolism on V/Q scintigraphy

Many different conditions can be confused with pulmonary embolism when it is inves-

tigated using V/Q scintigraphy, some of which are listed in Table 1-24, fortunately most

are relatively uncommon (94). The pathophysiology of these conditions involves the

lumen, the vessel wall or the surrounding tissue and results in an unmatched perfusion

defect.
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One of the most common causes for confusion, and thus the false diagnosis of pul-

monary embolism, is previous pulmonary emboli (99). In the PIOPED study, in the ab-

sence of a history of pulmonary emboli, the positive predictive value of a ‘high prob-

ability’ V/Q scintigraphic study was 91%, whereas it dropped to 74% if there had been

such a history. Other studies have shown incomplete resolution of pulmonary emboli as

seen on V/Q scintigraphy in up to 35% of patients(64). Thus it is considered difficult to

accurately make the diagnosis of recurrent pulmonary embolism on V/Q scintigraphy

alone, without an intervening period of up to 3 months, and documented stability in V/Q

scintigraphic findings (94,99).

Table 1-24: Conditions causing mismatched defects on V/Q scintigraphy, apart
from pulmonary thromboembolism (from (97,111) and others as listed)

Vasculitis Vascular
anomalies

Malignancies Lung disease Miscellaneous

Radiation therapy Vascular compression Bronchogenic carci-
noma

Dog heartworm Cardiac failure

Collagen vascular
disease

Arteriovenous malfor-
mation (112)

Malignant fibrous his-
tiocytoma (113)

Tuberculosis /
histoplasmosis

Sickle cell anaemia

Tuberculosis Mitral valve disease Metastases Pneumonia Wedged Swan-Ganz
catheter

Takayasu’s arteritis
(114)

Pulmonary veno-
occlusive disease

Lymphangitic carcino-
matosis

Emphysematous
bulla

Haemangioendothelio-
matosis

Pulmonary artery sar-
coma

Idiopathic pulmo-
nary fibrosis (115)

Asthma, including mu-
cous plugging (116)

Tumour emboli Sarcoidosis
Previous PE
Hiatus hernia

In addition to the conditions that can confuse the diagnosis of pulmonary embolism

discussed above, several important causes of massive loss of perfusion to one lung are

listed in Table 1-25.

Table 1-25: Differential diagnosis of massive loss of perfusion to one lung (from
(97))

Pulmonary embolism
Bullous emphysema
Carcinoma of the lung
Metastases
Atresia of a pulmonary artery
Pneumonectomy
Pleural effusion
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2. REPORTING OF PULMONARY SCINTIGRAPHY BY

NUCLEAR MEDICINE PHYSICIANS

Precis
A database of ventilation/perfusion (V/Q) scintigraphic studies was collected

at a metropolitan university teaching hospital nuclear medicine department. V/Q

scintigraphy formed a significant proportion of the total throughput of the de-

partment of approximately 4000 studies per year. The intention of the database

was to provide a resource for further analysis of reporting practices, including

interobserver agreement. If sufficient interobserver agreement was present then

the database may have provided a surrogate for the lack of available pulmonary

angiography studies.

Whilst significant numbers of scans were collected during the study period,

providing important demographic and risk factor data, the investigation of re-

porting proved difficult. Interobserver agreement, by experienced nuclear medi-

cine physicians, was generally poor. This necessarily precluded any reliance

upon the accuracy of the V/Q scintigraphy reports in the absence of pulmonary

angiographic confirmation.

Alternate methods of providing a reference set of studies for the investigation

of pulmonary embolic disease using ventilation/perfusion scintigraphy are

therefore required. Construction of a suitable simulated dataset, whilst previously

attempted in vivo, remains impractical for the provision of a comprehensive re-

source suitable for teaching and basic research.
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Introduction

Ventilation/perfusion (V/Q) scintigraphy is a common procedure, representing perhaps

one quarter of the workload of a teaching hospital practice in nuclear medicine (at the

institution at which the author worked). The practice of study collection and reporting is

governed by the major findings of the Prospective Investigation of Pulmonary Embo-

lism Diagnosis (PIOPED) study (1,2), which are quite complex. One difficulty is that

there are other criteria, such as Biello (105) and McNeil (106), which conflict in part

with the PIOPED criteria, giving the potential for disagreement in the reporting of some

clinical studies (117). This is significant enough to warrant a recent editorial in a major

journal (118).

Accurate reporting is predicated upon knowledge of segmental anatomy and the rec-

ognition of the size of segmental defects. This is also balanced by an appreciation of the

significance of the pre-test probability of pulmonary embolic disease for each patient.

The development of a ‘gold standard’ suitable for investigating pulmonary embolic dis-

ease as seen in pulmonary scintigraphy and for use as a teaching tool is vital.

Whilst datasets such as that collected during the PIOPED study exist, access is diffi-

cult outside the original investigative group. Even so, these are not available in a digital

form, accompanied by sufficient clinical data to provide a basis for assessing the pre-

test probability of pulmonary embolic disease.

Collection of such a dataset is possible in the setting of a large teaching hospital in

which a sufficient throughput of patients is seen on an annual basis. The basis of this

study is to develop a suitable, digital dataset of pulmonary scintigraphy, accompanied

by useful clinical data.

Methodology

Compilation of a suitably detailed database of information involved both the collection

of pre-test probability data and the collation of digital image information, together with

subsequent blinded reporting of studies by experienced nuclear medicine physicians.

Data collection

Data collection took place in several stages for each patient. Initially pre-test probability

information was collected, followed by cross-referencing with information from the
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medical records department. Once the V/Q scintigraphic study was complete, the data

was transferred to a different computer system for archive and the header information

was automatically added to a database.

Pre-test probability data was collected by either a nuclear medicine physician or a

senior registrar in the department, using a standard reporting form (see Appendix 3).

This included some demographic details as well as risk factors for deep venous throm-

bosis (DVT) or pulmonary embolism (PE). Additional details regarding previous inves-

tigations were also collected.

Each set of pre-test probability data was cross-referenced to hospital medical records

to ensure accuracy in tracing the medical record number (MRN), date of birth (DOB)

and simple admission details. This was necessary since several patients often had the

same name, as well as some having had multiple examinations.

Collection of patient studies followed the standard department protocol, involving a

ventilation study with Technegas (700 MBq in generator, inhaled until ~3000cps) fol-

lowed by a perfusion study with 99mTc labelled micro-albumin aggregate (MAA)

(180MBq). For each study, six views were collected (anterior, posterior, both laterals

and both posterior obliques) using a Siemens Diacam single-headed gamma camera.

The average counts were 100K/view in the ventilation stage and 500-700K/view in the

perfusion stage.

Conversion of the digital study data from MicroDelta format (Siemens AG, Ger-

many), stored on a MicroVax computer (Digital Equipment Corporation, Maynard MA,

USA), to a form suitable for use on a IBM-PC based platform was performed using

software written in Visual Basic (Microsoft, Redmond WA, USA). See Appendix 2 for

relevant source code excerpts and file format information.

Automatic entry of study information into a database (written in Access, from Micro-

soft, Redmond WA, USA) was performed using software written in Visual Basic (see

Appendix 2). This included indexing of information contained within the header of each

image file regarding the patient and the date of the study, as well as pertinent study pa-

rameters.

Once all pre-test probability data was entered into the database, records were cross-

checked to further ensure data integrity. This checked for the presence of matching

MRN and study dates in both the image header file and the pre-test probability. If a con-
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flict was found, it was reconciled using information from medical records or the record

was discarded.

Reporting

Three nuclear medicine physicians of comparable experience performed the reporting.

Each had been active in a teaching hospital practice at consultant level for more than

five years. Reporting took place on-screen in subdued lighting under reproducible con-

ditions with the observers being blinded to any patient information.

To abrogate the possibility of variations in reporter performance due to fatigue, re-

porting was performed in small batches, of no more than ten V/Q scintigraphic studies

at a time. On occasion, a single observer would report more than one batch in one day,

but always with a sufficient break between sessions.

Multiple observers were used to report each study, blinded to one another’s re-

sponses, as a surrogate for the use of pulmonary angiography. This was done since pul-

monary angiography was not readily available in the institution in which the study took

place. In contrast to the number of V/Q scintigraphic studies performed each year, there

were very few pulmonary angiograms performed, an example of which is shown in Fig-

ure 2-1. The accompanying V/Q scintigraphic study and chest x-ray are shown in Fig-

ures 2-2 and 2-3 respectively.

Those studies in which a complete set of data was present, with no contradictory

data, were reported first. This was done using a standardised reporting form as shown in

Appendix 3. All details were then added to the database mentioned above.

Results

Collection of data took place over a twelve-month period, during which time 960 V/Q

scintigraphic studies were performed. The total number of studies performed in the de-

partment for the same period was approximately 4,000.

Of those 960 studies, digital ventilation and perfusion data was recoverable for 690.

Loss of data was predominantly due to variations in backup procedures during the data

collection period. Over the same period, 543 patients had comprehensive pre-test prob-

ability data collected. Correspondence between the two subsets provided 320 studies for

which there was both complete pre-test data and digital V/Q data.
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Of the 320 complete sets of data, 120 studies were reported by at least two observers.

Exactly two observers reported 109 studies, whilst 3 reported 10 more and one study

was reported five times. The final case included two reported each for two clinicians.

Demographic data

Basic demographic data for each sub-group is shown in Tables 2-1 to 2-4. There was no

significant difference found between the mean age of each group (minimum p-value

was >0.38), nor in the proportion of males and females present in each group (minimum

p-value >0.32). A visual comparison of the ages within each group is shown in the his-

togram in Figure 2-4.

Table 2-1: Demographics only, present for 960 patients.

All (960) Males (48.9%) Females (51.1%)
Mean age 68.2 67.6 68.8
SD 14.9 14.5 15.3
Range 85 85 85
Minimum 15 15 15
Maximum 100 100 100

Table 2-2: Pre-scan patient surveys completed for 543 patients.

All (543) Males (49.7%) Females (50.3%)
Mean age 68.9 67.4 70.5
SD 14.6 15.2 13.8
Range 85 85 85
Minimum 15 15 15
Maximum 100 100 100

Table 2-3: Pre-scan patient survey with V/Q scintigraphic study completed for 320

patients.

All (320) Males (46.3%) Females (53.7%)
Mean age 68.8 66.7 70.6
SD 15.1 15.7 14.4
Range 85 84 85
Minimum 15 16 15
Maximum 100 100 100
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Table 2-4: Complete data, including report by at least two clinicians present for

120 patients.

All (120) Males (46.7%) Females (53.3%)
Mean age 68.1 67.3 68.8
SD 15.7 16.0 15.6
Range 85 77 85
Minimum 15 23 15
Maximum 100 100 100

Pre-test probability data

For the 543 people for whom there was a completed pre-test survey, certain further

demographics are available. These can be divided into risk factors and physical signs,

symptoms and prior investigations.

Risk factors include previous pulmonary embolic disease (none in 80.5%, possible in

6.4% and considered definite in 13.3%), recent surgery (28.4%) or immobilisation

(32.4%). In others, there was a history of cancer (23.8%) or congestive cardiac failure

(32.8%). No patient was within two months post-partum, whilst a large number were on

one or more drugs significant in pulmonary embolism (PE) (37.4%).

Smoking was unknown in 29.5%, however for the remainder 27.8% had never

smoked, 35.7% had ceased and 7.0% were currently smoking. Of those who had ceased,

22.2% had done so in the previous month and 32.5% in the previous year.

Symptoms and signs included shortness of breath (present in 78.3%), pleuritic chest

pain (35.4%) and haemoptysis (6.3%). Clinical signs of a deep venous thrombosis

(DVT) were present in 17.1%. Tests performed prior to V/Q scintigraphy included arte-

rial blood gas analysis (ABG) in 65.4%, a chest x-ray within the previous 24hrs (54.3%)

and venous duplex Doppler studies (10.3%). For those with a recent chest x-ray, 8.8%

were considered normal, 6.8% showed old changes whilst 84.4% showed a recent ab-

normality. Duplex Doppler studies were considered positive for DVT in 58.9% of cases.

Gestalt assessment of risk of PE, tabulated by category, is shown in Table 2-5. Cer-

tain categories were preferred by clinicians, particularly the moderate risk group in

which 28.9% of patients were placed.
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Table 2-5: Categorisation of the Gestalt probability of PE judged in the pre-test as-

sessment.

Category Percentage
Unknown 12.5%
Low 8.5%
2 6.4%
3 12.2%
4 0.7%
Moderate 28.9%
6 0.3%
7 14.5%
8 7.0%
9 0.7%
High 6.3%

Correlation analysis was performed on a selection of the risk factors, signs, symp-

toms and tests recorded in the pre-test survey using Statistica (Statsoft, Tulsa OK,

USA), the results of which are shown in Tables 2-6 and 2-7. Results with a correlation

of ≥ |0.09| were significant.

Table 2-6: Correlation analysis for some pre-test survey information. Entries in

bold signify a significance level of p<0.05. The upper right portion of the cor-

relation matrix has been omitted for clarity, since it duplicates that present in

the lower left portion. An explanation of each category code is shown in Table

2-7.

1 2 3 4 5 6 7 8 9 10 11 12 13 14
1 1.00
2 0.11 1.00
3 0.04 0.12 1.00
4 -0.04 0.04 -0.05 1.00
5 0.10 0.02 -0.09 0.36 1.00
6 0.02 -0.14 -0.01 0.07 0.01 1.00
7 0.20 0.05 -0.03 -0.07 0.14 -0.15 1.00
8 -0.15 -0.13 -0.12 -0.10 -0.08 0.01 -0.06 1.00
9 0.17 -0.03 0.03 -0.06 0.13 0.00 0.15 -0.05 1.00
10 -0.24 -0.01 -0.03 0.02 -0.07 0.05 -0.14 0.02 -0.09 1.00
11 -0.07 -0.09 -0.09 -0.06 -0.06 0.03 0.07 0.04 -0.03 -0.03 1.00
12 -0.07 0.04 0.03 -0.02 0.02 0.00 -0.07 0.00 -0.12 -0.03 -0.06 1.00
13 0.13 -0.02 -0.07 -0.01 0.04 0.00 0.09 -0.06 0.12 0.06 0.02 -0.03 1.00
14 0.01 0.05 0.29 0.15 0.06 0.12 -0.01 -0.04 0.07 0.13 0.09 0.24 0.12 1.00
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Table 2-7: Explanation of category codes used in Table 2-6.

Code Explanation
1 Age at study
2 Gender
3 Previous PE
4 Recent surgery
5 Immobilisation
6 Cancer
7 CCF severity
8 Smoker
9 SOB severity
10 Pleuritic pain severity
11 Haemoptysis severity
12 DVT sign significance
13 CXR
14 Gestalt pre-test

Results from reporting

In 120 studies, reports from at least two clinicians were recorded. For 109, they were

reported by two observers, 10 by three and 1 by five. A summary of the agreement be-

tween observers is shown in Table 2-8 for both the group of ten and the group of 109

studies.

Agreement for the assessment of scan quality, Gestalt probability of the presence of

PE and categorisation using PIOPED criteria was generally poor. This improved consid-

erably with the accommodation of a range of closely ranked results. For example, as-

sessment of scan quality was performed on a five point scale, from unreportable to per-

fect. In no case did all three observers agree perfectly, however within a range of one

category, there was a 40% agreement. Similarly for the case of two observers, the re-

sults improved from 26.6% to 81.7% agreement within one category.

Gestalt assessment of the probability of PE was performed using a percentage scale,

with reporters able to indicate in 1% units. Thus, the poor result for perfect agreement is

hardly surprising. However by providing a 5% range for agreement, there was 48.6%

agreement for two observers. In several cases, though, the reporters’ assessment differed

by more than 50%.

Categorisation using the (modified) PIOPED criteria was based upon each observer’s

understanding of the criteria, and provided perfect agreement below 50%. The catego-

ries available were normal, very low, low, intermediate, high and indeterminate.

Examples of scans reported are shown in Figures 2-5 to 2-7.
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Table 2-8: Comparison of the agreement of reporters for scan quality, gestalt prob-

ability and categorisation using the reporters understanding of the PIOPED

criteria.

10 studies with
3 clinicians

109 studies with
2 clinicians

Scan quality
Agreement 0 (0%) 29 (26.6%)
Range <=1 4 (40%) 89 (81.7%)

Gestalt probability
Agreement 3 (30%) 11 (10.1%)
5% range 3 (30%) 53 (48.6%)
10% range 6 (60%) 74 (67.9%)
Range > 50% 1 (10%) 4 (3.7%)

PIOPED category
Agreement 4 (40%) 36 (33.0%)
Range 1 6 (60%) 62 (56.9%)
Range > 3 1 (10%) 2 (1.8%)

Discussion

Over the course of one year nearly 1000 patients underwent V/Q scintigraphy. This is in

the context of approximately 50,000 admission per year in this metropolitan, university

teaching hospital (Concord Repatriation General Hospital).

The average age of patients’ studies is higher than would be expected from previous

large-scale studies, but with a smaller sex bias. For example, the PIOPED study had an

average age of 56.1yr and the patients were 45% male (108). This may largely be due to

the overall aging of the Australian population in the intervening period of 10 years.

Although only a proportion of total population investigated were finally studied, the

marked similarities in demographic distribution and lack of significant difference in age

and sex distribution suggest that each sub-group is sufficiently representative of the

whole group.

The relatively high percentage of people with no prior history of PE (80.5%) sug-

gests that this group is not one of chronic re-presenters. Virtually all the common risk

factors for PE are represented in this group, with around a third people having each in-

dividual factor. Correlation analysis of the results provides some interesting associa-

tions. The level of significance of correlation suggests which factors played the largest

role in determining the Gestalt pre-test probability of PE: previous PE, recent surgery,

cancer, severe pleuritic chest pain, notable signs of a DVT and chest x-ray changes.
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Other correlations between increasing age, immobilisation congestive cardiac failure

and severe shortness of breath are not surprising. There was also an association between

increasing age, chest x-ray changes and the severity of shortness of breath and pleuritic

chest pain.

Appreciation of the risk factors is important in coming to any judgement regarding

the pre-test probability. This is in turn vital in coming to any conclusions whilst reading

the final scans in normal clinical practice, particularly in the case of intermediate prob-

ability V/Q scintigraphy. In patients with an intermediate probability study, there is the

choice of moving onto a pulmonary angiogram, not freely available in most Sydney

teaching hospitals, looking at duplex Doppler venous studies or referring back to the

pre-test probability and assigning a decision for treatment.

Signs of a DVT were present in a minority of people, as was the case for several of

the other signs assessed, supporting the poor specificity of individual clinical signs in

the assessment of PE (25,47), however in combination their sensitivity and specificity

has been found to improve (47).

The importance of the chest x-ray in helping to exclude the diagnosis of PE has been

noted in the literature (55), although by itself it is unable to provide sufficient informa-

tion for a positive diagnosis of PE to be made. In particular, if chest x-ray abnormalities

substantially exceed the perfusion abnormalities in size, the study is attributed to the

low probability group (1,2). The presence of chest x-ray abnormalities with a normal

perfusion study is still considered normal (109).

Although only 10 studies were reported by three observers, the rates of agreement

were poor, even when the range of acceptable agreement was extended. When reported

instead by two experienced nuclear medicine physicians, the rates of agreement im-

proved, though complete agreement was by no means remarkable.

The reporters ability to apply the PIOPED criteria, as assessed by the agreement in

the assessed category was also poor, consistent with recent literature (119,120) sug-

gesting that even with training in consensual reporting, rates of agreement may still be

disappointing.

Conclusion

Pulmonary scintigraphy remains an important and common procedure in both hospital

and private practice, representing approximately one quarter of the workload in a met-
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ropolitan teaching hospital nuclear medicine department (Concord Hospital – 960 of

~4000). It appears to be reported with a large degree of inaccuracy and interobserver

disagreement.

Basic questions remain regarding the actual segmental anatomy of the lungs, the size

of segments and the importance of the detection of pulmonary embolic disease in the

bases of the lungs, where the majority of disease is said to occur (121).

Whilst an attempt was made to construct a reference database from clinically ac-

quired data, this was necessarily abandoned when preliminary results of reporter agree-

ment were found to be highly variable. The marked variability of the results utilising

three observers suggests that the accurate development of a clinical ‘gold standard’

would be impossible. Thus, other routes have to be investigated, such as the production

of a suitable simulated model of pulmonary scintigraphy in which segmental and sub-

segmental defects can be introduced in a controlled and reproducible manner.
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Figure 2-4: Histogram comparing the age distribution within each sub-group of

patients analysed.
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3. INVESTIGATION OF THE SEGMENTAL ANATOMY OF THE

HUMAN LUNG USING GELATIN EMBEDDED SECTIONS

Precis
An investigation of the complex boundaries between adjacent lobes and seg-

ments in human cadaveric lungs was undertaken to provide information for the

later construction of a three-dimensional model of the segmental and subseg-

mental anatomy of the human lungs.

This was performed by analysing scanned thin sections of the lungs after col-

our-coded gelatin had been injected into segmental bronchi and the lungs em-

bedded in gelatin and frozen. The resulting images provided information re-

garding the pattern of boundaries present between both lobes and segments.
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Introduction

In order to investigate a pulmonary disorder such as pulmonary embolism using com-

puter simulations, the boundaries between lobes, segments and subsegments need to be

delineated. Existing studies have investigated the surface projections of segments, and

variations in bronchopulmonary anatomy (122-125). These were performed using injec-

tions of coloured gelatin solutions and dissection of the bronchopulmonary tree. Thus,

the extant information is comprised of the external projection of each segment and by

the thorough work of Boyden et al. (126), of the relative prevalence of different internal

arrangements of segments and subsegments. Further information regarding the complex

boundaries between segments is unavailable from the current literature and is essential

before simulations of defects based on the emission of photons from segments or sub-

segments can be performed.

Sectional anatomy can provide the necessary information to identify the internal

boundaries between lobes and segments that surface projections cannot provide. The

present study investigates sectional anatomy using the injection of coloured gelatin, se-

rial sections and digitisation of human cadaveric lungs. It aims to provide data for the

construction of a coherent three-dimensional model of the arrangement of segments in

the human lung, in terms of surface projections and the complex internal boundaries.

The work reported in this section was performed in collaboration with Peter Chicco.

Methodology

The investigation took place in several stages, involving the initial preparation and dis-

section of the human lungs (obtained from the School of Anatomy, University of New

South Wales). The lungs had been dissected out of the embalmed cadavers and stored,

prior to use. These specimens were injected with colour coded gelatin and embedded in

a block of gelatin. The lungs were then sectioned on a microtome with the resulting

sections being digitised at high resolution and the images processed to improve contrast

and clearly delineate lung from non-lung structures.

Lung preparation: Freshly removed lungs from cadavers (donated to the School of

Anatomy at the University of New South Wales, Sydney, Australia), embalmed in 5%

formalin were obtained from individuals who had no history of significant pulmonary
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disease. The lungs were complete, with no tears, pleural blebs or obvious scarring.

There were a few carbon deposits visible on the pleural surfaces of the lungs, which

were very compliant, compared with fully embalmed lung tissue.

Residual formalin was washed out from the lung tissue with water, and the pleural

surfaces were cleaned. Water was gently injected into the main bronchus, inflating the

lungs using only moderate pressure and checking for leaks. This process helped evacu-

ate much of the residual air in the lungs. The lungs were placed in individual containers

overnight in water, allowing them to regain the shape of the chest cavity, showing rib

and diaphragmatic indentations.

On close examination of the lungs, it was considered unfeasible to use the pulmonary

arterial supply or pulmonary venous drainage as a method of injection because of the

presence of a large amount of residual coagulated blood in the vessels, partially or com-

pletely occluding them.

Dissection: Vessels and lymph nodes were carefully dissected from the mediastinal

surface of the lung to expose the main bronchus and lobar bronchi. Access to segmental

bronchi was achieved without removal of any lung parenchyma. Segmental bronchi

were dissected from the surrounding parenchyma for a distance of at least one centime-

tre and both segmental and subsegmental bronchi were identified with the use of ana-

tomical texts (127,128).

Injection with colour coded gelatin: In preparation for injection, intravenous

catheters (16-18 gauge) were positioned inside each segmental bronchus, taking care to

ensure the lumen was not occluded by the lung tissue. Heavy cotton thread was used to

secure the catheter in place and stop leakage of gelatin during injection.

During the process of injection, the lung was floated in a room temperature water

bath, which had been covered by a plastic sheet. This minimised any distortion of the

gross anatomical shape of the lung by equalising pressure around the inferior half and

allowed full filling of the segments.

Gelatin for injection was prepared as a 2% solution, and allowed to cool to room

temperature prior to use. For the differentiation of adjacent segments a set of five water

soluble, histological dyes were used to colour the gelatin. The dyes used were erythrosin
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(light red), light green, alcian blue, Indian ink (black) and acid fuchsin (crimson). The

resultant solution had a low viscosity at room temperature.

The gelatin was then injected into the individual segmental bronchi, taking care to

select adjacent colours to maximise the available contrast. It was injected at a constant

rate using a 50ml syringe and three-way stopcock (to stop the loss of gelatin during sy-

ringe refilling). Each segment was filled to its original size, which usually required

multiple 50ml volumes.

Once the injection of gelatin was complete, each catheter was removed and the bron-

chi securely tied off using the heavy cotton thread already in place.

Embedding: In preparation for embedding the lung in clear gelatin, the lobes were

carefully sutured together by their pleura to stop gelatin entering between the lobes and

distorting the overall shape of the lungs. To facilitate the removal of excess gelatin after

sectioning, the pleural surface was sprayed with Nobecutane (Astra Pharmaceuticals,

Sydney, Australia), which acted as a sealing and release agent.

A cardboard carton measuring 297x210x160mm was used as a mould for embedding.

It was lined with plastic to stop the leakage of gelatin, and a lid was taped in place af-

terwards to give added stiffness.

Embedding gelatin was prepared as a 1% solution, and allowed to cool to room tem-

perature prior to use. Embedding took place in two stages. During the first stage, the

lung was floated in the middle of the mould, with the mediastinal surface uppermost,

and the apex near the top of the mould. It was tied in place by threads from the medias-

tinal surface to stop movement or rotation during handling. The gelatin was refrigerated

overnight at –18°C, solidifying sufficiently to hold the lung in place.

In the second stage the remaining exposed lung tissue was covered with more em-

bedding gelatin to create a block with the lung centrally located. Finally, the block was

refrigerated for at least 72 hours at –18°C, creating a uniformly frozen mass of gelatin.

Sectioning: The gelatin block was prepared for sectioning after the cardboard mould

was removed. To reduce the overall height of the block, the end corresponding to the

diaphragmatic surface of the lung was trimmed of excess gelatin and smoothed. Tissue-

TeK (Tokyo, Japan), a tissue embedding compound, was used to attach the block to a
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pre-cooled mounting plate for the microtome (Reichert-Jung Model CM1800, Nussloch,

Germany).

The microtome was in a refrigerated chamber, which kept the gelatin block solid

throughout the course of the sectioning. Prior to a section being taken from the block the

uppermost surface was thawed slightly using warm water inside a plastic bladder, al-

lowing a smoother passage of the microtome blade than if the block was completely

frozen. Axial slices were taken at 5mm intervals, stored flat and allowed to thaw at

room temperature.

Digitising: Excess gelatin was manually removed from the external surfaces of the

thawed slices of lung tissue with ease, due to pre-treatment with Nobecutane. Individual

slices were digitised using a Nikon flatbed scanner (Model AX-1200, Tokyo, Japan) at

300dpi in 24-bit colour. Slices were placed on the flatbed scanner, with a white backing

card to improve contrast and gently pushed down to ensure even contact with the scan-

ning surface, while avoiding distortion of the sections.

Image processing: Photoshop version 3.0.4 (Adobe Corporation, CA, USA) was

used for the image processing necessary for segmentation. Remnants of excess gelatin

which appeared on each slice were digitally edited out of the image and the image was

adjusted to maximise contrast using a histogram analysis of the colours present in each

pixel.

An image mask or overlay was created, upon which the outside border of the lung

and segmental boundaries were marked. Individual slices were magnified on screen to

show added detail, allowing suitable adjustments of the hue and saturation to be made to

exaggerate any colour differences between adjacent segments. The boundaries were

then compared to the slices above and below the index slice to ensure consistency.

A set of distinct colours from the RGB (red-green-blue) colour space were chosen to

represent the lung segments. These colours were then used to colour the area within

each segmental boundary on the overlay.

Results

During the process of injection with colour coded gelatin, the lungs filled well, ex-

panding to their full size at the time of removal from the cadaver. Colour penetration to



77

the pleural surface was often seen and there were few leaks, either at the bronchi or on

the pleural surface of the lungs.

Suspension of the lungs during the embedding process was successful, maintaining a

good anatomical position for each lung with respect to the external surfaces of the

mould. This provided clear boundaries to guide the sectioning process, allowing sec-

tions to be taken in the transaxial plane.

A total of 37 slices were taken on the right and 47 on the left, for a total height of

18.5cm on the right and 23.5cm on the left in the first pair. The second pair of lungs

provided 36 on the right and 42 slices on the left for total heights of 18cm and 21cm re-

spectively.

Colouring did not run out of the slices prior to scanning. During the thawing process

the colour remained bound to the tissue, providing easily discernible boundaries be-

tween injected segments.

Scanning of the slices created an uncompressed dataset of 923MB for the first pair of

lungs and 857MB for the second. The resulting image for each slice was 1600x2400

pixels at 118.11 pixels per centimetre (300 pixels per inch) for an image size of

13.5x20.3cm, designed to encompass the largest slice from either lung. Each file was

11MB (uncompressed), making storage impractical. Therefore, lossless compression

was used to reduce the file size. Due to the variable amount of tissue present in each

slice, image sizes ranged between 440KB and 4.5MB (compressed), enabling each lung-

set to be stored on CD-ROM, prior to later analysis.

Examples of unprocessed lung sections are shown in Figure 3-1, with Figure 3-2

showing a fully processed slice and Figure 3-3 showing the accompanying segmental

overlay. Figure 3-4 shows four slices arranges to demonstrate their position from within

the original lung. Two pairs of left and right lung slices with the accompanying seg-

mental overlays are shown in Figure 3-5.

Discussion

The methodology was developed using older, well-embalmed lung tissue, so as not to

destroy the valuable, relatively fresh and undamaged lungs available. Thus, the dissec-

tion and injection technique and the choice of dyes were finalised before attempting the

technique on more valuable, undamaged tissue.
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Segmental bronchi were chosen for use in the injection process in preference to both

pulmonary arteries and veins. The presence of residual blood clots within the vessels

precluded their use, since penetration of the dyes used would have been markedly

patchy. The anatomical distribution of the bronchi is known to parallel that of the pul-

monary arteries (126), breaking up to supply lobes, segments and eventually subseg-

ments. It is therefore acceptable to use the bronchi as a surrogate for the pulmonary arte-

rial tree. Use of the pulmonary veins, even if free of clots, would have been inappropri-

ate due to the wider variations in the pattern of distribution, which may not even closely

parallel that of the pulmonary arterial supply.

Choice of dyes proved to be critical to the adequate differentiation of segmental

boundaries. Early work, using a larger number of dyes, demonstrated that due to the in-

herent colouration in the lung tissue, dyes used needed to be both concentrated and dis-

tinct. More than ten were tried initially, but many were rejected as they were found to be

indistinguishable in the final sections.

Early investigations involving the instillation of concentration graded CT contrast

material into segmental bronchi to simultaneously provide a three dimensional dataset

to accompany the sectional information from colour coded gelatin proved unworkable.

The intention was to inject dyes that were not only colour coded, but also coded by the

concentration of a CT contrast material. This would have enabled the lung to be CT

scanned prior to sectioning, providing a correlative dataset. Unfortunately, the irregu-

larities of contrast penetration, and resultant variations in the local concentration made

interpretation of the resulting Hounsfield numbers impossible. Therefore no informa-

tion, apart from the external boundaries of each slice, could be gained from the CT scan.

During the process of injection, it was felt that each segment filled close to its origi-

nal size. This was judged by the rapid rise in resistance to further injection as each seg-

ment was expanded towards its original boundaries. Further clues as to the overall size

were gained by witnessing the removal of the lung from the cadaver. Therefore, the

original size and the size to which each lung was returned during injection was that at

restful expiration (resting volume), not inspiration.

Colour appearing on the pleural surface at the time of injection indicated good pene-

tration of the coloured gelatin throughout the segment. This was initially evident from

sections taken during the development of the methodology. It was confirmed during

sectioning of each lung, since those with colour clearly seen on the pleural surface also
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demonstrated good penetration throughout the segment. Unfortunately, there was not

always good penetration of the dye, however the contrast available with adjacent seg-

ments still proven sufficient for the purposes of segmentation of the individual slices.

Both the embedding and injecting gelatin were cooled at -18°C to avoid cracking—

faster cooling was attempted, including the use of solid carbon dioxide surrounding

each lung, but was found to cause significant cracking in the specimens.

The state of thaw of the lung at the time of sectioning was critical to success. If the

top few millimetres were too hard, the section would be shattered as the microtome

blade passed across. If it were too soft, the tissue would be smeared and ripped. The

technique was quickly perfected to produce consistent, useful results.

Differences in the height of each lung can be largely attributed to the larger pleural

extension of tissue in the lingular lobe in the left lung. Even prior to injection, the infe-

rior tail of the lingular lobe extended considerably further than the blunt inferior aspect

of the right lower lobe.

The complex methodology for slicing, thawing and scanning each lung could have

been improved upon had a method been available for producing a calibrated photograph

of the top of the embedded lung after each slice had been removed. This, similar to the

method used in the Visible Human Project (National Library of Medicine, Bethesda,

MD, USA), may have allowed thinner slices to be taken, and far easier interslice regis-

tration. However, it is noteworthy that the slice thickness obtained still falls within the

limits of resolution of the gamma camera.

Conclusions

Vital information regarding the complex internal boundaries between lobes and seg-

ments in human lungs has been collected by the injection of colour coded gelatin into

the segmental bronchi of human cadaveric lungs. This information, combined with other

sources, will enable construction of a plausible three-dimensional model of the seg-

mental anatomy of the human lungs.

Whilst further extensive studies of human cadaveric lungs could provide population

data regarding the variations of internal boundaries, it is the knowledge of a coherent set

of boundaries that provides the greatest initial wealth of information not already avail-

able. In any case, no single model could encompass the plethora of possible variations

of the segmental anatomy of the lungs that could be seen in a given population.
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4. SEGMENTATION AND SUBSEGMENTATION OF THE

LUNG IN AN ANTHROPOMORPHIC PHANTOM

Precis
The investigation of pulmonary embolism using computer simulations requires

a model of the position of segments and subsegments within human lungs. Such a

model has been developed by the segmentation and subsegmentation of an exist-

ing whole body, tissue segmented phantom.

By using information from suitably windowed axial CT scans of a human,

combined with that from the injection of colour coded dyes into the segmental

bronchi of human cadaveric lungs, the lobar and segmental boundaries were

added to the existing phantom. Further refinements were added from the litera-

ture regarding the predominant pattern of subsegmental bronchi in large series of

human cadavers, enabling the creation of subsegmental boundaries.
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Introduction

The provision of a coherent, three-dimensional model of the arrangement of segments

and subsegments in the human lung is necessary before a disease process such as pul-

monary embolism can be investigated either clinically (1,2) or using computer simula-

tions.

Voxel-based anthropomorphic phantoms exist which could be used for clinical ther-

apy planning (129), and Monte Carlo simulations involving clinically realistic radioi-

sotope distributions (130). However, these cannot be used to address questions sur-

rounding pulmonary embolic disease since, even when the lungs are modelled, there is

no provision for differentiation between adjacent segments within the lungs. In the ex-

isting models, organs are treated as homogeneous structures, lacking internal subdivi-

sions— a characteristic critical when considering the distribution of radioisotopes seen

in embolic disease.

Zubal et al. (129,131) created a tissue segmented phantom based upon transverse

slices of CT data from a living human male, whose height and weight were similar to

the dosimetry standard mathematical phantom (132). This was successfully used in

Monte Carlo simulations to provide images from activity homogenously distributed

within the liver and other organs (133).

In order to investigate pulmonary disorders such as pulmonary embolism, the lungs

need to be subdivided into lobes, segments and subsegments. Using the Zubal phantom

as a basis for such delineations a study was undertaken to appropriately subdivide the

lungs in preparation for later Monte Carlo simulations.

Rather than try to represent the large variability in both the external shape and the

internal arrangement of segments with human lungs, this study intends to construct a

plausible and representative model. That is, one which could be reasonably used to

draw general conclusions rather than attempt to apply it to individuals drawn from a

population known to be highly varied.

Methodology

Following preparation of the data from the Zubal anthropomorphic phantom, subdivi-

sion took place in several phases. These included the delineation of lobes using a suita-

bly windowed CT scan from a human, the incorporation of segments using information
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from the section Investigation of human lung segmental anatomy using gelatin embed-

ded sections and appropriate texts such as Boyden et al. (124-126).

Data preparation: All data processing and image manipulation was performed on an

Intel processor based workstation running Windows NT version 3.51 service pack 5

(Microsoft, Redmond, CA.).

The Zubal anthropomorphic phantom consists of a volume array of 246 transaxial

slices, each 128 x 128 voxels. Each voxel contained an integer index value representing

the tissue type (shown in Table 4-1) and represented a volume of 4mm3. In the creation

of the phantom from the transaxial CT slices, the resolution in the x,y plane was reduced

from 512 x 512 to 128 x 128 by combining pixels. Slices in the z-axis were duplicated

using modal filtering to increase the resolution from the initial 10mm down to 4mm

(129). From examination of the dataset, it was evident that slices were repeated in a 3-2-

3-2 pattern. That is, one 10mm slice was duplicated 3 times, whilst the next was dupli-

cated twice.

A subset of the Zubal phantom was created for use in later simulations. It contained

only the thorax and was constructed using the function Zubal_Truncate, found,

with all other source code, in Appendix 2. This resulted in a smaller dataset, 128 x 128 x

64, extending from slice 25 (four slices above the lung) to slice 89 (five slices below the

lung), which was used throughout the rest of the study.

A set of 64 slices, each 128 x 128 was then created using the function

Zubal_Unstack. In each slice, the lung tissue was set to have a value of one, and all

other tissue types were set to zero. Photoshop version 3.0.4 (Adobe Corporation, CA,

USA) was used for the image processing necessary to segment and subsegment the

slices.

Manual interpolation was required to remove slice duplication present in the Zubal

phantom. Care was taken to ensure that the boundaries of the lung tissue did not overlap

with other tissue types, and that the total lung volume remained constant.

Throughout the segmentation and subsegmentation process the nomenclature

adopted was that of Jackson and Huber (134) for the segments, and that of Ikeda (135)

for the subsegments, as used in Netter (128) and in the introductory section on anatomy

(Chapter 1). These differ for several of the segments from that used in Boyden (126),

but are used more widely (9,127,136,137).
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Segmentation: An experienced radiologist marked the interlobar fissures that were

visible on a normal CT scan of the thorax, windowed for lung parenchymal tissue. The

CT scan consisted of 26 slices at 10mm intervals, with a total height of lung tissue of

260mm, from a male, 54yr old and 182cm in height weighing 73kg. With reference to

an anatomical text (128), the approximate location of segmental boundaries were

marked on the slices of the CT. It was calculated that one slice from the CT scan corre-

sponded with two from the Zubal phantom.

Using the CT scan for external landmarks and lobar fissures, the boundaries were

transferred to the reduced Zubal dataset. The results obtained from cadaveric human

lung gelatin embedded sections (138) (Chapter 3: Investigation of human lung segmen-

tal anatomy using gelatin embedded sections) was used to match the interlobar fissures

and segmental boundaries, which were transferred to the reduced Zubal dataset. This

created pairs of identical slices in the phantom, due to the two-for-one correspondence

between CT slices and Zubal dataset.

In each slice, the area within the segmental boundaries was filled with a unique col-

our, chosen for ease of use within Photoshop. Manual interpolation of the lobar and

segmental boundaries was performed on the paired slices to ensure each was unique and

provided a plausible and smooth transition between areas.

A segmented, contiguous 128 x 128 x 64 dataset (Zubal_Seg.dat) was then cre-

ated using the function Zubal_Stack from the set of 64 slices exported from Photo-

shop. During the conversion to form the larger dataset the byte triplets, used to represent

the RGB colour chosen for each segment, were converted to a single byte, segmental

index value for use in later simulations (see Tables 4-2 and 4-3).

Iterative corrections were made to the segmented dataset to more closely resemble

the external landmarks present in Netter (128). For the visual comparison with Netter,

the function Zubal_ROIgen was used to create a set of six external views of the

lungs: anterior, posterior, both laterals and both medials.

Subsegmentation: Subsegmentation was performed on a segment by segment basis,

using information from large studies of the pattern of subsegments present in cadaveric

human lungs (124-126). In each case, the predominant pattern present in the population

of lungs examined was used as the basis for partitioning the segment within the bounda-
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ries previously established. For example, in the left upper lobe there is a bifurcate pat-

tern in the majority of cases (73% from Boyden (126)), giving rise to an apicoposterior

(designated B1+3 by Boyden and B1+2 elsewhere) and an anterior segmental bronchus

(designated B2 by Boyden and B3 elsewhere).

Initially the number of subsegments in each segment was determined, taking into

consideration the overall size of the segment as well as the predominant anatomical

pattern. Thus larger segments would be divided by the equivalent of a further generation

of bronchial subdivision as described in the literature (see Table 4-2 and Table 4-3 be-

low). For example, segment B1+2 on the left is typically large, being split soon after it

forms its constituents, B1 and B2. The most common pattern thereafter is for segment B2

to divide into an apical and posterior ramus, whilst segment B1 is smaller, dividing into

an apical and posterior ramus considerably later. Therefore a threefold pattern of

branching was used for B1+2, yielding an apical, anterior and posterior ramus as desig-

nated A, B and C in Table 4-2.

In the right lung the apical segment (designated B1) typically branches to form and

apical and anterior ramus, designated B1a and B1b. In turn these branch to form two

smaller subsegments each, designated B1ai and B1aii, for example. The most common

pattern is for these to have formed an apical and a lateral branch. This type of pattern

was reflected in the method used to determine the volume occupied by each subsegment

in the previously segmented Zubal anthropomorphic phantom.

The spatial distribution of the division of each segment was found to be possible in

only five different ways, almost completely defined by the anatomical location of the

segment, its boundaries and the predominant pattern of branching of the higher order

bronchi and bronchioles (see Figure 4-1). Rotation of the six different patterns of subdi-

visions accounted for all the segments (see Table 4-2 and Table 4-3 below).

Using Photoshop, the subsegmental boundaries were added to the individual slices in

the Zubal dataset and the resultant boundaries filled with unique colours, chosen to rep-

resent the subsegments. Views of the dataset, created using the function

Zubal_ROIgen were used to iteratively improve the subsegmentation to closer ap-

proximate the predominant patterns seen in the literature and to improve consistency of

any external boundaries, which were otherwise difficult to maintain when manipulating

individual slices.
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Results

The Zubal anthropomorphic phantom (128 x 128 x 64) used for the incorporation of lo-

bar boundaries, segmentation and subsegmentation is shown in Figure 4-2 after the slice

interpolation process was complete. This removed the 2-3-2-3 pattern of slice duplica-

tion present in the original 128 x 128 x 246 dataset for the slices of interest. Extra-

pulmonary tissue is included to provide perspective on the position of the lungs in each

slice.

External views of the 128 x 128 x 64 dataset are shown in Figure 4-3, displayed in

the normal axes with both the lateral and medial views of each lung. Oblique views

were used during the process of iterative correction of segment and subsegment posi-

tions, but were omitted here. This diagram shows the three stages of the segmentation

process with the inclusion of the segmental and subsegmental boundaries in the lower

rows.

A small selection of transaxial slices through the 128 x 128 x 64 dataset is shown in

Figure 4-4. Again, this diagram shows the three stages of the segmentation process with

segmental and subsegmental boundaries included in the lower rows. A complex ar-

rangement of segments and subsegments was found to be implied within the lower lobes

in particular due to the density of segments present. This highlights the presence of two

radial rows of segments in the right lower lobe in comparison with the single row in the

base of the left lung.

The volume occupied by each segment and subsegment, as a proportion of the lung

from which they came are shown in Tables 4-4 and 4-5. The left lung occupied 52% and

the right 48% of the total volume of lung tissue.

Discussion

The Zubal anthropomorphic phantom was successfully segmented and subsegmented,

providing a dataset suitable for later simulations.

This model gives a plausible example of the distribution of the most common varia-

tions seen for each segment, which has been transformed to conform to the boundaries

imposed by the derivation of the dataset from an actual human, whose dimensions

closely approximate the dosimetry standard mathematical phantom (132). It does not

attempt to represent all possible variations on the segmental and subsegmental anatomy

of the human lungs.
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Visual comparison of the current model with the segmental boundaries present in

Netter (128) is very encouraging (see Figure 4-3). The nature of the 3-dimensional da-

taset was such that only variations within small limits produced segmental boundaries

approaching those shown in Netter and other anatomical texts as the predominant pat-

tern. Iterative corrections rapidly converged on the patterns required. Measurements of

the segmental and subsegmental volumes were found to be resistant to small variations

in the placement of segmental boundaries, whilst still maintaining a consistent overall

layout.

Inclusion of a generation of bronchi that further subdivided subsegments in the larger

segments, was considered justified to reduce the size of each subsegment. In no case

was the subsegmentation taken past a second generation of airway branching. Consid-

eration of the size of subsegments in contrast to their generation is reasonable due to the

relationship between the size of the bronchus and the area of lung tissue supplied re-

maining largely constant. This is despite the imposition of a rigid nomenclature, which

should not be taken to imply that all subsegments of equal order are necessarily of equal

volume.

Examination of the model showed that a number of segments, particularly in the

lower lobes, never extend to the lungs’ pleural surface. Such a situation was implied by

the anatomical distribution of segments and their predominant pattern of branching

(126). It has important implications for later studies involving pulmonary scintigraphy,

since areas of potentially poorly perfused lung tissue could remain hidden from view,

disguised by the presence of surrounding, perfused tissue.

Unfortunately, the current model cannot hope to represent all variations on segmental

and subsegmental anatomy. Nor can it represent the gross variations in size and shape of

the human thorax and the variations that would be present due to different disease

states, such as hyperinflation with emphysema or displacement of the lung volume by

gross cardiomegaly.

Not withstanding the limitations of the model that has been developed, it could be

usefully applied in many ways. It would be a valuable resource for teaching segmental

and subsegmental anatomy, as well as the cross-sectional anatomy of the lungs. Impor-

tantly, it can form the activity and attenuation phantom for the Monte Carlo simulation

of lung scintigraphy, thereby allowing for the introduction of segmental and subseg-
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mental defects, and the investigation of the perceptual and physical aspects of lung

scintigraphy.

Conclusion

A methodology was developed for the segmentation and subsegmentation of the lungs

within an existing anthropomorphic whole body phantom. This proceeded in several

stages, introducing first the lobar boundaries, then the segmental boundaries and finally

the subsegmental boundaries.

Reference to and comparison with the literature suggests that this methodology has

provided a plausible and consistent example of segmentation and subsegmentation, de-

signed to represent a majority of the population. It can by no means represent every in-

dividual, but will nonetheless prove useful for the purposes of simulating pulmonary

scintigraphy.

Tables

Table 4-1: Zubal tissue index translation table showing the first forty-one tissue

types used. This includes all the tissue types encountered within the thorax.

Others, including those found in the head and neck, have been omitted.

Tissue Index Tissue Type Tissue Index Tissue Type

0 Outside phantom

1 Skin 21 Adrenals

2 Brain 22 Fat

3 Spinal cord 23 Blood pool

4 Skull 24 Gas (bowel)

5 Spine 25 Fluid (bowel)

6 Rib cage & sternum 26 Bone marrow

7 Pelvis 27 Lymph nodes

8 Long bones 28 Thyroid

9 Skeletal muscle 29 Trachea

10 Lungs 30 Cartilage

11 Heart 31 Spleen

12 Liver 32 Urine
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13 Gall bladder 33 Faeces

14 Kidney 34 Testes

15 Pharynx 35 Prostate

16 Oesophagus 36 Liver lesion

17 Stomach 37 Rectum

18 Small bowel 38 Unused

19 Colon 39 Diaphragm

20 Pancreas 40 Bladder

Table 4-2: Segments and subsegments in the right lung showing the pattern of sub-

division predominant in the population together with the tissue number used

to identify each subsegment.

Segment Subdivision pattern Subsegment Tissue number

1 4A ai 101

aii 102

bi 103

bii 104

2 4A ai 105

aii 106

bi 107

bii 108

3 4A ai 109

aii 110

bi 111

bii 112

4 4A ai 113

aii 114

bi 115

bii 116

5 2 a 117

b 118

6 3B a 119
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b 121

c 123

7 3C a 125

bi 126

bii 127

8 4A ai 128

aii 129

bi 130

bii 131

9 4A ai 132

aii 133

bi 134

bii 135

10 3B a 136

b 138

c 140

Table 4-3: Segments and subsegments in the left lung showing the pattern of sub-

division predominant in the population together with the tissue number used

to identify each subsegment.

Segment Subdivision pattern Subsegment Tissue number

1+2 3A a 164

b 166

c 168

3 3B a 170

b 172

c 174

4 4A ai 175

aii 176

bi 177

bii 178

5 2 a 179
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b 181

6 3B a 183

b 185

c 187

7+8 4B ai 189

aii 190

bi 191

bii 192

9 4A ai 193

aii 194

bi 195

bii 196

10 3B a 197

b 199

c 201

Table 4-4: Volumes of the segments and subsegments in the right lung, showing for

the subsegments both their volume as a percentage of the segment and of the

lung as a whole.

Segment % of the lung Subsegment % of the segment % of the lung

1 8.7% ai 22% 1.9%

aii 27% 2.3%

bi 23% 2.0%

bii 28% 2.4%

2 8.6% ai 29% 2.5%

aii 22% 1.9%

bi 24% 2.1%

bii 25% 2.2%

3 13.3% ai 17% 2.3%

aii 30% 4.0%

bi 19% 2.6%
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bii 34% 4.5%

4 10.8% ai 21% 2.3%

aii 24% 2.6%

bi 26% 2.8%

bii 29% 3.2%

5 16.0% a 55% 8.7%

b 45% 7.3%

6 10.0% a 24% 2.4%

b 31% 3.1%

c 45% 4.5%

7 13.4% a 32% 4.2%

b 45% 6.1%

c 23% 3.1%

8 11.5% ai 13% 1.5%

aii 14% 1.6%

bi 40% 4.6%

bii 33% 3.8%

9 7.7% ai 9% 0.7%

aii 9% 0.7%

bi 42% 3.2%

bii 39% 3.0%

10 9.3% a 12% 1.1%

b 37% 3.4%

c 52% 4.8%

Table 4-5: Volumes of the segments and subsegments in the left lung, showing for

the subsegments both their volume as a percentage of the segment and of the

lung as a whole.

Segment % of the lung Subsegment % of the segment % of the lung

1+2 13.0% a 43% 5.6%

b 28% 3.6%

c 30% 3.8%



98

3 14.4% a 34% 4.8%

b 33% 4.8%

c 33% 4.8%

4 12.6% ai 30% 3.8%

aii 25% 3.2%

bi 22% 2.7%

bii 23% 2.9%

5 6.7% a 47% 3.2%

b 53% 3.5%

6 11.7% a 52% 6.1%

b 20% 2.3%

c 28% 3.3%

7+8 18.4% ai 21% 3.9%

aii 22% 4.1%

bi 23% 4.2%

bii 34% 6.2%

9 5.9% ai 28% 1.6%

aii 22% 1.3%

bi 30% 1.8%

bii 20% 1.2%

10 8.6% a 22% 1.8%

b 34% 2.9%

c 44% 3.8%
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Figure 4-1: Patterns of segmental subdivision used in the creation of the phantom

for each number of subdivisions (shown at the left).
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5. IMPLEMENTATION AND PERFORMANCE VERIFICATION

OF A SYSTEM FOR THE MONTE CARLO SIMULATION OF

PLANAR SCINTIGRAPHY

Precis
In preparation for the simulation of pulmonary scintigraphic studies, an ex-

isting Monte Carlo simulation package, SimSET (Simulation System for Emission

Tomography) was converted for use on relatively inexpensive PC-based worksta-

tions.

Performance verification of the system provided results for spatial resolution

and uniformity comparable to existing gamma camera systems used in clinical

practice. Linearity was found to better systems currently in use, implying very

low geometric distortions within the simulation system.

Although the system proved to be highly computationally intensive, such

simulations are practical on existing systems. Together with suitable activity and

attenuation phantoms developed previously, this should provide a system capable

of producing clinically realistic pulmonary scintigrams.
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Introduction

Monte Carlo simulation techniques have been used for the study of dose calculations for

diagnostic nuclear medicine (132) and investigations of image formation in radiology

(139). They have also been applied to analysing problems associated with attenuation

and scatter in nuclear medicine. Initially this involved simple geometric shapes, and

later the use of anthropomorphic phantoms (130).

Following the development of a model of the segmental and subsegmental anatomy

of human lungs, a system for realistically modelling the characteristics of emission of

radiation through such a phantom was required. It had to allow the introduction of

known defects with the assessment of resultant planar scintigraphy.

An existing Monte Carlo simulation programme, SimSET (Simulation System for

Emission Tomography) developed at the University of Washington (140-142), was cho-

sen. It was favoured for its relative ease of implementation (being written in ANSI C)

and its ability to model heterogenous activity and attenuation distributions in potentially

large volumes. With the use of variance reduction techniques to provide improved com-

putational efficiency compared to conventional Monte Carlo systems (141), it was con-

sidered practical to implement on a conventional workstation.

Implementation

SimSET consists of the Photon History Generator (PHG) and a set of utility pro-

grammes combined to form PHG_Utility. PHG models the attenuation, scatter and

collimation of photons emitted from a heterogenous phantom, creating a photon history

list and an output sinogram.

PHG_Utility combines several functions, including the ability to concatenate

several photon history lists and several simple data transformations.

Implementation of PHG took place on an Intel (Intel, Santa Clara, CA, USA) based

workstation running Windows NT (Microsoft, Redmond, WA, USA). This was chosen

after initial speed comparisons between available workstations in which an Intel

Pentium processor machine running at 100MHz compared very favourably with a Sili-

con Graphics (Silicon Graphics, Inc.) Indy with a 133MHz MIPS 4400 processor. The

Intel-based platform was relatively cheap and the necessary tools were readily available.

Windows NT was chosen as the operating system over the only other option at that time,
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Windows for Workgroups 3.11 since it had a flat memory model and long file names,

making the implementation process far more practical.

Since PHG was written in ANSI C (American National Standards Institute, commit-

tee X3J11) it was theoretically portable, especially since it is a console-based applica-

tion. Any platform specific code was removed and replaced with equivalent routines on

the Windows NT system.

Several problems were identified during the conversion and early testing process.

The random number generator used by default is that in the standard ANSI C library.

This generates a very limited series of numbers (32767), insufficient for any successful

Monte Carlo simulation. Therefore a more robust random number generation algorithm

was implemented, initially by the author (from (143), and later in a patch issued from

the programmes authors at the University of Washington to unify the code base between

platforms. Subsequent modifications were issued to the random number generation rou-

tine to solve problems encountered with correlations amongst random numbers that

were creating streaks in complex phantoms.

Several other modifications were made to problems associated with reading files

from different platforms and also in the photon binning routine, which caused only

‘pink’ photons to be binned into the sinogram. This would have caused the loss of half

the detected photons from a PET study, in which both ‘pink’ and ‘blue’ photons are

‘produced’ in the simulated annihilation event, but all those from a planar or SPECT

study in which only ‘blue’ photons are ‘produced’.

Code optimisation during the compilation process was found to be the cause of sev-

eral other puzzling complications during the implementation of PHG, but were solved

when the routines were examined as assembly code, post-compilation.

Characteristics of PHG

The general flow of information through PHG is shown in Figure 5-1. The inputs to any

simulation are activity and attenuation distribution files, a simulation parameter file

specifying any options being used and a series of data tables used within the simulation.

The outputs to each simulation include at a minimum a statistical summary and a simu-

lation summary, a productivity table and either or both of a photon history file and a

binned dataset, more commonly referred to as a sinogram.
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The activity and attenuation models form the basis for any simulation using PHG.

“The Activity Object defines the spatial distribution of isotope concentration from

which photons will be generated. The Attenuation Object defines the spatial distribution

of attenuation material through which photons will travel.” (142). Each is a three-

dimensional dataset that fully determines the distribution of activity and attenuating

materials respectively. In each case, a translation table is used to convert the indices at

each position within the dataset into values suitable for use throughout the remainder of

the simulation.

Modelling the emission of photons from a heterogenous phantom takes place by the

generation of a decay, which is then followed as shown in Figure 5-2, until the photon is

either collimated, detected and binned or escapes from the system and is discarded.

The collimator model, most recently added to PHG is not a Monte Carlo based

simulation:

“For each photon that reaches the face of the collimator, the probability of passing

through without interaction is computed. The photons which would pass through

the collimator hole are accepted, with their weight being adjusted accordingly.

There is no modelling of scatter within the collimator. There is no septal penetra-

tion, the photon must pass through the collimator opening in order to be ac-

cepted.” (142).

The detector model is however a Monte Carlo simulation, following the photons

through the detector material and totalling the energy deposited from each scattering

event and the final absorption. Detailed modelling of scintillation and visible light

transport is not performed.

Performance verification

Prior to the use of a gamma camera or simulation system in the investigation of clinical

studies, it is important to know the performance characteristics of the system. In the

case of a simulation system it is no different. It is essential not only to be confident of

the systems operation, but also to enumerate its performance characteristics.

The National Electrical Manufacturers Association (NEMA) has produced a stan-

dard, NU 1-1994, Performance Measurements of Scintillation Cameras, which outlines

a “uniform criterion for the measurement and reporting of scintillation camera perform-

ance parameters” (86). Its original intention was to “eliminate misunderstandings be-
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tween the manufacturer and the purchaser”, but will be used here to facilitate compari-

son of the simulation system with existing gamma camera systems used clinically.

Measurements of system spatial resolution, system spatial linearity and intrinsic

flood field uniformity were performed, based upon the standard NU 1-1994, sections

3.5, 2.2 and 2.4 respectively. These were chosen from a wider gamut of available tests

since they best represented those characteristics that may alter the quality of the image

and could be at variance with existing systems. Tests of such characteristics as detector

shielding and high rate counting performance were not relevant due to the nature of the

simulation.

System spatial resolution with and without scatter

This test provides a measure of the Full Width at Half-Maximum (FWHM) and Full

Width at Tenth-Maximum (FWTM) of the line-spread function, including the collimator

and detector, in both the x and y axes.

The radionuclide employed was Technetium 99m, as that was to be used throughout

any further simulations performed with this system. According to the NEMA Standard,

section 3.5, a symmetric 20% energy window centred around 140keV was used, with

the collimator model based upon a Low Energy All Purpose (LEAP) collimator. This

collimator, used throughout the subsequent tests, had the following characteristics: bore

length - 23.6mm, septal thickness - 0.2mm, hole diameter – 1.43mm.

The Standard specifies the modelling of a single capillary tube, with an inside di-

ameter of 1mm and length 30mm as the activity source. Acrylic scattering blocks,

100mm thick and the size of the Useful Field Of View (UFOV) were required for the

measurements “with scatter”.

To model resolution without scatter, the capillary tube was to be filled with Techne-

tium 99m and positioned 100mm from the face of the collimator, along the X and Y

axes in turn. In each case the digital resolution, perpendicular to the tube was to be <0.1

FWHM, and parallel to the tube was no greater then 30mm. More than 10,000 counts

were to be collected at the peak pixel in each line spread function.

For the case with scatter, a block of acrylic, 100mm thick in front and 50mm thick

behind, was to surround the capillary tube, covering the UFOV of the camera and leav-

ing the tube 100mm from the collimator face. The other parameters remained the same.
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 Activity and attenuation phantoms were created to digitally model each of these

situations. In the case without scatter the functions Line_source and Air_line

created the activity and attenuation phantoms respectively for the X axis, and functions

Vertical_line and Air_line did the same for the Y axis. Source code listings

are shown in Appendix 2. Simulations were performed using parameter files

X_axis_resolution and Y_axis_resolution, shown in Appendix 1.

In the case with scatter a similar set of functions created the appropriate phantoms

(Line_source and Acrylic_line for the X axis, Vertical_line and

Acrylic_cylinder for the Y axis). Simulations were performed using parameter

files X_axis_resolution_scatter and Y_axis_resolution_scatter,

shown in Appendix 1.

Calculations were performed according to the NEMA standard. Using the peak value

in each line spread function, the location of the half and tenth maximum points were

determined by linear interpolation from the two nearest points of the half and tenth peak

value, using the output from the function Phantom_linearity.

The FWHM and FWTM were found as the average value from both axes, in the

Central Field of View (CFOV).

System spatial linearity

This provides a measure of any distortion present across the camera face, in both the x

and y axes, by measuring the differential linearity. This is a standard deviation of the

peak locations from a line of best fit. The same radioisotope and collimator model as

with system resolution were to be used.

A simplified model of the NEMA Standard, section 2.2 was used, modelling system

rather than intrinsic spatial linearity. A single line source and LEAP collimator was used

for each axis, rather than a point source and parallel-slit, lead mask. For the activity

source a capillary tube, with an inside diameter of 1mm, extending across the UFOV

was used. It was to be positioned 100mm from the face of the collimator, along the cen-

tre of the x and y axes in turn. The capillary tube was positioned perpendicular to the

axis of measurement. In each case the digital resolution, perpendicular to the tube was

to be <0.1 FWHM, and parallel to the tube was to be no greater than 30mm. More than

1,000 counts were to be collected at the peak pixel in each line-spread function.
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Activity and attenuation phantoms were created to model this physical layout using

the functions Wide_line_source and Wide_empty_cylinder for the x axis,

and functions Point_source and Empty_cylinder for the y axis. Simulations

were performed using parameter files X_axis_linearity and

Y_axis_linearity, shown in Appendix 1.

Calculations, according to the NEMA Standard, found the average of the interpo-

lated, half maximum locations determined the location of each of the peaks of the line

spread functions. Function Phantom_linearity was then used to generate a series

of peaks along a line, centred on the face of the detector, in the x and y axes.

System spatial differential linearity was calculated as the standard deviation of the

location of the peaks in the x and y axes, for both the CFOV and the UFOV.

Intrinsic flood field uniformity

This provides an indication of any distortions within the camera head, being described

in the NEMA Standard as “the response of the system without the collimator to a uni-

form flux of radiation from a point source.” Both integral and differential uniformity are

measured, representing the maximum pixel count deviation over the entire field and that

over a limited area respectively.

NEMA Standard section 2.4 was used, with the system using the same radioisotope

as for previous tests. This was arranged as a point source, placed on the central axis of

the detector, at a distance of five times the largest dimension of the UFOV. The flood

field was to be stored in a matrix with a pixel size of 6.4 x 6.4mm +/- 30% across the

face of the camera. More than 10,000 counts were to be collected at the center pixel of

the image.

Activity and attenuation phantoms were created to model this physical layout using

the functions Point_source and Empty_cylinder. Simulations were performed

using the parameter file Phantom_uniformity, shown in Appendix 1.

According to the NEMA Standard, prior to the calculation of uniformity, low count

density pixels were excluded and the image was smoothed. Pixels were excluded on a

two-pass basis. Initially those pixels in the UFOV with values less than 75% of the

mean counts per pixel in the CFOV were set to zero. Finally, any non-zero pixels, with a

zero valued four-fold neighbour were also set to zero. Four-fold neighbours are de-

scribed as “… [those] four directly abutted neighbours.”
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Smoothing of the image took place by convolution with a nine-point filter function,

with the following weights:

1 2 1

2 4 2

1 2 1

Integral uniformity was calculated for the CFOV and UFOV, by finding the maxi-

mum and minimum values within those areas in the smoothed data, and applying the

Equation 5-1.
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Differential uniformity was calculated for the CFOV and UFOV, by finding the

“largest difference between any two pixels within a set of 5 contiguous pixels in a row

or column” (86). The maximum and minimum pixel values were those which yielded

the largest difference. Differential uniformity, expressed as a percentage was calculated

by the Equation 5-2.
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The integral and differential uniformity was calculated using the function Phan-

tom_Uniformity.

Results of performance verification

The results of the simulation of system resolution with and without scatter are shown in

Table 5-1. For each of the four simulations, the digital resolution perpendicular to the

capillary tube was 0.5mm/pixel and parallel to it was 29mm/pixel. More than 10,000

counts were collected at the peak pixel in each line spread function.

Table 5-1: Results of the simulation of system resolution with and without scatter

showing the FWHM and the FWTM.

Test Maximum counts FWHM FWTM

X resolution without scatter 10839 12.6mm 14.8mm

Y resolution without scatter 11006 12.5mm 14.5mm

X resolution with scatter 25826 12.5mm 14.5mm

Y resolution with scatter 20153 12.5mm 15.5mm
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System spatial linearity was simulated using the same resolution as for system reso-

lution. System differential linearity was calculated to be 0.02mm in both the CFOV and

UFOV with a maximum count rate of 1313 per pixel.

Intrinsic flood field uniformity was simulated with pixels 6.4 x 6.4mm and a maxi-

mum count per pixel of 8267. The results are shown in Table 5-2.

Table 5-2: Results of the simulation of both integral and differential, intrinsic flood

field uniformity, showing values for the UFOV and the CFOV.

Maximum Minimum Uniformity (%)

Integral uniformity

UFOV 8099 7742 2.25

CFOV 8099 7808 1.83

Differential uniformity

UFOV 8099 7900 1.24

CFOV 8099 7900 1.24

Discussion

SimSET was successfully implemented on an Intel-based workstation running Windows

NT. Initial problems within the system and the compiler were solved and although

highly computationally intensive, it is practical to devote relatively inexpensive PC

workstations full-time to perform simulations.

Performance characteristics were found to be comparable with gamma cameras in

clinical use (83). In gamma cameras, system spatial resolution is 6-12mm, whilst non-

uniformities are less than 5% for the UFOV, and less than 3% in small areas of the de-

tector. Thus, an average system spatial resolution of 12.5mm is comparable to the upper

limit of modern gamma camera systems. Although this may imply the simulation sys-

tem is unable to detect smaller defects, it would be unacceptable to produce a simulation

that far exceeded the capabilities of existing systems.

Linearity results, although very good, are not surprising since any degradation of

linearity measurements implies geometric distortions within the gamma camera system.

Such distortions should certainly not be present in a simulated system if it has been

properly constructed.
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Conclusion

A system for the Monte Carlo simulation of planar scintigraphy was successfully im-

plemented on an inexpensive Intel-based workstation, providing the capability of de-

voting the system to full-time performance of simulations of planar scintigraphy.

Performance characteristics were comparable to existing gamma camera used in

clinical practice. This makes the comparison of results from simulations and clinical

studies a realistic proposition and provides the possibility of using the simulation sys-

tem, with suitable activity and attenuation phantoms, for the investigation of the proper-

ties of pulmonary scintigraphy.

Programme source code

Source code for SimSET could, at the time of writing, be obtained from

http://totally.rad.washington.edu/nm/simset1.html.
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Figure 5-1: A simple workflow diagram of PHG, with the inputs to the Monte

Carlo simulation shown above and the outputs shown below (from (142)).
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Figure 5-2: A flowchart showing the steps involved in the emission, interactions

and eventual detection or escape of individual photons in PHG (from (142)).

Note that forced detection was not used in any simulation.
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6. SIMULATION OF PLANAR LUNG SCINTIGRAPHY

Precis
A system for the simulation of planar lung scintigraphy has been developed

using an existing Monte Carlo simulation package, the operation of which had

been previously verified. This was combined with a model of the segmental and

subsegmental anatomy of the lungs that allowed for the production of studies

with perfusion defects introduced in an accurate, controlled and reproducible

manner.

Simulations of a normal lung perfusion study were performed, with charac-

teristics similar to those expected in clinical studies. Further simulations of sin-

gle and multiple perfusion defects are possible, images previously not possible to

produce in a clinical setting.
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Introduction

Investigations of the characteristics of planar lung scintigraphy in pulmonary embolic

disease are predicated upon the use of a suitable ‘gold standard’— a reference standard

in which the details of any defects present are known. Preferably such a model could be

well controlled by the user to produce images as close as possible to those seen in clini-

cal practice, introducing defects as and where required.

Attempts have been made in the past to construct a model that would fulfill the nec-

essary requirements. Early work included the construction of plaster of Paris phantoms

of the lobar anatomy of the lungs (144), whilst others used polyurethane foam soaked in

technetium 99m or iodine 131 (145) to approximate the anatomy of the lungs. More re-

cently, investigations have been made of the contribution from contralateral lung activ-

ity in human and phantom studies (146). A notable study used selective bronchoscopic

injection of activity into the lungs of human volunteers to assess the scintigraphic ap-

pearance of segmental anatomy in normal human lungs (147).

Such studies, though helpful, did not provide for sufficient control in the simulation

of selective perfusion of bronchopulmonary segments and subsegments to enable de-

tailed analysis of the resulting images. The later study was particularly limited by the

restrictions of radiation exposure of healthy volunteers.

Combining the results of previous work, the Segmentation and subsegmentation of

the lung in an anthropomorphic phantom (Chapter 4) and the Implementation and per-

formance verification of a system for the Monte Carlo simulation of planar lung scintig-

raphy (Chapter 5), this study aims to produce a system for creating clinically realistic

images of planar lung scintigraphy, with the ability to introduce defects in a controlled

and reproducible manner.

Methodology

The production of clinically realistic pulmonary scintigraphic studies was achieved in

several steps, including establishing a protocol for the simulations, producing a baseline

normal study using the Photon History Generator (PHG) and subsequently a method for

the production of studies with simulated perfusion defects.

Prior to the generation of a Monte Carlo simulation using the PHG, suitable study pa-

rameters had to be established. These were based upon the protocol used in typical per-
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fusion lung scanning described in the literature (65,94,99). This consisted of an eight-

view lung scan, collecting the anterior, posterior, both anterior and posterior obliques

and both lateral views using a Low-Energy All-Purpose (LEAP) collimator. In clinical

practice, the radiopharmaceutical used is 99mTc-MAA, therefore for the purpose of the

simulation, technetium 99m was modelled. In each view, the aim is to collect approxi-

mately 750,000 counts, except for the laterals, in which 500,000 is acceptable.

Monte Carlo simulation

PHG provides for the creation of a photon history file (which contains decay records for

all photons emitted which can be later analysed) and the simultaneous binning of all

collected photons to produce a sinogram, suitable for later reordering to provide a series

of planar views. A sinogram is a dataset consisting of interlaced lines of data, one from

each view collected in sequence until all the lines (in either the X or Y axis) have been

accounted for.

A set of parameter and data files is required by PHG for each simulation to be per-

formed. It uses the parameter files to specify the characteristics of the simulation whilst

the data files specify explicitly the details of the physical model to be simulated. Spe-

cifically, phg.run defines general information regarding the simulation,

col_params defines the collimator being modelled and bin_params details the fi-

nal binning of emitted photons. Examples of each parameter file are shown in Appendix

1.

Activity and attenuation phantoms define the spatial distribution of isotope concen-

tration and type of attenuating material respectively. The activity phantom

(VML_seg_act_indexes) was derived from the truncated Zubal phantom, in which

all lung tissue to be perfused was set to an integer value of one, and all other tissue

types to zero. The attenuation phantom (VML_unseg_att_indexes) used was the

truncated Zubal phantom, with all other tissue types still in place and lung tissue marked

as such.

An activity translation table (VML_unseg_act_index_trans) was used to con-

vert the integer indices in the activity phantom into absolute levels of activity for the

simulation. The absolute level of activity was in fact irrelevant, since every voxel within

the lungs that was perfused, was perfused equally. A similar attenuation translation table

(VML_unseg_att_index_trans) was used for the conversion of the integer indi-
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ces present in the attenuation phantom to values representing the types of attenuating

materials recognised by the PHG (Table 6-1).

The collimator model was based upon a commercially available LEAP collimator

(Siemens, LEAP, model 820826176). This was a parallel-hole collimator with a bore

length of 23.6mm, septal thickness of 0.2mm and a hole diameter of 1.43mm. Its 5%

septal penetration energy was 160keV, with a geometric resolution of 1.9mm Full Width

at Half-Maximum (FWHM) at the collimator face and 8.2mm FWHM at 100mm from

the collimator face. It was modelled so as to completely cover the detector area, meas-

uring 64cm square, rotating with a radius of 32.5cm.

Two simulations were performed, based upon the parameter and data files mentioned

above, which were used for all subsequent investigations. The first was eight views of a

normal lung, binned in a 256 x 256 pixel matrix, whilst the second was binned in a 128

x 128 pixel matrix. Both were generated from the emission of 2.5x109 photons, simu-

lating the emission of technetium 99m and using a symmetric 20% energy window for

collection.

Introduction of perfusion defects

Following the completion of a normal study, in which there was simulated perfusion in

all areas of lung tissue, a method was developed for the introduction of simulated perfu-

sion defects into any one, or any combination of segments and subsegments within the

lungs.

This was accomplished using the dataset developed in Segmentation and subseg-

mentation of the lung in an anthropomorphic phantom (Chapter 4). This dataset incor-

porated index values to represent the volume occupied by each subsegment within both

lungs. By suitable modification of this dataset, a new activity phantom could be con-

structed for each defect or combination of defects required.

A new activity phantom was created for each simulation using the programme

PE_Simulator. This used a parameter file, Txx.TXT and the file

Zubal_SubSeg.dat to define the areas from the simulation activity file which were

to contain activity.

For every study performed, a unique parameter file was required. An excerpt from

such a file is shown in Table 6-2, with a complete file shown in Appendix 1.
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The parameter file is structured to allow any combination of segments or subseg-

ments to contain activity, using a hierarchy, going from the main bronchi and segments,

down to a subsegmental level. In this way the areas at the highest level in the hierarchy

are affected first, and lower levels thereafter. For example the left main bronchus, and

all the area of the lung that it supplies, is set to be active, and one subsegment in the left

lung can be selectively deactivated.

Once a new activity phantom was created a simulation could be performed. These

were not limited to simulations with just defects, but could also include those with just a

single segment or subsegment active. Thus a simulation could be performed with one

segment inactive and a matching simulation performed with only that segment active,

producing complementary images.

Analysis of the energy and scattering characteristics of the detected photons was pos-

sible by the use of the statistics file, generated as part of a simulation by the PHG.

Prior to any analysis or viewing of the studies, the dataset had to be reordered from the

sinogram, to form a set of eight projections. This was performed using the routine Un-

scramble, found, with all other source code, in Appendix 2.

The number of counts per view was calculated using a simple routine (ROI_Count)

that could tabulate the results required from the output data.

Results

The normal study, in which all lung tissue was perfused, yielded views with ~400-800k

counts each for both binning methods. An example of a normal 256 by 256 study is

shown in Figure 6-1. Figure 6-2 shows a study with a defect involving a single segment

and in Figure 6-3 the corresponding area of missing activity is displayed.

Some characteristics of the photons emitted from the phantom for the 128 by 128

study are shown in Tables 6-3 and 6-4, although the results for the 256 x 256 study were

very similar. Table 6-3 shows the photons that reached the face of the collimator when

characterised by their energy, whilst Table 6-4 considers the same group of photons

when classified by the number of interactions each has had with tissue inside the phan-

tom (the number of scattering events). There was an 87.6:1 ratio of photons reaching the

collimator to those passing through, considerably reducing the numbers of photons seen

in Tables 6-3 and 6-4.
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Table 6-5 shows the number of counts collected in each view, in descending order for

each matrix size used. It also shows the maximum number of counts per pixel present in

each view.

Discussion

Simulation of a normal study using technetium 99m produced comparable counting sta-

tistics to a normal perfusion study performed with technetium 99m-MAA for both the

128 x 128 and 256 x 256 pixel studies (65,94,99). There was a slightly more pro-

nounced gradient of count rates from the anterior and posterior views to the laterals than

would be present in a normal study. In clinical practice, counts can be collected until a

desired number is reached. This was not practical in the PHG, since a predefined num-

ber of photons are simulated, with their emission being isotropic in all directions. Any

asymmetry produced in the count densities is therefore due to differences in the area of

lung presented to the camera face in each view, together with variations in tissue at-

tenuation characteristics.

Both matrix sizes, 128 x 128 and 256 x 256 pixels, were simulated, since both are

currently used in clinical practice. Later investigations could therefore be based upon

either matrix size as required.

A limitation inherent in the PHG is therefore that simulations cannot be performed to

provide a predefined total number of counts per view. This may be of relevance when

considering those simulations performed that include perfusion defects, since in those

cases the total number of counts per view will be diminished in proportion to the area of

lung left unperfused.

Although not all tissue types present in the Zubal anthropomorphic phantom were

present for use in the PHG, the incongruities were minimal, particularly inside the tho-

rax. Many abdominal organs were represented by the attenuation characteristics of wa-

ter, but their total volume inside the tissue block used for the simulation was very small,

appearing only in the last few slices. Other generalisations were made, reducing all

bones to the one attenuation type and all skeletal and smooth muscles to be the same.

Such generalisations are unlikely to have a significant impact upon the overall charac-

teristics of the study, since for instance different muscle types have similar attenuation

characteristics. The additional tissue types were originally used for organ and tissue

classification rather than for their attenuation characteristics.
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It is interesting to examine the characteristics of the photons that comprise the final

image, since without the use of such a simulation system as the PHG, it is not possible

to differentiate primary from scattered photons. Significantly, a large percentage of the

photons reaching the collimator face was not scattered at all (64.2%), these corre-

sponding well with the photons in the energy band 149-140keV. A single scatter event

(involving 29.7% of photons) was reflected in a nearly equal number of photons in the

139-130keV energy band. These values are of importance when considering techniques,

of particular relevance in SPECT, to reduce the effects seen from tissue attenuation and

scatter of photons. Other questions, involving the scatter characteristics and amount of

shine-through of activity present in V/Q scintigraphy can be addressed using this model.

The hierarchical nature of the Txx.TXT files and the associated method of producing

new activity phantoms provides a method of simulating perfusion defects that closely

approximates the processes seen in vivo. That is, the blockage of a larger vessel is re-

flected in perfusion being restricted from a large area of lung tissue compared with that

resulting from a more peripheral defect.

Production of images that contain activity only in those areas of lung tissue affected

by a perfusion defect is not new (147), but is able to be done here without limitations

due to the radiation exposure of normal volunteers. Unlike clinical studies, those pro-

duced using this method of simulation are guaranteed to be perfectly aligned with the

original image, since there can be no movement within the phantom.

Questions of clinical relevance can be addressed using this model, since it accurately

models the entire process of emission of photons from a plausible and realistic phantom,

their scatter and attenuation within the body, their collimation and eventual detection. It

also provides the facility to introduce defects of well-defined characteristics in a con-

trolled manner throughout the lungs, with the production of the corresponding images

showing only those areas affected.

Conclusion

By combining an existing Monte Carlo simulation package (PHG), whose operation had

been verified, with a previously developed plausible and realistic anatomical phantom it

has been possible to produce clinically realistic lung scans.

Perfusion defects can be introduced in a controlled manner, their size and position

being well defined and reproducible. In addition, areas of activity corresponding to any
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perfusion defect can be examined, with images able to be accurately overlaid upon one

another due to the lack of movement present in the model.

Questions of clinical and scientific interest can be addressed using this system of

simulation that could not be otherwise approached due to the limitations inherent in

clinical imaging.

Tables

Table 6-1: Excerpt from the tissue attenuation type translation table used in PHG.

This converts the tissue types used in the Zubal phantom to those used by

PHG. Not all tissue types had a direct equivalent in PHG. Those values not

used and set to zero were omitted from the table. Those values not present in

the thoracic section of the Zubal phantom used for this study could be safely

overwritten with new values, namely the indices associated with the segments

and subsegments of the lungs.

Zubal tissue
type

PHG tissue
type

Comment

0 0 outside phantom ⇒  air
1 14 skin ⇒  skin
2 4 brain ⇒  brain
3 4 spinal cord ⇒  brain
4 3 skull ⇒  bone
5 3 spine ⇒  bone
6 3 rib cage & sternum ⇒  bone
7 3 pelvis ⇒  bone
8 3 long bones ⇒  bone
9 13 skeletal muscle ⇒  muscle

10 12 lungs ⇒  lung inflated
11 11 heart ⇒  heart
12 1 liver ⇒  water (s/b liver)
13 1 gall bladder ⇒  water
14 1 kidney ⇒  water (s/b liver)
15 13 pharynx ⇒  muscle
16 13 oesophagus ⇒  muscle
17 13 stomach ⇒  muscle
18 13 small bowel ⇒  muscle
19 13 colon ⇒  muscle
20 1 pancreas ⇒  water (s/b liver)
21 1 adrenals ⇒  water (s/b liver)
22 10 fat ⇒  fat
23 2 blood pool ⇒  blood
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24 0 gas (bowel) ⇒  air
25 1 fluid (bowel) ⇒  water
26 10 bone marrow ⇒  fat
27 1 lymph nodes ⇒  water (s/b liver)
28 1 thyroid ⇒  water (s/b liver)
29 13 trachea ⇒  muscle
30 13 cartilage ⇒  muscle
31 1 spleen ⇒  water (s/b liver)
32 1 urine ⇒  water
33 1 faeces ⇒  water
34 1 testes ⇒  water (s/b liver)
35 1 prostate ⇒  water (s/b liver)
37 13 rectum ⇒  muscle
39 13 diaphragm ⇒  muscle
40 1 bladder ⇒  water
63 1 lesion ⇒  water (could also be liver)
70 3 dens of axis ⇒  bone
71 3 jaw bone ⇒  bone
74 1 lacrimal glands ⇒  water
75 10 spinal canal ⇒  cerebro-spinal fluid
76 3 hard palate ⇒  bone
77 8 cerebellum ⇒  cerebellum
78 13 tongue ⇒  muscle
85 4 medulla oblongata ⇒  brain
91 4 pons ⇒  brain
99 3 incus(ear bones) ⇒  bone
104 0 sinuses/mouth cavity ⇒  air
106 5 optic nerve ⇒  brain stem
113 13 cerebral falx ⇒  muscle
119 1 eye ⇒  water
121 1 lens ⇒  water
122 1 cerebral aquaduct ⇒  water
125 3 teeth ⇒  bone

Table 6-2: An excerpt from a Txx.TXT file used for the production of activity

phantoms with defects present with only the values from the right lung

shown. The Active? Column is either 0 or 1, with ‘0’ indicating that the area

is not used to control activity within the lung. A ‘1’ indicates that the area is

used to switch activity on or off. The Activity column also contains a 0 or 1. A

‘0’ indicates no activity in that area whilst a ‘1’ indicates normal activity is

present. In the example shown, activity is turned on to the whole right main
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bronchus and turned off to just the segment RB1, producing a defect of per-

fusion in that area alone.

Index Active? Activity Comment
0: 0 0 - spare
1: 1 1 - R branch 1 main bronchi
2: 0 0 - R branch 2 intermediate bronchus
3: 0 0 - R branch 3 upper lobe bronchus
4: 0 0 - R branch 4 lower lobe bronchus upper
5: 0 0 - R branch 5 lower lobe bronchus lower
6: 0 0 - R branch 6 middle lobe bronchus
7: 1 0 - R branch 7 segment B1
8: 0 0 - R branch 8 segment B2
9: 0 0 - R branch 9 segment B3
10: 0 0 - R branch 10 segment B4
11: 0 0 - R branch 11 segment B5
12: 0 0 - R branch 12 segment B6
13: 0 0 - R branch 13 segment B7
14: 0 0 - R branch 14 segment B8
15: 0 0 - R branch 15 segment B9
16: 0 0 - R branch 16 segment B10
17: 0 0 - spare
18: 0 0 - spare
19: 0 0 - spare
20: 0 0 - spare
101: 0 0 - R B1ai
102: 0 0 - R B1aii
103: 0 0 - R B1bi
104: 0 0 - R B1bii
105: 0 0 - R B2ai
106: 0 0 - R B2aii
107: 0 0 - R B2bi
108: 0 0 - R B2bii
109: 0 0 - R B3ai
110: 0 0 - R B3aii
111: 0 0 - R B3bi
112: 0 0 - R B3bii
113: 0 0 - R B4ai
114: 0 0 - R B4aii
115: 0 0 - R B4bi
116: 0 0 - R B4bii
117: 0 0 - R B5a
118: 0 0 - R B5b
119: 0 0 - R B6a
121: 0 0 - R B6b
123: 0 0 - R B6c
125: 0 0 - R B7a
126: 0 0 - R B7b
127: 0 0 - R B7c
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128: 0 0 - R B8ai
129: 0 0 - R B8aii
130: 0 0 - R B8bi
131: 0 0 - R B8bii
132: 0 0 - R B9ai
133: 0 0 - R B9aii
134: 0 0 - R B9bi
135: 0 0 - R B9bii
136: 0 0 - R B10a
138: 0 0 - R B10b
140: 0 0 - R B10c

Table 6-3: Photon energies of those photons that reached the collimator face for the

128 by 128 pixel study, with the emission of 2.5x109 photons from the phan-

tom.

Energy band Number (approx.) Percentage
149-140keV 285x106 64.2%
139-130keV 119x106 26.8%
129-126keV* 41x106 9%

* - the lower energy cut-off was 126keV.

Table 6-4: Number of times each photon is scattered that subsequently reached the

collimator face for the 128 by 128 pixel study, with the emission of 2.5x109

photons from the phantom.

Scatter number Number (approx.) Percentage
0* 285.3x106 64.2%
1 131.9x106 29.7%
2 24.5x106 5.5%
3 2.52x106 0.56%
4 185.5x103 0.041%
5 8x103 0.0018%
6 30 0%
7 0 0%

* - ‘0’ indicates that the photon was never scattered.
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Table 6-5: Shows total counts per view, in descending order for a normal study,

with the maximum counts per pixel found in each view for both matrix sizes.

RAO – Right anterior oblique, LAO – Left anterior oblique, LPO – Left pos-

terior oblique, RPO – Right posterior oblique.

128 by 128 pixel study 256 by 256 pixel study

View Total counts Max. counts Total counts Max. counts

Anterior 813033 764 812548 216

Posterior 712107 579 712176 163

RAO 642954 684 643882 186

LAO 611061 572 612709 158

LPO 486847 403 487689 120

RPO 446535 415 446572 117

Right lateral 389383 437 388123 123

Left lateral 371651 421 371867 118
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7. REPORTING OF SIMULATED PULMONARY SCIN-

TIGRAPHY BY NUCLEAR MEDICINE PHYSICIANS

Precis
A survey of reporting by nuclear medicine physicians and trainees at a na-

tional scientific meeting was performed using a small set of simulated pulmonary

perfusion scans. Demographic information was collected and the reporters were

asked to classify eight perfusion defects by position, character (segmental or

non-segmental) and size. The first four defects were reported without and the

second four with the use of a segmental reference chart.

It was clear from the results that pulmonary scintigraphy remains a common

procedure in both hospital and private practice, but there was poor accuracy and

interobserver agreement.

This study served to highlight important areas that require further investiga-

tion, including the best views to use for visualising each defect, the effect of a

chart on reporting and the perception of the size of defects.
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Introduction

Ventilation/perfusion (V/Q) scintigraphy is a very common and important procedure,

representing perhaps one quarter of the workload of a teaching hospital practice in nu-

clear medicine (see Chapter 2). The practice of study collection and reporting is gov-

erned by the major findings of the Prospective Investigation of Pulmonary Embolism

Diagnosis (PIOPED) study (1,2), which are quite complex. One difficulty is that there

are other criteria, such as Biello (105) and McNeil (106), which conflict in part with the

PIOPED criteria, giving the potential for disagreement in the reporting of some clinical

studies (117). This is significant enough to warrant a recent editorial in a major journal

(118).

Accurate reporting is predicated upon knowledge of segmental anatomy and the rec-

ognition of the size of segmental defects. Very little has been published in this area to

define these two properties. Morrell et al. (3,147) went some way to address the prob-

lems but had clear limitations involving the use of human volunteers and the collection

of limited views.

The aim of this study was to perform a survey of some of the potential problems as-

sociated with reporting pulmonary scintigraphy, to gain an understanding of the appro-

priate areas for further investigation.

Methodology

A three-dimensional, anthropomorphic phantom of the segmental anatomy of the human

lungs (148), as described in the Chapter 4, was used in the simulation of segmental and

non-segmental perfusion defects.

The Photon History Generator (PHG) (140,141) was used to perform Monte Carlo

simulations of the emission, scatter and attenuation of photons in a heterogeneous

phantom, followed by the photons’ subsequent collimation and detection. This system

and its validation are described in the Chapter 5.

Simulations were performed for a 23.6mm thick parallel-hole collimator, using a

32.5cm radius of rotation. The isotope modelled was 99mTc, collected with a symmetric

20% energy window centred around 140keV into a 256 x 256 matrix resulting in counts

of 400-800k per view when no defects were present. The views collected were anterior,

posterior, both laterals, anterior obliques and posterior obliques.
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Eight studies were simulated, four for reporting without the use of a guide to seg-

mental anatomy and four for reporting with an accompanying guide (see Table 7-1). In

each set, three defects were segmental in nature, involving the whole of one segment.

The remaining defect was non-segmental, involving contiguous, subsegmental compo-

nents of adjacent segments, totalling less than the volume of either segment. An equal

number of defects were chosen to arise from each lung, and in the case of the segmental

defects, from each lobe. That is, one defect from the upper, middle and lower lobe on

the right and one from the upper, lingular and lower lobe on the left.

Table 7-1: Description of each defect that was simulated for use in the study.

Studies 1-4 were reported without the use of a guide chart, whilst 5-8 were

with the use of a guide chart.

Study Type Lung Segment(s)

1
Non-segmental Left Part of superior segment lower lobe

+ part of lateral basal

2 Segmental Left Superior lingular

3 Segmental Right Anterobasal

4 Segmental Right Anterior of upper lobe

5 Segmental Left Anterior of upper lobe

6 Segmental Right Medial of middle lobe

7
Non-segmental Right Part of posterior segment of upper lobe

+ part of apical segment of lower lobe

8 Segmental Left Posterobasal

Eight film images showing all eight views of each study were presented to nuclear

medicine physicians and trainees on film produced using a Helios (Polaroid, Cam-

bridge, MA, USA) high-resolution dry film recorder. Reporting took place over a two-

day period at a national scientific meeting for nuclear medicine specialists. Each view

was labelled appropriately and the studies were displayed on a backlit viewing box. The

images were considered suitable for diagnostic purposes by all the clinical observers,

none of whom were informed of the simulated nature of the images.

Standardised reporting forms were used (see Appendix 3), which included simple

demographic questions regarding the background and experience of each reporter, to-
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gether with their major type of practice and approximate number of V/Q scintigraphic

studies reported per week. A separate reporting form was used for the second set of four

studies, which incorporated a guide chart for segmental anatomy. This form was with-

held until the first four defects were classified. No changes were allowed to the reports

of the first four defects after the guide chart was shown.

Reporters were informed that each study included at most one defect, of potentially

variable size and placement. They were asked (on the form) to indicate the lung, lobe

and segment containing each defect as well as its nature (segmental or non-segmental).

The size of the defect was to be categorised as <25%, 25-50%, 50-75% or >75% of a

segment. The view in which the defect could be best visualised was marked.

Results

Twenty-two doctors, of whom 81.8% were specialists, 4.5% first year registrars and

13.6% third year registrars, completed reports on all eight defects. Over half of the

doctors practiced predominantly within a public hospital (54.5%). The experience of

reporters varied widely, with 41% having had less than five years, 18.2% 5-10 years,

18.2% 10-15 years and 22.7% greater than 15 years.

Relatively few of the doctors worked in practices performing less than 5 scans per

week (13.6%), whilst 36.4% performed 5-10 per week, 27.3% 10-15 and 27.3% per-

formed more than 15 scans per week.

Tables 7-2 and 7-3 give the results of reporting without and with the use of a guide

chart respectively. Each shows the percentage of times the reporters were correct for the

questions posed. Assessment of the best view was performed by showing the single

view chosen most often, and the percentage of the time it was chosen. For example, de-

fect 1, shown in Table 7-2, was most often judged to be best appreciated in the left pos-

terior oblique view. This was by 59.1% of observers.

In view of the relatively small number of reporters, no sub-group analysis of the data

was performed. Figures 7-1 and 7-2 show examples of studies shown to the reporters,

demonstrating an example of accurate assessment and inaccurate assessment respec-

tively.
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Table 7-2: Results of reporting without the use of a guide chart. The table shows

the percentage correct for each category apart from Best view, in which is

shown the view most often chosen as the best, with the percentage of the time

it was chosen as such. Defect 1 was non-segmental, thus the assessment of the

segment of origin and size were not applicable (N/A).

Defect Lung Lobe Type Segment Size Best view

1 86.4% 81.8% 54.5% N/A N/A LPO – 59.1%

2 100% 81.8% 95.5% 68.2% 72.7% LAO – 68.2%

3 86.4% 90.1% 77.3% 31.8% 36.4% RAO – 40.9%

4 100% 100% 100% 9.1% 68.2% RAO – 86.4%

 Table 7-3: Results of reporting with the use of a guide chart. The table shows the

percentage correct for each category apart from Best view, in which is shown

the view most often chosen as the best, with the percentage of the time it was

chosen as such. Defect 7 was non-segmental, thus the assessment of the seg-

ment of origin and size were not applicable (N/A).

Defect Lung Lobe Type Segment Size Best view

5 100% 100% 100% 100% 90.1% L Lat – 45.5%

6 100% 86.4% 90.1% 72.7% 59.1% RAO – 90.9%

7 100% 100% 40.9% N/A N/A RPO – 100%

8 95.5% 100% 100% 95.5% 54.5% LPO – 95.5%

Discussion

The great majority of respondents in the survey of V/Q scintigraphy usage and seg-

mental anatomy were specialists (81.8%), with nearly 60% having more than 5yrs expe-

rience. Approximately half of the respondents were from public hospitals, but it would

appear than even in private practices the completion of V/Q scintigraphic studies is a

common event, with more than 50% of respondents performing more than 10 studies

per week.

A restricted set of studies were chosen in view of the setting for the respondents and

the poor likelihood of completion of a more extensive questionnaire. Eight studies were

chosen, in two groups to address the improvement that may be possible with the use of a
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lung chart. Different defects were chosen in each group, though the distribution of de-

fects was preserved in terms of lung zones. In each group one defect was non-segmental

(crossing segmental boundaries) whilst the other three were chosen, one from each lung

zone (upper, middle and lower).

Without the chart, a majority of observers were able to correctly identify the lung

containing the defect, whilst in three defects, 10-20% of the observers were unable to

correctly identify the lobe. Between one quarter and one half of observers were unable

to correctly identify the segmental or non-segmental nature of the defects when in the

lower lobes. Whilst the assessment of the segment of origin for each defect was very

poor, this was not surprising or disappointing since without a chart each reporters un-

derstanding of the exact position of segments would vary and this variation is not criti-

cal in daily practice. Underestimation of defect size was most marked for the defect pre-

sent in the lung base.

Although agreement regarding the optimal view in which each defect could be seen

was poor, the anterior obliques were well represented, in contrast to previous reports in

the literature suggesting their lesser value compared with posterior obliques (149), al-

though there is agreement that performing oblique views adds useful information

(144,149,150).

Assessment of the latter four defects with the use of a segmental guide chart demon-

strated a substantial improvement in accuracy with both the lung and lobe in which the

defect was present. Assessment of the segmental nature of the defect remained problem-

atic (defect 7). Persistent underestimation of defect size occurred, even with the chart,

worse in the base and middle lobe. More accurate identification of size was once again

in the upper lobes.

Overall, agreement regarding the best view for the assessment of each defect im-

proved, but still supports the use of the right anterior oblique for defects within the right

lung.

Conclusion

Pulmonary scintigraphy remains an important and common procedure in both hospital

and private practice, however it appears to be reported with a great deal of inaccuracy

and interobserver disagreement. This demonstrates the clear requirement for a more
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systematic approach to reporting and a mechanism of training observers in the recogni-

tion of the size and placement of the segments in the lung

A small survey such as this only highlights the weaknesses present in current prac-

tice. Basic questions remain regarding the perception of the segmental anatomy of the

lungs, the size of segments and the importance of the detection of pulmonary embolic

disease in the bases of the lungs, where the majority of disease is said to occur (121).

These problems cannot be easily identified and studied in humans because of the

problems of radiation exposure of volunteers and the development of a suitable ‘gold

standard’. This simulation system provides the opportunity to address important issues

in a controlled and reproducible manner.
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8. OPTIMISATION OF THE SCINTIGRAPHIC SEGMENTAL

ANATOMY OF THE LUNGS

Precis
By combining a plausible and representative model of the segmental anatomy

of human lungs with an existing system for Monte Carlo simulation it was possi-

ble to produce a series of simulations to represent isolated segmental defects in

each of the eighteen segments in the lungs.

Experienced nuclear medicine physicians reported on the studies to determine

the views most useful for detecting the presence of pulmonary embolic disease.

Findings, though generally consistent with the literature, suggest that both the

anterior and posterior oblique views are required for optimal appreciation of

segmental defects. The lateral views were also found to contribute significant

information.

With the more widespread use of multi-headed gamma camera systems, it be-

comes feasible to perform ventilation and perfusion studies including all eight

standard views of the lungs, maximising the information available for reporting

purposes.
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Introduction

Virtually all endeavours to investigate the scintigraphic diagnosis of pulmonary embo-

lism such as the PIOPED trial (1,2) are predicated upon the recognition of the segmental

anatomy of the lungs. Whilst this area has been investigated in a number of early pa-

pers, the efforts have been on the basis of phantoms of the lobar anatomy of the lungs

(144,145), or arbitrarily assigned on the basis of the defects being at the periphery of the

lung and concave or triangular in shape (151). More recently the issue has been investi-

gated in the normal human lung utilising scintigraphic techniques (147). This first pro-

spective attempt to define the scintigraphic segmental anatomy of the lungs suffered

however from the inherent limitations of radiation exposure to normal volunteers and

the acquisition of limited projections.

Much of an instructive nature has been written from a post hoc point of view, where

typical segmental defects are recognised after the diagnosis has been made (97). Given

the paucity of ‘hard data’ and implicit restrictions in any prospective human studies, the

author sought to determine the optimal views for the various segments in an experi-

mental model.

Using a previously defined three-dimensional model of the segmental anatomy of the

lungs, a Monte Carlo simulation package was used to generate photons in these ‘virtual’

lungs, allowing the creation and manipulation of segmental defects. In this investiga-

tion, it was assumed that the ‘standard’ V/Q scintigraphic study contains eight projec-

tions.

Materials and Methods

A three-dimensional, anthropomorphic phantom of the segmental anatomy of the human

lungs (148), as described in the section Segmentation and subsegmentation of the lung

in an anthropomorphic phantom (Chapter 4), was used in the simulation of segmental

perfusion defects.

Monte Carlo simulations were performed using the Photon History Generator (PHG)

(140,141), which models the emission, scatter and attenuation of photons in a heteroge-

neous phantom, followed by the photons’ subsequent collimation and detection. This

system was validated prior to use, as described in the section Implementation and per-
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formance verification of a system for the Monte Carlo simulation of planar scintigraphy

(Chapter 5).

Simulations were performed for a 23.6mm thick parallel-hole collimator, using a

32.5cm radius of rotation. The isotope modelled was 99mTc, collected with a symmetric

20% energy window centred around 140keV into a 256 x 256 matrix resulting in counts

of 400-800k per view in the absence of defects. The views collected were anterior, pos-

terior, both laterals, both anterior obliques and both posterior obliques.

Adhering to the terminology established in previous human studies (147), a ‘nega-

tive’ image is one in which there is a perfusion defect with no activity, and the ‘positive’

image shows activity in the area of the defect alone.

A series of eighteen studies were performed, each of which contained a single defect

involving 100% of a segment. These studies corresponded to the eighteen segments pre-

sent in the model, thus producing an example of a perfusion defect in each segment. In

each case a negative and a positive image was produced by the modification of the seg-

mented activity phantom used with the PHG and the subsequent simulation of the emis-

sion of 2.5x109 photons. The images were considered suitable for diagnostic purposes

by all the clinical observers.

A method for determining the best view for a defect in each segment was imple-

mented. ‘Negative’ images from the simulated studies, with lack of activity in the af-

fected segment, were transferred onto film, showing all eight views in the format nor-

mally used for reporting with labels for each view, using a Helios (Polaroid, Cambridge,

MA, USA) high-resolution dry film recorder.

Each study was presented in turn to four experienced nuclear medicine physicians.

They were blinded to both which segment was being demonstrated and the responses of

the other reporters. Normal reporting conditions were used, on a back-lit viewing box

with subdued room lighting, but without the assistance of any charts or guides to the

segmental anatomy of the lungs. The observers were informed that there was only one

defect present, and were asked to rank the best three views in decreasing order of the

information content provided for reporting purposes.

‘Wireframe’ guide diagrams, used in the accompanying illustrations, were not pres-

ent for the reporting of the studies. These guide diagrams were produced from the out-

line of segments seen on individual views of the original segmented anthropomorphic
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phantom and could therefore be accurately overlaid on the ‘positive’ images to illustrate

the position of each segment.

Results

An example of a normal study produced using the Monte Carlo simulation technique is

shown in Figure 8-1. Here the anterior, posterior, lateral and both anterior and both

posterior oblique views are shown. In the lower rows the normal study has been over-

laid with the ‘wireframe’ guide to the segmental boundaries, derived from the anthro-

pomorphic phantom. Figure 8-2 is a guide to the segments shown in each view.

A selection of images from the simulations performed are shown in Figures 8-3 to 8-

6. These show examples of both the classical ‘negative’ and the corresponding ‘positive’

images. For illustrative purposes, several of the figures demonstrate two segmental de-

fects.

A visual comparison with a perfusion image, with typical pulmonary embolic dis-

ease, is shown in Figure 8-7. In this case, a more complex simulation than was pre-

sented to the reporters was produced to closely approximate the defects seen in the pa-

tient study. ‘Positive’ images are again shown to highlight the position of the defects.

Scoring of the results of the observers’ ratings was performed. For each segment, the

view considered best was given three points, that considered second best two and that

third, one. The points were totalled for all the observers, in each case, yielding one view

that was highest followed by any other views. Table 8-1 shows a summary of these re-

sults, with the number of times for each segment a view was rated best, second or third

best.

A threshold of six points was set, below which a view would not be considered use-

ful as the best view, and below five points for an acceptable view. Table 8-2 lists the

view that best demonstrates each segmental defect, and up to two other acceptable

views. The medial basal segment in the right lung was not seen in any view by any ob-

server. In one case the observer could not see any evidence of a segmental defect, whilst

another two could only perceive a small abnormality in one view. For eight segments,

only two views were considered optimal and for two other segments, the observers indi-

cated only one view.
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A summary of the results shown in Table 8-1 are shown in Table 8-3, showing the

number of points accumulated by each view for all observers. Shown are the results for

all segments and those segments in the lower lobes.

Table 8-4 shows the frequency with which each view appears in the ‘best’ column of

Table 8-2. Segments are shown in two groups: all segments and those segments in the

lower lobes. Since the medial basal segment in the right lower lobe was considered un-

detectable in any view, it was not included in the table, giving a total of seventeen seg-

ments.

Discussion

The model of the lungs utilised in this study has the potential to provide answers to a

multitude of questions regarding lung scintigraphy. A question as seminal as what views

constitute a ‘standard’ V/Q scintigraphic study has not been satisfactorily resolved. This

has proved elusive in the conventional clinical setting due to the difficulty in defining

the true segmental anatomy of the lungs. Scintigraphic segmental anatomy was admira-

bly addressed in the work of Morrell et al. (147) in normal volunteers.

This was achieved by bronchoscopic cannulation of the segmental bronchi and ven-

tilation of each segment with krypton 81m to produce a ‘positive’ image of the segment

with no contribution of activity from other lung tissue. The same bronchus was then oc-

cluded and the remainder of the lungs was ventilated to produce a ‘negative’ image of

the segment.

Many technical difficulties were encountered due to the inability to easily move the

patients with the bronchoscope in situ, interference from local anaesthetic instillations,

limited views and radiation exposure to the volunteers. The model utilised here did not

have these restrictions, as eight ‘standard’ views were obtained for every segment, de-

fect size was precisely known and the images used in reporting were technically opti-

mised for counts.

The veracity of the images in this ‘virtual’ model is clearly dependent on an accurate

knowledge of the segmental anatomy of the lungs. Three major sources were drawn

upon in the development of the model: lobar fissures apparent in CT scans of normal

lungs, the best available anatomy illustrations from Netter (128) and Gray’s Anatomy

(127) and from injection of colour coded material into the segmental bronchi of cadav-

eric lungs followed by sectioning and digitisation of the data sets (138). It provided a
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composite three-dimensional model of the segmental anatomy of the lungs that did not

differ significantly from the planar illustrations found in the standard anatomy texts.

Minor differences were present in the basal segments, but these were within the gamut

of normal variation described in work by Boyden (126). Coding of this information was

then transferred to the original tissue segmented anthropomorphic phantom of the lungs

used for the Monte Carlo simulations.

Four experienced nuclear medicine physicians viewed the data in a blinded fashion

to determine the best views for each segment in eight ‘standard’ views of the lungs. This

data, as presented in Table 8-2, shows some unexpected findings. This is particularly so

in the upper lobes of both lungs where the anterior and RAO views were found to be the

best for the right apical segment (Figure 8-3) whilst the lateral and posterior views were

the best for the left apicoposterior segment. It may reflect removal of the problem of

shoulder attenuation in the right lateral view and the more extensive posterior extension

of the left apicoposterior segment as compared with the relative anterior extension of

the right apical segment.

Other unexpected findings were the best visualisation of the right middle lobe in the

anterior and RAO projections, rather than in the lateral view (Figures 8-3 and 8-4). It is

probably due to presentation of the greatest area of the middle lobe anteriorly and by the

reduction of scatter from the medial border in the RAO due to the adjacent heart. This

may also account for the unexpected number of segments that were best delineated in

the RAO view of the right lung (four of ten). Similarly, the best view of the lateral basal

segment of the left lung was the posterior (Figure 8-5), suggesting that a combination of

reduced scatter from the anteromedial and posterior segments and its peripheral local-

isation in this view provided the best contrast. These contributions are more significant

in degrading its delineation in the lateral view. Apart from this finding, four of nine

segments in the left lung were best visualised in the left lateral projection (Figure 8-6

and Table 8-4).

These results generally agree with those of Morrell et al. (147). In nine of eighteen

segments, there was complete agreement about the best views. In five of eighteen, there

was disagreement by one view due to the use of an anterior projection. In two of eight-

een, there was disagreement by two views, also due to the use of an anterior projection.

In the remaining two segments there was disagreement by one and two views, based on
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similar projections. There was complete agreement about the failure to adequately visu-

alise a defect in the medial basal segment of the right lung in any view.

Practical application of the findings of this study has significance, as multi-headed

instruments become commonplace. Optimally, eight views can be obtained from four

positions of a dual-headed instrument or further expedited by two positions of a triple-

headed instrument where the index head is placed laterally, with the other two heads

acquiring the anterior and posterior oblique projections. This compromise for speed and

throughput forsakes the anterior and posterior views, with the loss of optimal imaging of

three segments, only one of which is basal, and accepting second-best by using obliques

for two of these. One segment, the lateral basal segment of the left lung, will not be

clearly viewed in this instance.

The case for single headed instruments is more complex. Clearly, the acquisition of

eight ‘standard’ views is too costly in terms of time and throughput. Which views to ex-

clude then becomes a very important question, one that has been grappled with since

1977 and has largely centred on the anterior oblique views. It raises the issue that a

number of authors, including Morrell et al. and Nielsen et al. (149) have raised, i.e.

should the lateral replace the anterior oblique view or should the anterior oblique view

be included at all? This is the first study to address these questions in terms of the eight

standard views with well-defined and known segmental defects. Nielsen et al. based

their observations on 229 patients of which 77 were classified as “normal” or minimally

abnormal based on clinical history and blood gasses. They did not know the nature of

the abnormalities that were reported as ‘abnormal’ and classified these as diffuse or fo-

cal. Based on a simple qualitative reporting scale it was concluded that the anterior

oblique views did not contribute substantial information to the perfusion lung scan.

Morrell et al. chose to omit the anterior obliques based on this study.

The findings in this study certainly highlight that the anterior oblique projections do

contribute significant information. Figure 8-3 clearly shows its importance, particularly

in the right lung, where it was found to contain information on more segments than the

right posterior oblique and lateral projections. Its contribution in defining the segmental

anatomy in the left lung is significantly less important than the left lateral and posterior

oblique projection. A good case could be made for dropping the anterior and left ante-

rior oblique projection from the eight standard views to expedite the scanning process

without the loss of significant diagnostic data. The second best views would provide the
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requisite information on the two segments involved (apical segment of the right upper

lobe and anterior segment of the left upper lobe).

Such findings affirm the prevailing rule that a thorough knowledge of segmental

anatomy is critical to the interpretation of V/Q scintigraphy. While this model does not

change the current concepts of planar segmental anatomy, it provides a three dimen-

sional scintigraphic atlas of this anatomy that could be very powerful in unravelling

segmental boundaries for tomographic imaging of the lungs. It allows the development

of a well-controlled teaching tool with more accurate and reproducible abnormalities

than previous ad hoc examples. The Photon History Generator also allows the statistical

determination of scatter fractions and a more workable and precise measure of attenua-

tion. These issues will be explored in further work on the detectability of lesions based

on size and the important contributions of scatter, attenuation and ‘shine through’ in

scan interpretation.

Conclusion

An accurate scintigraphic simulation of segmental anatomy has been produced with cur-

rent technology, overcoming the problems associated with a similar endeavour in vivo.

The model was used to generate clearly defined and reproducible segmental abnormali-

ties. This allowed the production of high quality images in the eight standard views that

permitted the determination of the best projections for viewing segmental anatomy in

the clinical setting. A relatively high proportion of segmental data about the right lung is

encoded in the right anterior oblique view and for the left lung in the left lateral view.
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Tables and Figures

Table 8-1: Results for all observers, tabulated by the segment and the view. In each

case the number of times the view was considered best, second and third are

shown as a three-digit number, e.g. 123 represents the view was considered

best by one person, second best by two and third best by three. The total

score is shown for each segment as described in the text.

Segment Ant RAO R Lat RPO Post LPO L Lat LAO

R1 130⇒ 9 202⇒ 8 001⇒ 1 111⇒ 6

R2 021⇒ 3 121⇒ 8 301⇒ 10 011⇒ 3

R3 011⇒ 3 400⇒ 12 031⇒ 7 011⇒ 1 001⇒ 1

R4 301⇒ 10 002⇒ 2 111⇒ 6 031⇒ 7

R5 022⇒ 6 400⇒ 12 021⇒ 5 001⇒ 1

R6 001⇒ 1 011⇒ 3 031⇒ 6 400⇒ 12 002⇒ 2

R7 101⇒ 4 100⇒ 3 010⇒ 2 100⇒ 3

R8 220⇒ 10 012⇒ 4 210⇒ 8 001⇒ 1

R9 120⇒ 7 001⇒ 1 100⇒ 3 100⇒ 3

R10 100⇒ 3 011⇒ 3 200⇒ 6 010⇒ 2

L1+2 102⇒ 5 021⇒ 5 301⇒ 10 021⇒ 4

L3 013⇒ 5 001⇒ 1 121⇒ 8 310⇒ 11

L4 101⇒ 4 001⇒ 1 012⇒ 4 220⇒ 10 111⇒ 6

L5 012⇒ 4 002⇒ 2 310⇒ 11 121⇒ 8

L6 001⇒ 1 100⇒ 3 010⇒ 2 002⇒ 2 001⇒ 1 300⇒ 9 030⇒ 6

L7+8 130⇒ 9 310⇒ 11 004⇒ 4

L9 001⇒ 1 010⇒ 2 400⇒ 12 011⇒ 3 011⇒ 3

L10 030⇒ 6 400⇒ 12 011⇒ 3
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Table 8-2: Best views for each segment, with one or two further views listed that

were found acceptable. Views shown in parentheses did not fulfil the criteria

for acceptable views, but were still considered the best view by one observer.

Segment names are shown, grouped by lobe, with numbers in parentheses

corresponding to those used in Table 8-1.

Segment Best view Acceptable Acceptable

Right upper lobe

Apical (R1) Anterior RAO Posterior

Posterior (R2) RPO R Lat

Anterior (R3) RAO R Lat

Right middle lobe

Lateral (R4) Anterior R Lat RPO

Medial (R5) RAO Anterior R Lat

Right lower lobe

Apical (R6) RPO R Lat

Medial (R7)

Anterior (R8) RAO RPO

Lateral (R9) RAO (RPO) (Posterior)

Posterior (R10) RPO (Anterior)

Left upper lobe

Apicoposterior (L1+2) L Lat Posterior LPO

Anterior (L3) LAO L Lat

Lingula

Superior (L4) L Lat LAO (Anterior)

Inferior (L5) L Lat LAO

Left lower lobe

Apical (L6) LPO L Lat

Anteromedial (L7+8) L Lat LPO

Lateral (L9) Posterior

Posterior (L10) LPO Posterior
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Table 8-3: Results for all observers taken from Table 8-1 and tabulated for each

view, showing the total number of times each view was rated first, second or

third and then a total score using three points for first, two points for second

and one for third, as above. Views are listed in descending order of total points

for all segments. Points are shown for only those segments in the lower lobes.

Projection For all segments For only the lower lobe

Right anterior oblique 14,8,7⇒ 65 4,6,1⇒ 25

Left lateral 12,12,4⇒ 64 3,7,2⇒ 25

Anterior 7,8,14⇒ 51 2,0,4⇒ 10

Right posterior oblique 12,4,5⇒ 49 9,1,2⇒ 31

Left posterior oblique 9,7,7⇒ 48 9,4,1⇒ 36

Right lateral 2,14,10⇒ 44 0,5,6⇒ 17

Posterior 7,6,8⇒ 41 5,4,4⇒ 27

Left anterior oblique 6,6,9⇒ 39 1,0,4⇒ 7

Table 8-4: Number of times each projection was considered the ‘best view’, with

subtotals for the anterior obliques, posterior obliques and lateral views, since

these are often performed or omitted as pairs in clinical studies.

Projection For all segments For only the lower lobes

Anterior 2 0

Posterior 1 1

Anterior obliques 5 2

Left 1 0

Right 4 2

Posterior obliques 5 4

Left 2 2

Right 3 2

Laterals 4 1

Left 4 1

Right 0 0
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Figure 8-7: Shows a comparison between a patient study (upper two rows), and a

simulation performed to approximate its appearance (middle two rows). The

lowest two rows show the segmental outlines superimposed upon the positive

images. In the simulation, defects in the right lung involved the entire middle

lobe, the apical and posterior segments of the upper lobe and part of the su-

perior segment of the lower lobe. Note: the patient study was performed post

ventilation with Technegas, using a triple head camera, thus the angles of the

obliques are shallow and there are remnants of activity in the areas with de-

creased perfusion.
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9. VARIABILITY OF PERCEIVED DEFECT SIZE IN

SIMULATED LUNG SCINTIGRAPHY

Precis
Using an existing model of the segmental anatomy of the human lungs and a

system for the Monte Carlo simulation of planar scintigraphy, a set of studies

was created to assess both the accuracy and reproducibility of pulmonary perfu-

sion defects.

Confirming earlier work that there is a large underestimation of segmental

defect sizes and only fair intraobserver agreement, this study extended the re-

search to include all eight views from a ‘standard’ V/Q scintigraphic study, pre-

sented on film. This allowed the observers to better appreciate the three-

dimensional nature of the defects being studied. Even so, the accuracy of estima-

tion was 50%.

Underestimation of defect size was most marked in the lung bases, particu-

larly on the right, where there is a densely packed arrangement of segments. This

provides for a significant amount of shine-through and scatter of activity into the

defect involved, thus reducing the apparent size of the defect.
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Introduction

Evaluation of lung scintigraphy for the diagnosis of pulmonary embolism is based on

the recognition of segmental anatomy. The reporting criteria rely on the presence of a

mismatch between perfusion and ventilation. The mismatch refers to perfusion defects

with a normal pattern of ventilation at the site of the defects. The combination of these

two observations yields an estimate of the probability of the diagnosis of pulmonary

embolism. Currently accepted criteria for such diagnosis are derived from the PIOPED

study (108), to which progressive refinements have been added with further analysis of

the various subsets of the original data (1,2,109).

The PIOPED study divided defects into small (<25% of a segment), moderate (≥25%

to ≤75% of a segment) and large (>75% of a segment). The accurate and reproducible

assessment of the size of such defects is assumed to be fundamental for the criteria to be

clinically valid. However, little has been published to confirm that assumption. Morrell

et al. (3) demonstrated consistent underestimation of defect size in over 50% of cases

and poor interobserver agreement of these observations. This study however suffered

from the limitations of radiation exposure to normal volunteers and acquisition of lim-

ited projections. The author undertook a study with similar aims but utilised eight stan-

dard views produced in a simulated scintigraphic model of the segmental anatomy of

the lungs.

Methodology

A three-dimensional, anthropomorphic phantom of the segmental anatomy of the human

lungs (148), as described in the section Segmentation and subsegmentation of the lung

in an anthropomorphic phantom (Chapter 4), was used in the simulation of segmental

perfusion defects.

The Photon History Generator (PHG) (140,141) was used to perform Monte Carlo

simulations of the emission, scatter and attenuation of photons in a heterogeneous

phantom, followed by the photons’ subsequent collimation and detection. This system

and its validation are described in the section Implementation and performance verifi-

cation of a system for the Monte Carlo simulation of planar scintigraphy (Chapter 5).

Simulations were performed for a 23.6mm thick parallel-hole collimator, using a

32.5cm radius of rotation. The isotope modelled was technetium 99m, collected with a
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symmetric 20% energy window centred around 140keV into a 256 x 256 matrix result-

ing in counts of 400-800k per view when no defects were present. The views collected

were anterior, posterior, both laterals, anterior obliques and posterior obliques.

Adhering to the terminology established in previous human studies (147), a ‘nega-

tive’ image is defined as one in which there is a defect with no activity. A ‘positive’ im-

age was defined as one in which activity was confined to the site of the defect alone.

A diagram outlining the segmental boundaries was created for the eight ‘standard’

views of the anatomical phantom used in this study. This provided spatial orientation of

the positive images in illustrations.

A series of twenty studies were performed, eighteen of which contained a single de-

fect involving 100% of a segment and two which had incomplete segmental defects.

The extra two studies were included to lessen the chance that the observers would con-

clude that only complete segments (of which there were eighteen in the model) were

being shown to them. Twenty film images showing all eight views of each study were

presented to four experienced nuclear medicine physicians on film produced using a

Helios (Polaroid, Cambridge, MA, USA) high-resolution dry film recorder. Each view

was labelled appropriately and the studies were displayed on backlit viewing boxes with

subdued ambient lighting. The images were considered suitable for diagnostic purposes

by all the clinical observers.

The observers were informed that there was only one defect present per study, which

could vary in size between studies, but which involved only a single segment or part

thereof. They were then asked to categorise each defect into one of the following three

categories: <25%, 25-75% or >75% of a segment. No segmental guide diagrams were

available to the observers.

To assess intraobserver reproducibility the same studies were represented to the cli-

nicians four weeks later, in a different order, and under the same reporting conditions.

The intraobserver agreement was assessed using two methods. The first was descrip-

tive, showing the percentage complete agreement between the first and second readings

of each defect for all categories. The second used a weighted kappa statistic (145,152),

which is a statistical measure of agreement, adjusted for the agreement which would

have occurred by chance. The weighted kappa statistic is used when analysing an or-

dered categorical classification, containing more than two categories, as is the case with

the criteria for defect size used in this study. Kappa takes a value between 1 and -1,
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where a value of 1 represents complete agreement, 0 represents only chance agreement,

and -1 shows complete disagreement.

Calculations were made from the count-based data available from the phantom stud-

ies to compare the amount of counts present in the region of interest (ROI) for each

segment in each view as a proportion of the total number of counts present in the ROI

for that view.

Results

Figure 9-1 is a histogram of the categorisation of defect size, combining the results of

the first and second readings. This represents eight reports, of eighteen defects, all of

which were 100% of a segment, giving a total of 144 defects reported. Of those defects,

15% were reported as <25% of a segment, 35% as 25-75%, and 50% as >75% of a seg-

ment. As the observers were informed that there was always a defect present, there was

no category for a normal study.

The accuracy and intraobserver agreement of the reporting is shown in Table 9-1.

The accuracy of each observer, at each reading of the scintigrams is shown as the num-

ber of defects reported as 75% of a segment. For three of the four observers the accu-

racy improved in the second reading. Intraobserver agreement is shown using the per-

centage complete agreement and the weighted kappa measure.

Table 9-1: Accuracy and intraobserver agreement.

Accuracy (%) Intraobserver agreement

Observer First reading Second reading (%) Weighted Kappa

One 72 61 67 0.491

Two 33 50 67 0.597

Three 39 50 50 0.343

Four 50 56 67 0.491

For comparison with unweighted kappa, an assumption was made that the data was

categorised as either correct (>75%) or incorrect (any other size). Calculations in this

case gave results that differed from those in the weighted case, as shown in Table 9-2. A

crude measure of agreement of 53% was found between the observers. This was made
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by determining the percentage agreement between all paired combinations of observers

and averaging the results.

Table 9-2: Comparison of intraobserver agreement measured with the weighted

and unweighted kappa.

Observer Unweighted kappa Weighted Kappa Difference

One 0.507 0.491 +0.016

Two 0.666 0.597 +0.07

Three 0.333 0.343 -0.01

Four 0.444 0.491 -0.047

A classification of the reported defect size for the observers is shown in Table 9-3 for

each of the eighteen segments. Reported defect sizes were averaged for the four readers.

This was accomplished by attributing one point for a defect <25% of a segment, two

points for 25-75% and three points for >75% of a segment. The scores were totalled for

all the observers and the results averaged. A result of <1.5 was then classified as small,

1.5 to <2.5 as moderate and 2.5 to 3 as large, with the actual defect size being large for

all segments. A summary of this information is given (Table 9-4) in which sizes are

shown in two groups: all segments and those segments in the lower lobes, the predomi-

nant site of embolic disease (121).

Table 9-3: Reporters’ perception of defect sizes averaged and grouped as small,

moderate and large. The actual defect size was large in each case. The seg-

ment numbers, as used in Tables 9-5 and 9-6, are shown in parentheses.

Segment Reported size

Right upper lobe

Apical (R1) Large

Posterior (R2) Moderate

Anterior (R3) Large

Right middle lobe

Lateral (R4) Large

Medial (R5) Large

Right lower lobe
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Apical (R6) Moderate

Medial (R7) Small

Anterior (R8) Moderate

Lateral (R9) Small

Posterior (R10) Small

Left upper lobe

Apicoposterior (L1+2) Large

Anterior (L3) Large

Lingula

Superior (L4) Large

Inferior (L5) Moderate

Left lower lobe

Apical (L6) Large

Anteromedial (L7+8) Large

Lateral (L9) Moderate

Posterior (L10) Large

Note: Defect size —  Small = <25%, Moderate = 25-75%, Large = >75%

Table 9-4: Summary of the categorisation of defect sizes from Table 9-3.

Category All segments (%) Lower lobes (%)

Small 17 33

Moderate 28 33

Large 56 33

Note: Actual size of all defects was large

Examples of defects are shown in Figures 9-2 to 9-5. The difficulty in estimating de-

fect size in the lower segments is shown in Figures 9-2 to 9-4, each of which includes

two segmental defects for illustrative purposes whilst Figure 9-5 shows a single defect

in the right upper lobe.

Results of count-based calculations from the ROIs derived from the segmented an-

thropomorphic phantom are shown in Tables 9-5 and 9-6. The counts present in the ROI

for each segment in each view is presented in Table 9-5 as a percentage of the total
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number of counts for that segment in all ROIs in all views. Those views that have

counts totalling at least one eighth of all present for that segment are shown in bold to

indicate their added significance. The remainder of views often have only a few percent

each, indicating that the segment is poorly seen if at all in that view.

Table 9-5: Counts in a segment’s ROI in one view as a percentage of the total

counts present in its ROI in all views. Those with 12.5% (one eighth) or

greater are shown in bold type.

Segment L Lat LAO Ant RAO R Lat RPO Post LPO

R1 0.0 10.8 24.7 22.4 12.5 10.0 11.2 8.4

R2 0.1 0.0 0.7 7.8 16.7 29.9 33.0 11.9

R3 0.0 16.0 38.7 30.2 13.7 1.2 0.0 0.2

R4 0.0 0.2 14.0 47.6 33.2 4.7 0.3 0.0

R5 0.0 19.9 45.2 26.8 7.3 0.8 0.0 0.0

R6 0.1 0.0 0.3 0.6 3.9 24.9 48.9 21.3

R7 1.5 33.3 30.9 7.5 17.5 0.3 7.4 1.5

R8 0.0 0.8 1.0 25.3 45.8 22.6 4.4 0.0

R9 0.4 0.5 0.4 2.1 11.9 38.7 38.7 7.2

R10 0.4 0.2 1.4 3.0 2.5 8.0 45.8 38.6

L1+2 13.7 16.8 11.7 8.1 0.2 9.0 19.5 20.9

L3 12.5 30.1 35.3 19.0 0.6 0.2 0.5 1.8

L4 21.7 34.7 27.2 10.3 0.4 0.4 0.3 5.0

L5 15.1 36.6 33.7 12.5 0.5 0.0 0.0 1.7

L6 5.7 0.7 0.3 0.0 0.0 18.4 47.4 27.5

L7+8 39.2 25.8 8.0 1.7 1.4 1.2 3.2 19.3

L9 24.0 2.3 0.4 0.4 0.0 2.6 31.2 39.1

L10 2.5 1.7 1.8 0.2 0.0 31.0 42.1 20.7

The number of counts in a segment’s ROI for each view that actually originated in

that segment is shown as a percentage in Table 9-6. Since not all segments can be seen

in all views, some results are listed as zero. Shine-through of activity from these seg-

ments would still have been present, but could not have been attributed to the segment

in question.
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Table 9-6: Percentage of counts within each segment’s region of interest in a par-

ticular view that came from within that segment. Shown in bold are those en-

tries corresponding to the bold entries from Table 9-5. A percentage of 0.0

represents that fact that the segment is not visible at all in the particular

view.

Segment L Lat LAO Ant RAO R Lat RPO Post LPO

R1 6.4 60.7 67.2 61.1 47.4 63.1 70.4 51.4

R2 4.3 0.0 19.9 55.0 43.2 37.3 34.5 39.0

R3 0.0 62.2 46.0 49.0 58.6 59.7 16.4 22.8

R4 0.0 40.3 41.9 32.9 36.8 37.8 36.1 0.0

R5 26.4 55.1 38.4 57.9 87.5 56.1 0.0 0.0

R6 6.1 0.0 22.2 48.8 50.5 45.6 27.9 31.8

R7 15.6 36.1 34.6 20.1 30.8 15.2 37.0 13.4

R8 0.0 20.9 60.3 46.8 32.8 39.7 56.4 0.0

R9 5.7 10.3 10.3 40.6 44.0 31.1 30.6 58.6

R10 5.0 11.3 24.0 29.1 33.7 60.2 43.4 28.1

L1+2 53.6 72.6 81.9 69.0 12.6 60.7 75.5 63.5

L3 61.3 50.6 47.5 63.2 19.1 18.5 20.5 65.2

L4 55.7 48.0 50.7 66.1 10.3 15.2 48.0 57.4

L5 68.4 46.6 42.7 55.8 4.0 0.0 0.0 68.5

L6 57.6 54.6 17.8 0.0 6.9 39.6 33.9 49.5

L7+8 57.8 57.4 48.8 49.9 5.0 18.8 50.6 51.8

L9 32.0 57.4 11.0 7.0 0.0 51.2 29.3 29.1

L10 38.4 28.0 27.0 13.8 0.0 33.1 46.1 59.7

For the remainder, those views for each segment corresponding to the significant

views from Table 9-5 are shown in bold. Although large percentage changes were pres-

ent in a number of the other entries, this was caused by large influences from surround-

ing segments affecting the few counts present from the original segment, and should be

disregarded.
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Discussion

The simulated scintigraphic model of the segmental anatomy of the lungs was based

upon data derived from CT scans, anatomical texts (128,137) and injection of segmental

bronchi in cadaveric lungs (138). Whilst variations in segmental anatomy are acknowl-

edged, the model is within the limits of common variants described by Boyden (126).

The images produced by this method were deemed of high quality for purposes of re-

porting by all observers, as is demonstrated in Figures 9-2 to 9-5.

The defect sizes were categorised as described in the PIOPED study (108) to ensure

that the results were relevant to clinical practice. This was in contrast to the method of

Morrell et al. (3) where five categories were used in reporting and later reclassified ac-

cording to the PIOPED criteria for analytic purposes. Another significant difference was

the use of the eight ‘standard’ view V/Q scintigraphic study for each defect and its pres-

entation on film hard-copy for reporting, compared with a single view Polaroid image,

selected to demonstrate the defect at its largest from a restricted set of views. By de-

signing the study in this manner, reporters could perceive the defect as a volumetric

construct, rather than a single two-dimensional entity. It also more closely approximates

the manner in which studies are reported in clinical practice.

Perception of the sizes of segmental defects was inaccurate in 50% of cases (Figure

9-1), compared with 56% inaccurate in Morrell et al. (3). This may have been due to a

greater perception of the volumetric basis of the defects due to the availability of multi-

ple views rather than to differences in reporting skills. Of greater concern is the finding

that 15% of defects were reported as less than 25% of a segment (Morrell et al (3) re-

ported 17%), and that 35% of defects were reported as 25-75% of a segment (Morrell et

al. (3) reported 40%). Accuracy of the reporters varied quite widely from 33-72% for

the first reading, followed by an improvement in the second reading with a range of 50-

61%. It does suggest the possibility of a training effect.

Poor intraobserver agreement is reported if the kappa value is less than 0.40, fair if

the value is between 0.40 and 0.75 and excellent if it is above 0.75 (153). Intraobserver

variation in reporting was fair for three of the four reporters and poor in one. Weighted

kappa scores were greater than 0.40 for three and less than 0.40 for one observer (Table

9-1). Comparison of the current study with that of Morrell et al. (3) is invalid as an un-

weighted kappa statistic was used in that study. The unweighted statistic is used for tests

with a binary result in comparison to the weighted kappa statistic that is used when re-
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sults are categorical in nature. Perhaps some comparison could be drawn from the re-

sults shown in Table 9-2, with very small numerical differences, though varying in sign

between observers. However, since this is only one (incorrect) way of using an un-

weighted kappa statistic, it does little to validate a comparison.

The greatest inaccuracy in assessment of the size of the defects was in the right lower

lobe, affecting the medial, lateral and posterior segments, which were judged to be less

than 25% of a segment (Table 9-3). The remaining segments in the right lower lobe

were graded as 25-75% of a segment. Morrell et al. (3) reported the major sites of un-

derestimation as being in the anterior and lateral basal segments of both lower lobes,

medial segment of the right middle lobe and the posterior and apical segments of the

right upper lobe. The difference in findings may have been due to the inclusion of the

anterior and anterior oblique views in the current study. Nevertheless, this is a concern

as the lower lobes of the lungs are more frequently the site of embolic disease, with the

right lung base being more commonly affected (121), and as this study shows, underes-

timation of defect size is more pronounced in the lower lobes than when all segments

are considered (Table 9-4).

Scatter and ‘shine through’ of activity from other basal segments into the affected

segment appears the likeliest explanation for the consistent underestimation of defect

size in the right lower lobe. Table 9-5 illustrates that a small number of views convey

the majority of counts for many segments, representing the fact that each segment pres-

ents a larger surface area to the observer in a particular set of views and is at least par-

tially obscured by perfused lung tissue in others. When this is considered in conjunction

with the data in Table 9-6, it becomes evident that it is not enough for a segment to pre-

sent a reasonable surface area to the observer in a particular view. A large percentage of

the counts seen in its ROI must also originate within the segment in question, rather

than those in its surrounding. A general correspondence can be seen between those seg-

ments with large percentages of intrinsic activity and those perceived to be large in size.

The centrally placed medial basal segment may account for the higher degree of

scatter and shine through into the more radially placed basal segments, leading to the

perception of smaller defect sizes. In each case less than 47% of the counts seen in each

segment’s ROI originated inside that segment.

This is not the case in the left lower lobe, where the heart indents the anterolateral

and medial aspects of the lower lobe and there is no medial basal segment to scatter ac-
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tivity or shine through into the other basal segments. In all but the lateral-basal segment

on the left (which was underestimated in size), the maximum percentage of counts

originating in each segment was greater then 47%.

The positive images in Figures 9-2 to 9-4 demonstrate the perceived reduction of de-

fect size in the negative images in contrast with a defect in an upper lobe segment (Fig-

ure 9-5). The difference is almost certainly due to scatter and shine through from the

surrounding unaffected segments. Thus the higher the density of unaffected segments

around the affected segment, the greater is the effect on reducing the perceived size of

the defect. This corresponds with the maximum percentage of counts originating within

each segment in the upper lobes. In all but the posterior segment on the right (whose

size was underestimated), more than 62% of activity came from within the segment in

question.

Conclusion

This study confirms earlier work that there is underestimation of segmental defect sizes,

particularly in the right lower lobe. While there is fair intraobserver agreement in re-

porting such defects, the accuracy of estimation is 50%. Errors of estimation are most

marked in the lung bases, particularly on the right. It is possible that this variability and

inaccuracy will be reduced by the use of a guide to segmental anatomy.
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Figure 9-1: Histogram showing the frequency (%) with which the observers

classified the segmental defects, all of which were 100%, into the three

categories when the first and second readings of all observers were combined.
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Report on V/Q scintigraphy

Scan name What is the size of the defect (% of a segment)?

Alfred ¨ <25 ¨ 25-75 ¨ 75-100

Alison ¨ <25 ¨ 25-75 ¨ 75-100

Andrew ¨ <25 ¨ 25-75 ¨ 75-100

Anthony ¨ <25 ¨ 25-75 ¨ 75-100

Figure 9-6: Shows a portion of the reporting form used by the observers for the

assessment of defect size. Each study is identified by a randomly chosen

name, arranged alphabetically.
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10. ENHANCED ACCURACY AND REPRODUCIBILITY IN

REPORTING OF LUNG SCINTIGRAMS BY A SEGMENTAL

REFERENCE CHART

Precis
A three-dimensional model of the segmental and subsegmental anatomy of the

lungs was used to create both a series of studies with defects and a chart showing

the segmental boundaries. An assessment could then be made on the improve-

ment possible in reporting of V/Q scintigraphy before and after the introduction

of such an ideal chart.

Significant improvements were seen in the accuracy and reproducibility of re-

porting when using the chart, however defects in the lower lobes still proved

problematic. A second series of defects involving 45-55% of a segment in the

lower lobes was then used with the chart, in which 59% of defects were correctly

interpreted for size. Over one quarter were still underestimated in size.
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Introduction

Pulmonary embolism is a disease that is most often investigated by lung ventila-

tion/perfusion (V/Q) scintigraphy. Determination of the probability of embolic disease

in virtually all classification systems of pulmonary scintigraphy is based on the recogni-

tion of unmatched segmental perfusion defects (104,108). The prospective validation of

the importance of the recognition of segmental and subsegmental perfusion defects was

achieved with the Prospective Investigation of Pulmonary Embolism Diagnosis

(PIOPED) trial (108). The modified PIOPED criteria (1,2) rely on a robust interpreta-

tion of scan findings which pre-supposes both accuracy and reproducibility of the result.

While there is a body of literature which assesses inter- and intra-observer reproduci-

bility (154,155), there is little that investigates the accuracy of scan interpretation. Accu-

racy of V/Q scintigraphy reporting is a difficult concept to achieve in vivo as there is no

real ‘gold standard’ available other than angiography, which has its limitations (57).

Consensual agreement between readers has been used as ‘truth’ in an alternative meth-

odology (154,155). By this method, it implies that readers can also be reproducibly in-

accurate in a proportion of cases.

A novel solution to the problem is to utilise a simulated scintigraphic model of the

segmental anatomy of the lungs that allows precise determination of defect size and lo-

cation. Because these two variables are controlled, an absolute calculation of accuracy

can be achieved. Such a model provides an ideal basis for investigating accuracy, repro-

ducibility and the impact of a lung segmental reference chart on these variables.

Methodology

A three-dimensional, anthropomorphic phantom of the segmental anatomy of the human

lungs (148), as described in the section Segmentation and subsegmentation of the lung

in an anthropomorphic phantom (Chapter 4), was used in the simulation of segmental

perfusion defects.

The Photon History Generator (PHG) (140,141) was used to perform Monte Carlo

simulations of the emission, scatter and attenuation of photons in a heterogeneous

phantom, followed by the photons’ subsequent collimation and detection. This system

and its validation are described in the section Implementation and performance verifi-

cation of a system for the Monte Carlo simulation of planar scintigraphy (Chapter 5).
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Simulations were performed for a 23.6mm thick parallel-hole collimator, using a

32.5cm radius of rotation. The isotope modelled was 99mTc, collected with a symmetric

20% energy window centred around 140keV into a 256 x 256 matrix resulting in counts

of 400-800k per view when no defects were present. The views collected were anterior,

posterior, both laterals, anterior obliques and posterior obliques.

A lung segmental reference chart was created (Figure 10-1), consisting of a diagram

outlining the segmental boundaries for the eight standard views of the anatomical

phantom used in this study. A removable, clear overlay was provided to the observers to

identify the position of segmental boundaries and views when reporting.

The study consisted of two phases, the first of which examined defects involving

100% of each segment both before and after the introduction of a segmental reference

chart. The second examined defects involving 45-55% of a segment in the lower lobes

with the use of a segmental reference chart. This was to provide for the possibility of

overestimation as well as underestimation of the size of defects. The lung bases were

chosen as they represent the most common location of pulmonary embolism (121) and

had been previously shown to be a site of significant underestimation without the pres-

ence of a guide chart (see Chapter 9— Variability of perceived defect size in virtual lung

scintigraphy).

In the first phase a series of eighteen studies were performed, each of which con-

tained a single defect involving 100% of a segment. The studies were presented on film

produced on a Helios, high resolution, dry laser imager (Polaroid, Cambridge, MA,

USA). The films, showing all eight standard views, were presented to five experienced

nuclear medicine physicians, in two stages – without, and two months later with, the use

of a lung segmental reference chart. The films were reported in a blinded, independent

manner under normal reporting conditions using a backlit viewing box with subdued

ambient lighting. To assess intra-observer reproducibility the same studies were repre-

sented to the clinicians one month after the initial reporting session both without and

with the chart, in a different order, and under the same reporting conditions.

In the second phase, all anatomically possible combinations of subsegmental defects

involving 45-55% of a segment in the lower lobes were simulated. This was further

constrained by requiring all defects to form a single, contiguous defect contained within

the boundary of a single segment. Thus, a variety of combinations of subsegments of

each segment within the lower lobes were possible. This gave a total of eighteen studies,
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which were presented to five experienced nuclear medicine physicians on film showing

all eight standard views for reporting with the use of a lung segmental reference chart.

This was repeated, with the studies in a different order, at least one month later under

the same conditions to assess intra-observer variability.

In each phase, the observers were informed that there was only one defect present per

study, which could vary in size between studies. They were then asked to categorise

each defect into one of the following three categories: <25%, 25-75% or >75% of a

segment.

The images were considered suitable for diagnostic purposes by all the clinical ob-

servers. Clinicians were not given any information regarding the true size of defects un-

til the completion of both phases of the study.

The intra-observer agreement was assessed using two methods. The first was de-

scriptive, showing the percentage complete agreement between the first and second

readings of each defect for all categories. The second used a weighted kappa statistic

(145,152), which is a statistical measure of agreement, adjusted for the agreement which

would have occurred by chance. The weighted kappa statistic is used when analysing a

categorical diagnosis, containing more than two categories, which are ordered, as is the

case with the criteria for defect size used in this paper. Kappa takes a value between +1

and -1, where a value of +1 represents complete agreement, 0 represents only chance

agreement, and -1 shows complete disagreement.

Results

The accuracy and intra-observer agreement of the reporting for defects involving 100%

of a segment are shown in Tables 10-1 and 10-2 respectively. The accuracy of each ob-

server, without and with the use of a lung segmental reference chart is shown as the

number of defects reported as >75% of a segment. For four of the five observers the ac-

curacy improved significantly with the use of the chart (p < 0.05). Intra-observer

agreement is shown using the percentage complete agreement and the weighted kappa

measure.
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Table 10-1: Accuracy before and after the introduction of a segmental reference

chart, with 100% defects involving all lobes.

Observer Without chart (%) With chart (%) p-value

One 67 72 0.31

Two 42 67  0.0027

Three 44 67  0.045

Four 53 78  0.0016

Five 36 78 0.0002

Table 10-2: Intraobserver agreement and weighted kappa both without and with

the use of a segmental reference chart, with 100% defects involving all lobes.

Intra-observer agreement (%) Weighted kappa

Observer Without chart With chart Without chart With chart

One 67 89 0.49 0.78

Two 67 78 0.60 0.64

Three 50 56 0.34 0.46

Four 67 83 0.49 0.59

Five 56 81 0.31 0.63

Tables 10-3 and 10-4 show a comparison of the accuracy of reporting for 100% de-

fects when the upper and middle lobes are considered separately from the lower lobes.

For the upper and middle lobes there was a significant difference for three of the five

observers when reporting with a chart (p < 0.05), whilst in the lower lobes there was a

significant difference for four of the five observers (p < 0.05).
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Table 10-3: Comparison of accuracy without and with a chart for the upper and

middle lobe segments with 100% defects.

Observer Without chart (%) With chart (%) p-value

One 89 100 0.157

Two 61 89 0.025

Three 56 78 0.248

Four 78 100 0.014

Five 44 100 0.003

Table 10-4: Comparison of accuracy without and with a chart for the lower lobe

segments with 100% defects.

Observer Without chart (%) With chart (%) p-value

One 44 44 1

Two 22 44 0.045

Three 33 56 0.045

Four 28 56 0.025

Five 28 56 0.025

A histogram of the reporting of defects involving 100% of a segment, both before

and after the introduction of a segmental reference chart is shown in Figure 10-2, com-

bining the results of the first and second readings. The change of categorisation when

reporting with a chart is shown in Figure 10-3.

For those defects 45-55% of a segment in size, involving only lower lobe segments

there were a total of ten reports and 180 defects. Of these, 26% were reported as <25%

of a segment, 59% as 25-75%, and 15% as >75% of a segment, as shown in Figure 10-

4. There was a significant difference between the <25% and >75% categories of defect

size (p < 0.01).

A comparison of the accuracy of reporting for defects involving 100% and 45-55%

of a segment in the lower lobes is shown in Table 10-5. The difference in accuracy of

reporting was not significant for any of the observers (p > 0.05).
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Table 10-5: Comparison of accuracy between 100% and 50% defects in the lower

lobes with a chart.

Observer 100% defect (%) 50% defect (%) p-value

One 44 69 0.06

Two 44 27 0.19

Three 56 61 0.71

Four 56 66 0.45

Five 56 69 0.32

Examples of defects whose accuracy of reporting did improve with a chart are shown

in Figures 10-5 and 10-6. Figures 10-7 and 10-8 show examples of those for which the

accuracy did not improve.

Discussion

This simulated scintigraphic model of the lung allows the production of defects that can

be precisely controlled in terms of size and placement. Such flexibility allowed the pro-

duction of 36 scans, each containing a unique single defect and shown in eight standard

views. Half the defects were 100% of a segment and the remainder between 45% and

55% of a segment. Most importantly, the lung segmental reference chart (Figure 10-1)

used in reporting these defects was ideal as it was derived from the original segmental

model in which counts were simulated to produce the studies. Accordingly, these quali-

ties created nearly ideal conditions for testing the observers’ perceptions of the size of

the defects.

The result of the perception of defects sizes for 100% of a segment (Figure 10-2) and

45-55% of a segment confirms that there is an underestimation of size in over a quarter

of defects. Underestimation of size was also noted for defects involving a complete

segment by Morrell et al. (3). It most likely represents scatter into the defects from sur-

rounding unaffected segments.

Accuracy in determination of defect size was variable between the five readers with-

out the lung segmental reference chart, ranging from 36% to 67%. A statistically signifi-

cant improvement in accuracy was produced in four out of the five observers when the

chart was used as a guide in reporting. Much of the variability in observers’ accuracy

was also abolished, with the range being much smaller (67% to 78%). Assimilation and
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recall of the information about the segmental anatomy of the lungs is obviously a com-

plex process for the observer. It requires integration of planar information to produce a

three-dimensional construct that is either memorised or recreated with each reading of a

lung scintigram. It is conceivable that if this process is not enacted frequently, there will

be some loss of information and therefore accuracy, which can be compensated for by

the use of the lung segmental reference chart. It is also apparent that a minority of read-

ers will perform well without the use of a chart and apparently pay no heed to the chart

when available. This would account for the failure to improve accuracy with the use of

the chart in one reader. Other observers’, whose accuracy improves with the chart, how-

ever have the capability of producing a higher level of accuracy than this minority.

Intra-observer agreement about defect size is uniformly improved with the use of the

chart, eliminating another source of variability in reporting. As Table 10-2 illustrates,

the weighted kappa values improved for all five readers when using the chart. Poor in-

tra-observer agreement is reported if the kappa value is less than 0.40, fair if the value is

between 0.40 and 0.75 and excellent if it is above 0.75 (153). Observers’ kappa in-

creased from poor to fair in two cases and from fair to excellent in one case. A chart has

the advantage of standardising reporting in terms of where segmental boundaries are

perceived, which is apparently quite variable if memory is relied upon. Other workers

have also demonstrated this effect which however pre-supposes the accuracy of the

chart. Lensing et al. (154) showed that a chart could eliminate both inter- and intra-

observer variability, but did not address the accuracy of the chart itself.

A different pattern of accuracy emerges when the 100% segmental defects are classi-

fied by site into lower lobes or upper and middle lobes combined. Table 10-3 shows that

even without a chart, readers achieve a high, albeit variable accuracy in the upper and

middle lobes which can be significantly improved with the chart, reaching a 100% accu-

racy in three of five readers. Accuracy in the bases, shown in Table 10-4, is however

low without the chart, the average of the five readers being 31%. Even with the chart,

accuracy improves to an average of 51%, there being a statistically significant im-

provement in four of five readers. This is a crucial observation, given that emboli are

most common in the bases of the lungs (121). Arrangement of the segments is more

complex in the bases of the lungs, particularly on the right side. An extra segment, the

medial basal segment is found on the right side, in approximately the position where the

heart indents the anteromedial border of the left lung. It produces a double row of
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tightly packed segments, with the peripheral segments grouped in an arc around the me-

dial basal segment. Thus, any defects in the peripheral arc will be obscured to some de-

gree by shine through from the centrally placed medial basal segment in addition to

scatter from the surrounding unaffected segments. This is not the case in the base of the

left lung where a single row of peripheral segments is grouped around the heart. Scatter

from the unaffected segments will be the main contributor in obscuring the defect.

The accuracy of detection of basal defects analysed by size is shown in Table 10-5.

While the trend was for higher accuracy in the 45-55% defects, this did not reach statis-

tical significance. It highlights the problem associated with the accurate perception and

classification of all defects in the bases. This finding is a cause for some concern, given

that pulmonary emboli are most common in the lung bases.

Population-wide variability of the segmental arrangement of the lungs, as well enu-

merated by Boyden (126), means that the use of a lung chart, perfectly matched to the

segmental pattern used in the model provides a measure of the maximum benefit likely

to be gained by such an adjunct to reporting.

Conclusion

A simulated scintigraphic model of the lungs that produces high quality images and is

based on anatomical data has been generated. The model has also led to the production

of an anatomically accurate lung segmental reference chart as an aid for reporting scin-

tigrams. This chart has the capability of significantly improving the accuracy and intra-

observer reproducibility in the reporting of lung scintigrams. While it does improve

overall accuracy in reporting defects in the lungs, the absolute level of accuracy in the

lung bases is still only moderate, and is a cause for some concern. Not withstanding

these deficiencies, it has the potential to standardise the reporting of lung scintigrams at

a high level of accuracy and reproducibility.
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11. AN INVESTIGATION OF THE SCINTIGRAPHIC ‘STRIPE

SIGN’

Precis
It has been observed in the literature that the presence of a stripe sign— a rim

or band of preserved perfusion external to a defect— is associated with a low

probability of pulmonary embolism. The mechanism for such a sign is poorly un-

derstood, though shine through of activity from the contralateral lung has been

postulated.

Using a model of the segmental and subsegmental anatomy of the lungs and a

system for the Monte Carlo simulation of planar scintigraphy, a large series of

defects was produced and examined for the presence of a stripe sign. For those in

which a stripe sign was seen (32 of 117), activity was removed from the contra-

lateral lung. This only removed the stripe sign in two of the 32 cases.

The stripe sign was predominantly seen in defects involving less than 75% of a

segment and was more commonly visible in the lateral views. The stripe sign was

caused by more than just a peripheral band of preserved perfusion, occurring

where there was a large amount of shine through and scatter of activity from ad-

jacent segments and subsegments.
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Introduction

With the advent of perfusion lung scintigraphy, there was recognition of its high sensi-

tivity but low specificity for the diagnosis of pulmonary embolism. The ensuing chal-

lenge was to improve specificity, without reducing the sensitivity of the technique. In

due course, the ventilation study was added and this was probably the single greatest

contributor to the improvement in specificity. Further prospective refinements were de-

rived from the PIOPED study (108) at a more axiomatic level.

A more intriguing observation was made by Sostman and Gottschalk (156) when

they found that the majority of perfusion defects that did not extend to the periphery of

the lung, leaving a stripe of preserved activity (the ‘stripe sign’) were not of embolic

aetiology. Prospective validation, based on the PIOPED data followed (157), showing

that 93% of perfusion defects with such an appearance were not of embolic origin.

Many theories have been advocated for this mechanism, some based on allied imag-

ing and others on conjecture. In the original paper, Sostman and Gottschalk (156) de-

scribed one patient with the stripe sign in whom pulmonary angiography demonstrated a

partially occluding embolus in the relevant artery. The concept of ‘shine-through’ of ac-

tivity from the contralateral lung was also invoked as an explanation for the phenome-

non in the original paper. Murata et al. (158) demonstrated in a small group of patients

that the stripe sign occurred at sites of central parenchymal lung disease, based on x-ray

computed tomography (CT). Given the uncertainty about the mechanism of the stripe

sign, the author investigated the matter in a virtual scintigraphic model of the lungs.

This allowed controlled production of size and precise spatial localisation of defects in a

setting where activity from the contralateral lung could be removed.

Materials and Methods

A three-dimensional, anthropomorphic phantom of the segmental anatomy of the human

lungs (148), as described in the section Segmentation and subsegmentation of the lung

in an anthropomorphic phantom (Chapter 4), was used in the simulation of segmental

perfusion defects.

The Photon History Generator (PHG) (140,141) was used to perform Monte Carlo

simulations of the emission, scatter and attenuation of photons in a heterogeneous

phantom, followed by the photons’ subsequent collimation and detection. This system
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and its validation are described in the section Implementation and performance verifi-

cation of a system for the Monte Carlo simulation of planar scintigraphy (Chapter 5).

Simulations were performed for a 23.6mm thick parallel-hole collimator, using a

32.5cm radius of rotation. The isotope modelled was technetium 99m, collected with a

symmetric 20% energy window centred around 140keV into a 256 x 256 matrix result-

ing in counts of 400-800k per view when no defects were present. The views collected

were anterior, posterior, both laterals, anterior obliques and posterior obliques.

A series of 117 studies was performed, each with a single defect of variable size and

restricted to segmental boundaries. Three size categories were chosen: less than 25% of

a segment, 25-75% of a segment and greater than 75% of a segment. All anatomically

possible combinations of subsegmental defects were simulated to form single, contigu-

ous defects.

These studies were then reviewed by two experienced nuclear medicine physicians,

who considered them suitable for diagnostic purposes. The clinicians were asked to ex-

amine the studies for the presence of a stripe sign, defined as the presence of a stripe of

perfused lung tissue between a perfusion defect and the adjacent pleural surface in any

view (156). A note was made of which views showed the stripe sign.

The contribution of activity from the lung contralateral to the defect was removed

and the studies re-examined for the continued presence of a stripe sign. In each case the

views in which the stripe sign remained were noted.

Results

The series of 117 studies contained 24 defects less than 25% of a segment, 75 of 25-

75%, and 18 which were >75% of a segment in size. In this model, the right lung con-

stitutes 52% and the left 48% of the lung tissue. The size of each defect was calculated

as a percentage of the total volume of the individual lung involved. Seventy-three de-

fects were less than 5% of a lung, 32 were 5-10%, 10 were 10-15% and 2 were 15-20%

of a lung in size.

The presence of a stripe sign was reported in 32 of the 117 studies, of which fifteen

were defects less than 25% of a segment, fourteen were 25-75% and three were greater

than 75% of a segment. As a percentage of the lung involved, 22 were less than 5% of a

lung, six were 5-10%, three were 10-15% and one was 15-20% of a lung in size. Exam-

ples of defects showing a stripe sign are illustrated: Figures 11-1 and 11-2 are >75% of a
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segment, Figures 11-3 and 11-4 are approximately 50% of a segment and Figures 11-5

and 11-6 are approximately 25% of a segment in size.

The stripe sign was seen in a single view in ten cases, in two views in eighteen cases

and the remaining four cases were seen in three views. In 27 studies, the stripe sign was

seen in a lateral projection, sixteen studies in the anterior obliques, thirteen studies in

the posterior obliques and two in the posterior projection.

When the activity from the lung contralateral to the defect was removed, the stripe

sign was no longer visible in 2 of the 32 studies. These involved the anterior segment of

the upper lobe in the right (Figure 11-1) and the left lung. In both cases, the stripe sign

was only seen in the lateral projection.

Discussion

Eight projections were used in all simulations, in contrast to the original description of

the stripe sign (156) which did not contain the anterior oblique projections. A large

number of defect simulations were performed in order to evaluate every possible loca-

tion of the sign in both lungs. The original definition of the stripe sign was adopted, in

which any defect that presented this appearance in a single projection, regardless of its

persistence in other projections was included. Of the 32 defects demonstrating the sign,

twenty-two were apparent in at least two projections, and the remainder in only one

projection.

When activity in the contralateral lung was removed, only 2 of 32 defects lost the pe-

ripheral stripe of activity. This indicates that shine through from the contralateral lung

was responsible for a very small proportion of such cases. As predicted by Sostman and

Gottschalk (156) both cases occurred in the lateral projections, where overlap of activity

is maximal. Furthermore, the phenomenon only occurred in the anterior segments of

both upper lobes (Figure 11-1), a site where the density of lung tissue is low and the

segments described occupy a large proportion of the lung zone. Shine through of activ-

ity at the periphery of the segment is almost certainly due to transmission of counts

from the contralateral lung through the lowest volume of tissue in the periphery, the re-

mainder of the counts being attenuated by the substantive central mass of the affected

segment.

Even though shine through from the contralateral lung did not contribute greatly to

the sign, the highest proportion of defects with the sign were present in the lateral views
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(47%). Orientation of the segments is the major reason for this finding. In the majority

of cases, the lateral projection places the camera face perpendicular to the long axis of

the segments, such that one is ‘looking down the barrel’ of the segment and seeing the

minimum available surface area. Overlap of segments is minimised in the lateral view

such that shine through from segments within the same lung is consequently minimised.

A defect in the segment would therefore appear as a ‘cold’ hole, with the maximal den-

sity of activity from the unaffected segments being on either side, producing the stripe

sign. The degree of segmental overlap increases as the lungs are viewed obliquely, as

the camera face moves away from being perpendicular to the long axis of the segments

and there is a consequent increase in the area of the segments presented to the viewer.

The relative rotation leads to radially located segmental or subsegmental defects being

less well defined as activity from other segments shines through and obscures the de-

fect. This would lead to a fall in the number of defects demonstrating the stripe sign, as

was found, with 28% being perceived in the anterior oblique and 22% in the posterior

oblique projections. Because of the shallow radial location of the segments, some seg-

ments would become perpendicular to the camera face in the oblique projection and

produce the stripe sign. Such a situation is illustrated in Figure 11-3.

The situation in the base of the right lung is unusual as the segments are arranged ra-

dially, but in two rows, unlike the single row in the base of the left lung. This means that

the medial basal segment becomes a source of shine through for the more peripherally

located arc of segments, obscuring any defects and reducing the possibility of the stripe

sign. It was indeed the case, as only one instance of the stripe sign was seen in the base

of the right lung in comparison with eight cases in the base of the left lung.

The size of the defects which displayed the stripe sign is an important part of the

mechanism. A defect would need to be small enough to allow activity in unaffected sur-

rounding tissue to be interposed between it and the periphery of the lung or to shine

through the edge to produce the stripe sign. On the other hand, such defects would need

to be large enough to permit adequate contrast for recognition as discrete entities. Large

defects (>75% of a segment) would be less likely to have adequate surrounding activity

to produce the sign. In keeping with this, only 3 of the 32 defects were greater than 75%

of a segment. The large defects were exclusively located in the upper lobes. Removal of

activity from the contralateral lung abolished the stripe sign in two of the large defects

in the upper lobes. However, introduction of smaller defects (25-75% of a segment) re-
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produced the sign in the same area, even when activity from the contralateral lung was

removed. This supports a mechanism of activity from unaffected areas in the same lung

being interposed between the defect and periphery of the lung.

Several clinically relevant points may be drawn from these findings. Embolic disease

could produce perfusion defects with the stripe sign by the mechanisms discussed.

Large defects (>75% of a segment) due to emboli are unlikely to produce the stripe sign

except in the upper lobes and would then mainly be apparent in the lateral views. How-

ever, emboli which produce small or moderate defects could demonstrate the stripe sign,

especially in the left lung base as embolic disease is more common in the lung bases

(121). Caution should be exercised in this setting, particularly in patients with multiple

defects and no history of parenchymal lung disease or asthma (158,159) in which alter-

nate explanations for the stripe sign are more likely.

Conclusion

This study demonstrates a number of mechanisms that could explain the stripe sign.

These mechanisms are operative in circumstances apart from the physical persistence of

a peripheral rim of perfused lung from any cause. It can be due to contribution of counts

from activity in the same lung or contralateral lung and is predominantly seen in the lat-

eral projection, followed by the anterior and posterior oblique projections. Shine

through from the contralateral lung produces the sign in large defects that are located in

the upper lobes but does not contribute to the phenomenon in the lower lobes. Interpo-

sition of activity between the defect and the periphery of the lung from adjacent seg-

ments in the same lung is the best explanation in this setting. Small and moderate de-

fects are more likely to display the stripe sign than large defects.
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12. RECOGNITION OF SUBSEGMENTAL SCINTIGRAPHIC

DEFECTS IN SIMULATED PULMONARY SCINTIGRAPHY

Precis
Whilst it has been well established that the size of pulmonary perfusion defects

is often underestimated, the threshold for detection of smaller defects has not

been so well demonstrated.

Using a three-dimensional model of the segmental and subsegmental anatomy

of the human lungs, a series of small defects, 35% of a segment or less in size

were created. Using a normal study as a reference, two experienced observers

determined only which defects were visible. Such conditions should provide an

optimal appreciation of the presence of a defect, should it be able to be seen at

all.

Just over three-quarters of defects were seen, with all those unable to be visu-

alised present in the right lung. Difficulties in visualisation were due to a variety

of reasons, involving the higher density of segments in the lower lobe of the right

lung and overall smaller segments.
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Introduction

The axiomatic conditions for the diagnosis of pulmonary embolism by lung scintigraphy

are predicated upon the recognition of segmental anatomy and defect size. In the

PIOPED study (108), defect size was classified as small (<25% of a segment), moderate

(25-75% of a segment) and large (>75% of a segment). Such a classification is critical

to the estimation of the probability of pulmonary embolic disease. There is no substan-

tive data as to how large a defect must be to reach the threshold for recognition as a dis-

crete entity. Previous publications (3) have indicated a consistent underestimation of

defect size by observers, but have only alluded to the more difficult problem of the

threshold at which small defects become apparent.

A major hurdle in the solution to such a problem is the absolute definition of defect

size. There is no standard by which defect size can be judged in the human lung. It can

be measured absolutely in a physical phantom and the threshold perception of that de-

fect may be determined. This does not however account for the more complex anatomi-

cal variations in size, shape and spatial localisation found in the human lung.

The aim of this study was therefore to determine the threshold at which defects are

recognised in the lung and the influence of spatial localisation in the process. In order to

maintain a clinical reference the author set the average defect size at 25% of a segment,

a typical subsegmental dimension and also the minimum defect size considered of sig-

nificance in the modified PIOPED criteria. A simulated scintigraphic model of the seg-

mental anatomy of the lungs was utilised in order to determine absolute size and spatial

localisation of defects.

Methods

A three-dimensional, anthropomorphic phantom of the segmental anatomy of the human

lungs (148), as described in the section Segmentation and subsegmentation of the lung

in an anthropomorphic phantom (Chapter 4), was used in the simulation of segmental

and subsegmental perfusion defects. The model contained 61 anatomically defined sub-

segments.

Monte Carlo simulations were performed using the Photon History Generator (PHG)

(140,141), which models the emission, scatter and attenuation of photons in a heteroge-

neous phantom, followed by the photons’ subsequent collimation and detection. This
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system was validated prior to use, as described in the section Implementation and per-

formance verification of a system for the Monte Carlo simulation of planar scintigraphy

(Chapter 5).

Simulations were performed for a 23.6mm thick parallel-hole collimator, using a

32.5cm radius of rotation. The isotope modelled was 99mTc, collected with a symmetric

20% energy window centred around 140keV into a 256 x 256 matrix resulting in counts

of 400-800k per view when no defects were present. The views collected were anterior,

posterior, both laterals, both anterior obliques and both posterior obliques.

Defects of less than 35% of a segment in size were chosen for study. These were

comprised of either a single subsegment or the summation of contiguous subsegments

within a segment. This yielded 47 different defects, which were then simulated. These

studies were reviewed by two experienced nuclear medicine physicians, who independ-

ently considered them suitable for diagnostic purposes.

The studies were transferred onto film in the format normally used for reporting,

showing all eight views with appropriate labels, using a Helios high-resolution dry film

recorder (Polaroid, Cambridge, MA, USA).

The observers were shown the studies in turn, under normal reporting conditions on a

backlit viewing box with subdued room lighting. They were informed that there would

at most be a single defect present in each study and were asked to examine the studies

for the presence and size of any defect. A normal study produced from the same ana-

tomical phantom was provided as a reference and a note was made of all views showing

the defect. Conflicts about the reports were to be resolved by consensual reporting. A

defect was considered present if the observers could discern any difference between the

study and the normal.

Results

A total of 36 of the 47 (77%) defects were seen. There were no conflicts in the reporting

of these defects by the two observers. Of those defects in the lower lobes, 16 of 22

(73%) were visible. All the defects in the left lung (21) were visible, whilst 15 of 26

(58%) of the defects on the right were visible. In the lower lobe of the right lung, only

four of ten defects were visible.

The defect was seen in a single view in nine studies (35%), in two views in twelve

studies (8%), and the remaining fifteen defects were seen in three or more views (57%).
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In 22 studies, the defect was seen in a lateral projection, 22 studies in the anterior

obliques, 18 studies in the posterior obliques and 23 studies in the anterior or posterior

projection. Figures 12-1 and 12-2 show examples of defects seen.

The defects that were not visible were all in the right lung. In the upper lobe, there

were four subsegments from the anterior segment and one from the posterior segment;

each of which was 2% of the volume of the right lung. In the lower lobe, there were two

subsegments from the medial basal segment (each approximately 3% of the volume of

the right lung), one from the anterior basal, two from the lateral basal and one from the

posterior basal segment (all of which were approximately 1% of the volume of the right

lung). Figure 12-3 shows an example of a defect that was unable to be perceived in any

projection by either observer.

Discussion

The virtual scintigraphic model of the lungs was derived from computed tomographic

data of the lobar fissures, injection of segmental bronchi in cadaveric lungs (138) and

anatomical texts (128,137). Photons produced within this phantom by Monte Carlo

simulation allow realistic modelling of emission, scatter and attenuation. Sixty-one sub-

segments were present in the model and of those, 47 occupied less than 35% of a seg-

ment. Subsegments of less than 35%, rather than 25%, were chosen in order to have a

large number of defects in both lungs and also to offset the consistent underestimation

of defect size (3).

An eight view virtual V/Q scintigraphic study was shown to the two physicians for

comparison with the studies containing defects and provided reporters with the most

favourable pre-conditions for perceiving the defects. Rather than provide a direct com-

parison with clinical reporting, this demonstrates the optimal visualisation of small de-

fects possible. Clinical reporting is therefore likely to further underestimate the presence

of small defects.

Thirty-six of the forty-seven defects were detected. All 21 defects in the left lung but

only fifteen of twenty-six defects in the right lung were visible. Five subsegments in the

right upper lobe were not detected and these each occupied 2% or less of the volume of

the right lung. It suggests that the degree of contrast was inadequate for defect detection.

In comparison with the left upper lobe, an extra segment, the posterior segment of the

right upper lobe is present in approximately the same volume of tissue. It leads to
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smaller segments and consequently smaller subsegments. In contrast, the volume of

lung tissue in the lower lobe of the right lung is greater than on the left with an addi-

tional medial basal segment in the approximate position that the heart occupies on the

left side. A complex radial arrangement results, as demonstrated in Figure 12-4. Periph-

eral segments are arranged in an arc around the medial basal segment, such that it is ca-

pable of shining through into virtually all these segments. Alternately, the medial basal

segment is hidden from view by activity in the peripheral segments, such that even an

entire segmental defect is not visible in any planar projection (147). It is therefore not

surprising that defects in its subsegments are undetectable. Similarly, four other sub-

segments that were each approximately 1% of the volume of the right lung and located

in the periphery of the base were not visualised (Figure 12-4: subsegments 2-5). The

likely mechanism is ‘shine through’ from the medial basal segment coupled with small

lesion size leading to inadequate contrast for visualisation. Figure 12-4 clearly demar-

cates the situation with these basal subsegments.

All projections contributed to the detection of these defects. The role of the anterior

oblique and the lateral projections is highlighted as containing the greatest density of

information for the detection of subsegmental defects. Anterior oblique projections were

eschewed in the work of Morrell et al. (147) in their study of the optimal views for lung

scintigraphy. The current study confirms earlier work (160) that it is a valuable projec-

tion and is necessary for the comprehensive scintigraphic assessment of the lungs for

embolic disease.

Conclusion

The absolute size and location of defects is crucial in determining the threshold for de-

tection. Simply grading the defects as a proportion of a segment is a misleading concept,

as segmental size varies in both lungs, being particularly critical on the right side. The

proportion of the lung taken up by the defect is a more valid marker for its detection. In

this instance, defects must be greater than or equal to 3% of the volume of the lung for

detection with more complex variables in the right lung base such as shine through de-

grading contrast and therefore lesion detectability. The greater contrast obtainable from

SPECT perfusion images may potentially contribute to improved defect recognition.
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13. CONCLUSIONS

A series of important results regarding both technical aspects of the performance of V/Q

scintigraphy and the reporting of such studies by physicians are evident from the con-

sideration of the previous chapters.

Collection of relatively large numbers of V/Q scintigraphic studies (960 during one

year), together with pre-test probability information and blinded reporting a subset of

the scans was performed in Chapter 2. It demonstrated that V/Q scintigraphy represents

a significant proportion of the workload of a metropolitan teaching hospital, yet there

was a large degree of inaccuracy of reporting and poor interobserver agreement. This

implied that the use of such data to construct a reference database, in the absence of a

suitable ‘gold standard’ would be ill founded. Other avenues had to be investigated.

In preparation for the development of a three-dimensional model of the segmental

and subsegmental anatomy of the human lungs, the complex internal boundaries be-

tween lobes and segments were investigated in cadaveric human lungs in Chapter 3. By

the careful injection of colour-coded gelatins into segmental bronchi and subsequent

sectioning and scanning the segmental boundaries were analysed. When combined with

information available in the literature and from suitably windowed CT scans of the tho-

rax in Chapter 4, the lobar, segmental and subsegmental boundaries were added to lung

tissue present in an existing tissue segmented, whole-body phantom. This produced a

plausible and consistent example of the pattern of segments and subsegments within the

population, suitable for controlled simulations of perfusion defects within the lungs,

without attempting to reproduce the infinite variations possible.

Using relatively inexpensive Intel-based workstations, a system for the Monte Carlo

simulation of planar scintigraphy was implemented in Chapter 5. Once operational, the

performance characteristics of the system were confirmed to be comparable to gamma

camera systems used in clinical practice. This system, using the three-dimensional

model of segmental and subsegmental anatomy of the lungs developed in Chapter 4 as

an activity phantom, was able to simulate realistic pulmonary perfusion studies, as

shown in Chapter 6. A method for the introduction of perfusion defects within any com-

bination of segments or subsegments was developed and normal studies produced.

An initial, broad survey of the reporting characteristics of nuclear medicine physi-

cians and advanced trainees in Chapter 7 using simulated studies highlighted important
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issues. The position, size and character of defects was overall poorly assessed, even by

experienced observers. Although the numbers of both observers (22) and defects (8) was

insufficient to draw detailed conclusions, it provided the structure for several subse-

quent areas of investigation.

A systematic assessment of the optimal view to use for the perception of defects

within each segment of both lungs was performed in Chapter 8 by a group of experi-

enced nuclear medicine physicians. It was found that both the anterior and posterior

oblique views are required for an optimal appreciation of segmental defects, in addition

to the normally performed laterals and anterior and posterior views. With the gradual

introduction of more multi-headed gamma camera systems, the collection of all eight

‘standard’ views has become far more practical and as shown, necessary.

Underestimation of the size of complete segmental defects was found to be high,

particularly in the lung bases. Chapter 9 presented all eight ‘standard’ views to experi-

enced observers, allowing a better appreciation of the three-dimensional nature of the

defects. Even so, the accuracy of estimation was 50%. Difficulties in the lung bases,

particularly on the right, may have been due to the significant amount of shine-through

and scatter of activity into the area of the defect from the surrounding unaffected seg-

ments.

The use of a completely characterised anatomical phantom for the simulation of per-

fusion defects provided the opportunity to create an ‘ideal’ lung segmental reference

chart. This chart, and its application in Chapter 10, enabled the assessment of a theoreti-

cal maximal improvement in reporting due to the use of any chart, since it was a perfect

match to the images displayed to observers. Significant improvements were seen, in-

creasing the observers ability to correctly appreciate the segmental extent of defects,

though it did not render assessments perfect. Defects involving approximately 50% of a

segment were still underestimated over one quarter of the time.

An investigation of the stripe sign, which has been associated with a low probability

of pulmonary embolism, was performed in Chapter 11. Although the mechanism is un-

clear, it was suggested to be due to shine-through of activity from the contralateral lung.

After examining all possible segmental and subsegmental defects, bounded by the con-

dition that they must lie contiguously within a single segment, 32 cases of the stripe

sign were found. Removal of contralateral lung activity removed only two of these. Im-

portantly, the stripe sign was most often seen in defects involving less than 75% of a
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segment and more commonly visible in the lateral views. Clearly, the stripe sign can be

caused by more than just a peripheral band of preserved perfusion, though this could

still be responsible for some cases.

With the knowledge that there was a significant underestimation of lung perfusion

defect sizes, the threshold for detection of subsegmental perfusion defects was assessed

in Chapter 12. Providing ‘ideal’ reporting conditions, a normal study from the same

anatomical phantom as used for the production of defects was used as a reference. The

visualisation of any difference between the study under examination and the normal was

considered positive for a defect. Under these idealised conditions, just over three-

quarters of defects were seen. All those unable to be seen were in the right lung, par-

ticularly in the lung base where the complex arrangement of segments provides for a

large amount of shine-through and scattered activity, obscuring defects.

Several avenues for further research exist, following on from the results shown in

this thesis. Clearly, a single model of the segmental and subsegmental anatomy of the

lungs cannot hope to encompass the incredible variety of variations possible within the

larger human population. Whilst chosen to be representative of the most common pat-

tern seen within the largest available population based surveys, extremes would exist

within any subgroup of the population. These extremes could well be represented within

the normal course of a nuclear medicine department’s annual workload. Therefore, the

development of a series of segmental and subsegmental models, designed to encompass

the breadth of possible cases could prove useful.

In doing so, it would either strengthen the results found using the current model, or

find the important exceptions, likely to occur within any population. The work involved

in providing such a widely varying set of models would, however, not be insignificant.

The focus of this thesis has been on issues surrounding planar pulmonary scintigra-

phy. However, with the more widespread introduction of multi-headed gamma camera

systems it has become practical to consider performing routine SPECT studies of the

lungs. This would open a whole new area of investigations, involving issues from the

ideal technical parameters for study acquisition to the pitfalls of interpretation. This is

especially relevant in view of the current lack of a clinically validated gold standard

such as PIOPED to accompany the use of SPECT as there was for planar scintigraphy.
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13.1 CONCLUSION - ADDENDUM

13.1.1 The model – synthesis

The model is an anatomically accurate representation of the segmental and subsegmental anat-

omy of the lungs. Together with the Monte Carlo simulation  technique, it is capable of producing

clinically acceptable images. It can therefore be used to address a number of problems regarding

lung scintigraphy, which have previously evaded solution.

Models of the gross structure of the viscera exist [JSM0722,JSM0588], and have been used to

demonstrate the concept of modeling the scintigraphic imaging of individual organs [JSM0594].

They do not however provide sufficient anatomical detail to enable the introduction of such seg-

mental and subsegmental defects as is possible with the currently described model.

Other approaches to the investigation of pathophysiological proccessing involving the lungs in-

clude the generation of a computer-based, hierarchical description of the bronchi, arteries and veins

in the lungs [JSM0753]. Whilst such a model allows for the generation of a realistic approximation

of the appearance of these structures, in its current form it fails to provide the boundary conditions

surrounding segments to generate perfusion defects, as has been accomplished here.

Current work has provided solutions to problems as fundamental as which views in planar lung

scintigraphy encode the highest information density of segmental anatomy. In providing absolute

certainty about the size and location of lesions, it allows estimates of reproducibility and reporter

accuracy. The model was capable of demonstrating the complex arrangement of the segmental anat-

omy of the lung bases, and the impact this can have on both diagnosis and reproducibility.

The model is also capable of solving problems regarding artefacts and complex technical consid-

erations in lung scintigraphy. This is well illustrated by an exploration of the “stripe sign”, where

the mechanisms producing the sign were delineated. It is also capable of the absolute quantification

of scatter and attenuation.

13.1.1.1 Future work

Lung tomography will play an increasingly important role in the diagnosis of pulmonary embo-

lism if scintigraphy is to survive the challenges of alternative imaging modalities. Future studies,

using this model, can be absolutely certain of lesion size and placement for tomographic studies. It

can also generate important work regarding the sensitivity of the technique when comparing planar

and tomographic studies. Much of this work has already been completed and will be submitted for

publication.

The importance of scatter and attenuation in lung scintigraphy is also currently under investiga-

tion. Whilst scatter and attenuation have been shown to be crucial in cardiac imaging, little consid-

eration has been given to its role in lung imaging. Preliminary work has indicated significant contri-
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butions to image degradation.

13.1.2 Technical considerations

A single model cannot represent all variations of lung anatomy. This model covers approxi-

mately 65% of the segmental variations as described in the work of Boyden [JSM0598]. It would

require an extensive number of dissections to achieve higher concordance with all possible varia-

tions. This would also generate many models of these variations. It should be noted that each pair of

human lungs takes approximately 150 hours to fully prepare, dissect and analyse.

The model did not incorporate respiratory motion, nor did it address the gradient in perfusion

caused by gravity, in either the sitting or supine position. These are complex, technical issues,

which will be addressed in future work. Whilst the absence of a model of respiratory motion is less

important in planar imaging, it is of crucial importance in tomography, given that the magnitude of

motion exceeds the reconstructed slice thickness. Therefore, there will be contamination of adjacent

slices during the reconstruction process.

Many technical factors present in clinical lung scintigraphy required simplification within the

model. One such factor was the fixed radius of rotation, rather than placement of the collimator

nearest to the patient for each view.

The characteristics of the gamma camera used in the simulation was deliberately set to approxi-

mate the characteristics of older gamma cameras, which remain in use for planar lung scintigraphy.

It also provided a “worst-case” scenario.

13.1.2.1 Future work

The creation of further variations in segmental anatomy based on cadaveric studies.

Simulation of respiratory motion and perfusion gradients due to gravity.

The alternative to a fixed radius of rotation, as used in these simulations, is the placement of the

simulated camera against the thorax. This would more closely approximate the situation present in

clinical practice.

Variations in counting statistics, as present in clinically acquired data, could be assessed through

the use of the simulation process used here. This is not of critical importance in the current se-

quence of studies as only the perfusion phase of the studies was simulated. It is of greater impor-

tance in the ventilation, particularly in the presence of airways disease, such as emphysema.

It would be important to assess reporter performance and variability with studies generated using

the performance characteristics of a “state-of-the-art” multi-headed gamma camera.
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APPENDIX 1: PARAMETER FILES USED FOR SIMULATIONS

VML_unseg_att_index_trans

######################################################################
#
# INDEX TRANSLATION FILE FOR THE PHG SIMULATION ACTIVITY INDEXES
# TO ATTENUATION TABLE ENTRIES.
#
# RUN NAME:  This table translates the indices of Zubal's
# voxel_man phantom to standard attenuation table types
# given in ~phg/phg.data/phg_att_table
# CREATED:  August 1994 by Robert Harrison and David Haynor.
# OWNER:  SimSET
#
######################################################################
0 0 outside phantom -> air
1 14 skin -> skin
2 4 brain -> brain
3 4 spinal cord -> brain
4 3 skull -> bone
5 3 spine -> bone
6 3 rib cage & sternum -> bone
7 3 pelvis -> bone
8 3 long bones -> bone
9 13 skeletal muscle -> muscle
10 12 lungs -> lung inflated
11 11 heart -> heart
12 1 liver -> water (s/b liver)
13 1 gall bladder -> water
14 1 kidney -> water (s/b liver)
15 13 pharynx -> muscle
16 13 esophagus -> muscle
17 13 stomach -> muscle
18 13 small bowel -> muscle
19 13 colon -> muscle
20 1 pancreas -> water (s/b liver)
21 1 adrenals -> water (s/b liver)
22 10 fat -> fat
23 2 blood pool -> blood
24 0 gas (bowel) -> air
25 1 fluid (bowel) -> water
26 10 bone marrow -> fat
27 1 lymph nodes -> water (s/b liver)
28 1 thyroid -> water (s/b liver)
29 13 trachea -> muscle
30 13 cartilage -> muscle
31 1 spleen -> water (s/b liver)
32 1 urine -> water
33 1 feces -> water
34 1 testes -> water (s/b liver)
35 1 prostate -> water (s/b liver)
36 0
37 13 rectum -> muscle
38 0
39 13 diaphragm -> muscle
40 1 bladder -> water
41 0
#
# Entries from 42 to 61 are identical to entry 41
# and have been omitted from the documentation
#



217

62    0
63 1 lesion -> water (could also be liver)
64 0
65 0
66 0
67 0
68 0
69 0
70 3 dens of axis -> bone
71 3 jaw bone -> bone
72 0
73 0
74 1 lacrimal glands -> water
75 10 spinal canal -> cerebro-spinal fluid
76 3 hard palate -> bone
77 8 cerebellum -> cerebellum
78 13 tongue -> muscle
79 0
80 0
81 0
82 0
83 0
84 0
85 4 medulla oblongota -> brain
86 0
87 0
88 0
89 0
90 0
91 4 pons -> brain
92 0
93 0
94 0
95 0
96 0
97 0
98 0
99 3 incus(ear bones) -> bone
100 0
101 0
102 0
103 0
104 0 sinuses/mouth cavity -> air
105 0
106 5 optic nerve -> brain stem
107 0
108 0
109 0
110 0
111 0
112 0
113 13 cerebral falx -> muscle
114 0
115 0
116 0
117 0
118 0
119 1 eye -> water
120 0
121 1 lens -> water
122 1 cerebral aquaduct -> water
123 0
124 0
125 3 teeth -> bone
126 0
#
# Entries from 127 to 254 are identical to entry 126
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# and have been omitted from the documentation
#
255 0

VML_unseg_act_index_trans

######################################################################
#
# INDEX TRANSLATION FILE FOR THE PHG SIMULATION ACTIVITY INDEXES
# TO ACTIVITY TABLE ENTRIES.
#
######################################################################

0 0
1 10
2 0
#
# Entries from 3 to 254 are identical to entry 2
# and have been omitted from the documentation
#
255 0

Uniformity quality control

phg.run

######################################################################
#
# PARAMETER FILE FOR THE PHG SIMULATION
# phg.run file for 100x100 Uniformity study
#
######################################################################

# RUNTIME OPTIONS
BOOL simulate_stratification = true
BOOL simulate_forced_detection = true
BOOL forced_non_absorbtion = true
REAL acceptance_angle = 90.0
INT num_to_simulate = 2147483647
BOOL simulate_SPECT = true
BOOL adjust_for_positron_range = false
BOOL adjust_for_collinearity = false
REAL minimum_energy = 126.0
REAL photon_energy = 140.0
REAL weight_window_ratio = 1.0
BOOL point_source_voxels = false
INT random_seed = 655738829

# OBJECT GEOMETRY VALUES
# 2 Objects, 1 slices of point source phantom and 1 target cylinder
LIST    object = 2

INT     num_slices = 1
LIST    slice = 9

INT     slice_number  = 1
REAL    zMin = -0.5
REAL    zMax = 0.5
REAL    xMin = -32.0
REAL    xMax = 32.00
REAL    yMin = -32.00
REAL    yMax = 32.00
INT     num_X_bins = 201
INT     num_Y_bins = 201



219

# TARGET CYLINDER INFORMATION
LIST target_cylinder = 3

REAL target_zMin = -32.0
REAL target_zMax = 32.0
REAL radius = 320

##### ACTIVITY FILES
STR activity_indexes = "pointsource.dat"
STR activity_index_trans = "VML_act_index_trans"
STR activity_table = "d:\phg\phg.data\phg_act_table"

##### ATTENUATION FILES
STR attenuation_indexes = "emptycylinder.dat"
STR attenuation_index_trans = "VML_unseg_att_index_trans"
STR attenuation_table = "d:\phg\phg.data\phg_att_table"

##### PRODUCTIVITY FILES
STR productivity_input_table = "productivities"
STR productivity_output_table = ""

STR forced_detection_table = "d:\phg\phg.data\phg_fd_5.00"
STR statistics_file = "statistics"
STR collimator_params_file = "col_params"
STR detector_params_file = ""
STR bin_params_file = "bin_params"
STR history_file = ""

bin_params

######################################################################
#
# PARAMETER FILE FOR THE PHG BINNING MODULE
# bin_params file for 100x100 Uniformity study
#
######################################################################

INT scatter_param = 0
INT min_s = 0
INT max_s = 9

# Z axis binning
INT num_z_bins = 100
REAL min_z = -32.0
REAL max_z = 32.0

# Transaxial binning.
INT num_td_bins = 100
REAL min_td = -32.5
REAL max_td = 32.5

# Azimuthal angle bins
INT num_aa_bins = 1

# Energy bins
INT num_e1_bins = 1
INT num_e2_bins = 1
REAL min_e = 126
REAL max_e = 154

INT weight_image_type = 2
INT count_image_type = 1
BOOL add_to_existing_img = FALSE

STR weight_image_path = ""
STR weight_squared_image_path = ""
STR count_image_path = "Bin_cts"
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col_params

######################################################################
#
# PARAMETER FILE FOR THE PHG COLLIMATOR MODULE
# col_params file for 100x100 Uniformity study
#
######################################################################

INT collimator_type = 4
INT hole_geometry= 1
REAL focal_length = 0.0
REAL radius_of_rotation = 320
REAL thickness = 0.000001
REAL hole_radius = 0.0715
REAL septal_thickness = 0.000001

# Specify the axial limits of the collimator
REAL min_z = -32.0
REAL max_z = 32.0

REAL start_angle = 90.0
REAL stop_angle = 90.0
BOOL sum_all_views= false
INT num_views = 1

STR history_file = ""

X-axis linearity quality control

phg.run

######################################################################
#
# PARAMETER FILE FOR THE PHG SIMULATION
# phg.run file for 22x1280 X axis linearity study
#
######################################################################

# RUNTIME OPTIONS
BOOL simulate_stratification = true
BOOL simulate_forced_detection = true
BOOL forced_non_absorbtion = true
REAL acceptance_angle = 90.0
INT num_to_simulate = 1000000000
BOOL simulate_SPECT = true
BOOL adjust_for_positron_range = false
BOOL adjust_for_collinearity = false
REAL minimum_energy = 126.0
REAL photon_energy = 140.0
REAL weight_window_ratio = 1.0
BOOL point_source_voxels = false
INT random_seed = 655738829

# OBJECT GEOMETRY VALUES
# 2 Objects, 1 slices of point source phantom and 1 target cylinder
LIST    object = 2

INT     num_slices = 1
LIST    slice = 9

INT     slice_number  = 1
REAL    zMin = -32.0
REAL    zMax = 32.0
REAL    xMin = -10.0
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REAL    xMax = 10.0
REAL    yMin = -10.0
REAL    yMax = 10.0
INT     num_X_bins = 201
INT     num_Y_bins = 201

# TARGET CYLINDER INFORMATION
LIST target_cylinder = 3

REAL target_zMin = -32.0
REAL target_zMax = 32.0
REAL radius = 10.0

##### ACTIVITY FILES
STR activity_indexes = "pointsource.dat"
STR activity_index_trans = "VML_act_index_trans"
STR activity_table = "d:\phg\phg.data\phg_act_table"

##### ATTENUATION FILES
STR attenuation_indexes = "emptycylinder.dat"
STR attenuation_index_trans = "VML_unseg_att_index_trans"
STR attenuation_table = "d:\phg\phg.data\phg_att_table"

##### PRODUCTIVITY FILES
STR productivity_input_table = "productivities"
STR productivity_output_table = ""

STR forced_detection_table = "d:\phg\phg.data\phg_fd_5.00"
STR statistics_file = "statistics"
STR collimator_params_file = "col_params"
STR detector_params_file = ""
STR bin_params_file = "bin_params"
STR history_file = ""

bin_params

######################################################################
#
# PARAMETER FILE FOR THE PHG BINNING MODULE
# bin_params file for 22x1280 X axis linearity study
#
######################################################################

INT scatter_param = 0
INT min_s = 0
INT max_s = 9

# Z axis binning
INT num_z_bins = 22
REAL min_z = -32.0
REAL max_z = 32.0

# Transaxial binning.
INT num_td_bins = 1280
REAL min_td = -10.01
REAL max_td = 10.01

# Azimuthal angle bins
INT num_aa_bins = 1

# Energy bins
INT num_e1_bins = 1
INT num_e2_bins = 1
REAL min_e = 126
REAL max_e = 154

INT weight_image_type = 2
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INT count_image_type = 1
BOOL add_to_existing_img = FALSE

STR weight_image_path = ""
STR weight_squared_image_path = ""
STR count_image_path = "Bin_cts"

col_params

######################################################################
#
# PARAMETER FILE FOR THE PHG COLLIMATOR MODULE
# col_params file for 22x1280 X axis linearity study
#
######################################################################

INT collimator_type = 4
INT hole_geometry= 1
REAL focal_length = 0.0
REAL radius_of_rotation = 10.0
REAL thickness = 2.36
REAL hole_radius = 0.0715
REAL septal_thickness = 0.02

# Specify the axial limits of the collimator
REAL min_z = -32.0
REAL max_z = 32.0

REAL start_angle = 90.0
REAL stop_angle = 90.0
BOOL sum_all_views= false
INT num_views = 1

STR history_file = ""

Y-axis linearity quality control

phg.run

########################################################################
#
# PARAMETER FILE FOR THE PHG SIMULATION
# phg.run file for 1280x22 Y axis linearity study
#
########################################################################

# RUNTIME OPTIONS
BOOL simulate_stratification = true
BOOL simulate_forced_detection = true
BOOL forced_non_absorbtion = true
REAL acceptance_angle = 90.0
INT num_to_simulate = 1400000000
BOOL simulate_SPECT = true
BOOL adjust_for_positron_range = false
BOOL adjust_for_collinearity = false
REAL minimum_energy = 126.0
REAL photon_energy = 140.0
REAL weight_window_ratio = 1.0
BOOL point_source_voxels = false
INT random_seed = 655738829

# OBJECT GEOMETRY VALUES
# 2 Objects, 1 slices of point source phantom and 1 target cylinder
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LIST    object = 4
INT     num_slices = 3
LIST    slice = 9

INT     slice_number  = 1
REAL    zMin = -32.0
REAL    zMax = -0.05
REAL    xMin = -32.0
REAL    xMax = 32.0
REAL    yMin = -32.0
REAL    yMax = 32.0
INT     num_X_bins = 641
INT     num_Y_bins = 641

LIST    slice = 9
INT     slice_number  = 2
REAL    zMin = -0.05
REAL    zMax = 0.05
REAL    xMin = -32.0
REAL    xMax = 32.0
REAL    yMin = -32.0
REAL    yMax = 32.0
INT     num_X_bins = 641
INT     num_Y_bins = 641

LIST    slice = 9
INT     slice_number  = 3
REAL    zMin = 0.05
REAL    zMax = 32.0
REAL    xMin = -32.0
REAL    xMax = 32.0
REAL    yMin = -32.0
REAL    yMax = 32.0
INT     num_X_bins = 641
INT     num_Y_bins = 641

# TARGET CYLINDER INFORMATION
LIST target_cylinder = 3

REAL target_zMin = -32.0
REAL target_zMax = 32.0
REAL radius = 32.0

##### ACTIVITY FILES
STR activity_indexes = "widelinesource.dat"
STR activity_index_trans = "VML_act_index_trans"
STR activity_table = "d:\phg\phg.data\phg_act_table"

##### ATTENUATION FILES
STR attenuation_indexes = "wideemptycylinder.dat"
STR attenuation_index_trans = "VML_unseg_att_index_trans"
STR attenuation_table = "d:\phg\phg.data\phg_att_table"

##### PRODUCTIVITY FILES
STR productivity_input_table = "productivities"
STR productivity_output_table = ""

STR forced_detection_table = "d:\phg\phg.data\phg_fd_5.00"
STR statistics_file = "statistics"
STR collimator_params_file = "col_params"
STR detector_params_file = ""
STR bin_params_file = "bin_params"
STR history_file = ""

bin_params

########################################################################
#
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# PARAMETER FILE FOR THE PHG BINNING MODULE
# bin_params file for 1280x22 Y axis linearity study
#
########################################################################

INT scatter_param = 0
INT min_s = 0
INT max_s = 9

# Z axis binning
INT num_z_bins = 1280
REAL min_z = -32.0
REAL max_z = 32.0

# Transaxial binning.
INT num_td_bins = 22
REAL min_td = -32.01
REAL max_td = 32.01

# Azimuthal angle bins
INT num_aa_bins = 1

# Energy bins
INT num_e1_bins = 1
INT num_e2_bins = 1
REAL min_e = 126
REAL max_e = 154

INT weight_image_type = 2
INT count_image_type = 1
BOOL add_to_existing_img = FALSE

STR weight_image_path = ""
STR weight_squared_image_path = ""
STR count_image_path = "Bin_cts"

col_params

########################################################################
#
# PARAMETER FILE FOR THE PHG COLLIMATOR MODULE
# col_params file for 1280x22 Y axis linearity study
#
########################################################################

INT collimator_type = 4
INT hole_geometry= 1
REAL focal_length = 0.0
REAL radius_of_rotation = 32.0
REAL thickness = 2.36
REAL hole_radius = 0.0715
REAL septal_thickness = 0.02

# Specify the axial limits of the collimator
REAL min_z = -32.0
REAL max_z = 32.0

REAL start_angle = 90.0
REAL stop_angle = 90.0
BOOL sum_all_views= false
INT num_views = 1

STR history_file = ""
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X-axis resolution quality control without scatter

phg.run

######################################################################
#
# PARAMETER FILE FOR THE PHG SIMULATION
# phg.run file for 22x1280 X axis resolution study
#
######################################################################

# RUNTIME OPTIONS
BOOL simulate_stratification = true
BOOL simulate_forced_detection = true
BOOL forced_non_absorbtion = true
REAL acceptance_angle = 90.0
INT num_to_simulate = 400000000
#INT num_to_simulate = 20000000
BOOL simulate_SPECT = true
BOOL adjust_for_positron_range = false
BOOL adjust_for_collinearity = false
REAL minimum_energy = 126.0
REAL photon_energy = 140.0
REAL weight_window_ratio = 1.0
BOOL point_source_voxels = false
INT random_seed = 655738829

# OBJECT GEOMETRY VALUES
# 2 Objects, 1 slices of point source phantom and 1 target cylinder
LIST    object = 4

INT     num_slices = 3
LIST    slice = 9

INT     slice_number  = 1
REAL    zMin = -32.0
REAL    zMax = -1.5
REAL    xMin = -10.0
REAL    xMax = 10.0
REAL    yMin = -10.0
REAL    yMax = 10.0
INT     num_X_bins = 201
INT     num_Y_bins = 201

LIST    slice = 9
INT     slice_number  = 2
REAL    zMin = -1.5
REAL    zMax = 1.5
REAL    xMin = -10.0
REAL    xMax = 10.0
REAL    yMin = -10.0
REAL    yMax = 10.0
INT     num_X_bins = 201
INT     num_Y_bins = 201

LIST    slice = 9
INT     slice_number  = 3
REAL    zMin = 1.5
REAL    zMax = 32.0
REAL    xMin = -10.0
REAL    xMax = 10.0
REAL    yMin = -10.0
REAL    yMax = 10.0
INT     num_X_bins = 201
INT     num_Y_bins = 201
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# TARGET CYLINDER INFORMATION
LIST target_cylinder = 3

REAL target_zMin = -32.0
REAL target_zMax = 32.0
REAL radius = 10.0

##### ACTIVITY FILES
STR activity_indexes = "verticalline.dat"
STR activity_index_trans = "VML_act_index_trans"
STR activity_table = "d:\phg\phg.data\phg_act_table"

##### ATTENUATION FILES
STR attenuation_indexes = "airline.dat"
STR attenuation_index_trans = "VML_unseg_att_index_trans"
STR attenuation_table = "d:\phg\phg.data\phg_att_table"

##### PRODUCTIVITY FILES
STR productivity_input_table = "productivities"
STR productivity_output_table = ""

STR forced_detection_table = "d:\phg\phg.data\phg_fd_5.00"
STR statistics_file = "statistics"
STR collimator_params_file = "col_params"
STR detector_params_file = ""
STR bin_params_file = "bin_params"
STR history_file = ""

bin_params

######################################################################
#
# PARAMETER FILE FOR THE PHG BINNING MODULE
# bin_params file for 22x1280 X axis resolution study
#
######################################################################

INT scatter_param = 0
INT min_s = 0
INT max_s = 9

# Z axis binning
INT num_z_bins = 22
REAL min_z = -32.0
REAL max_z = 32.0

# Transaxial binning.
INT num_td_bins = 1280
REAL min_td = -10.01
REAL max_td = 10.01

# Azimuthal angle bins
INT num_aa_bins = 1

# Energy bins
INT num_e1_bins = 1
INT num_e2_bins = 1
REAL min_e = 126
REAL max_e = 154

INT weight_image_type = 2
INT count_image_type = 1
BOOL add_to_existing_img = FALSE

STR weight_image_path = ""
STR weight_squared_image_path = ""
STR count_image_path = "Bin_cts"
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col_params

######################################################################
#
# PARAMETER FILE FOR THE PHG COLLIMATOR MODULE
# col_params file for 22x1280 X axis resolution study
#
######################################################################

INT collimator_type = 4
INT hole_geometry= 1
REAL focal_length = 0.0
REAL radius_of_rotation = 10.0
REAL thickness = 2.36
REAL hole_radius = 0.0715
REAL septal_thickness = 0.02

# Specify the axial limits of the collimator
REAL min_z = -32.0
REAL max_z = 32.0

REAL start_angle = 90.0
REAL stop_angle = 90.0
BOOL sum_all_views= false
INT num_views = 1

STR history_file = ""

Y-axis resolution quality control without scatter

phg.run

######################################################################
#
# PARAMETER FILE FOR THE PHG SIMULATION
# phg.run file for 1280x22 Y axis resolution study
#
######################################################################

# RUNTIME OPTIONS
BOOL simulate_stratification = true
BOOL simulate_forced_detection = true
BOOL forced_non_absorbtion = true
REAL acceptance_angle = 90.0
INT num_to_simulate = 600000000
#INT num_to_simulate = 20000000
BOOL simulate_SPECT = true
BOOL adjust_for_positron_range = false
BOOL adjust_for_collinearity = false
REAL minimum_energy = 126.0
REAL photon_energy = 140.0
REAL weight_window_ratio = 1.0
BOOL point_source_voxels = false
INT random_seed = 766857732

# OBJECT GEOMETRY VALUES
# 2 Objects, 1 slices of point source phantom and 1 target cylinder
LIST    object = 4

INT     num_slices = 3
LIST    slice = 9

INT     slice_number  = 1
REAL    zMin = -30
REAL    zMax = -0.05
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REAL    xMin = -10.0
REAL    xMax = 10.0
REAL    yMin = -10.0
REAL    yMax = 10.0
INT     num_X_bins = 201
INT     num_Y_bins = 201

LIST    slice = 9
INT     slice_number  = 2
REAL    zMin = -0.05
REAL    zMax = 0.05
REAL    xMin = -10.0
REAL    xMax = 10.0
REAL    yMin = -10.0
REAL    yMax = 10.0
INT     num_X_bins = 201
INT     num_Y_bins = 201

LIST    slice = 9
INT     slice_number  = 3
REAL    zMin = 0.05
REAL    zMax = 30
REAL    xMin = -10.0
REAL    xMax = 10.0
REAL    yMin = -10.0
REAL    yMax = 10.0
INT     num_X_bins = 201
INT     num_Y_bins = 201

# TARGET CYLINDER INFORMATION
LIST target_cylinder = 3

REAL target_zMin = -32.0
REAL target_zMax = 32.0
REAL radius = 10

##### ACTIVITY FILES
STR activity_indexes = "linesource.dat"
STR activity_index_trans = "VML_act_index_trans"
STR activity_table = "d:\phg\phg.data\phg_act_table"

##### ATTENUATION FILES
STR attenuation_indexes = "airline.dat"
STR attenuation_index_trans = "VML_unseg_att_index_trans"
STR attenuation_table = "d:\phg\phg.data\phg_att_table"

##### PRODUCTIVITY FILES
STR productivity_input_table = "productivities"
STR productivity_output_table = ""

STR forced_detection_table = "d:\phg\phg.data\phg_fd_5.00"
STR statistics_file = "statistics"
STR collimator_params_file = "col_params"
STR detector_params_file = ""
STR bin_params_file = "bin_params"
STR history_file = ""

bin_params

######################################################################
#
# PARAMETER FILE FOR THE PHG BINNING MODULE
# bin_params file for 1280x22 Y axis resolution study
#
######################################################################

INT scatter_param = 0
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INT min_s = 0
INT max_s = 9

# Z axis binning
INT num_z_bins = 1280
REAL min_z = -32.0
REAL max_z = 32.0

# Transaxial binning.
INT num_td_bins = 22
REAL min_td = -10.01
REAL max_td = 10.01

# Azimuthal angle bins
INT num_aa_bins = 1

# Energy bins
INT num_e1_bins = 1
INT num_e2_bins = 1
REAL min_e = 126
REAL max_e = 154

INT weight_image_type = 2
INT count_image_type = 1
BOOL add_to_existing_img = FALSE
STR weight_image_path = ""

STR weight_squared_image_path = ""
STR count_image_path = "Bin_cts"

col_params

######################################################################
#
# PARAMETER FILE FOR THE PHG COLLIMATOR MODULE
# col_params file for 1280x22 Y axis resolution study
#
######################################################################

INT collimator_type = 4
INT hole_geometry= 1
REAL focal_length = 0.0
REAL radius_of_rotation = 10.0
REAL thickness = 2.36
REAL hole_radius = 0.0715
REAL septal_thickness = 0.02

# Specify the axial limits of the collimator
REAL min_z = -32.0
REAL max_z = 32.0

REAL start_angle = 90.0
REAL stop_angle = 90.0
BOOL sum_all_views= false
INT num_views = 1

STR history_file = ""

X-axis resolution quality control with scatter

phg.run

########################################################################
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#
# PARAMETER FILE FOR THE PHG SIMULATION
# phg.run file for 22x1280 X axis resolution with scatter study
#
########################################################################

# RUNTIME OPTIONS
BOOL simulate_stratification = true
BOOL simulate_forced_detection = true
BOOL forced_non_absorbtion = true
REAL acceptance_angle = 90.0
INT num_to_simulate = 1800000000
BOOL simulate_SPECT = true
BOOL adjust_for_positron_range = false
BOOL adjust_for_collinearity = false
REAL minimum_energy = 126.0
REAL photon_energy = 140.0
REAL weight_window_ratio = 1.0
BOOL point_source_voxels = false
INT random_seed = 766857732

# OBJECT GEOMETRY VALUES
# 2 Objects, 1 slices of point source phantom and 1 target cylinder
LIST    object = 4

INT     num_slices = 3
LIST    slice = 9

INT     slice_number  = 1
REAL    zMin = -32.0
REAL    zMax = -1.5
REAL    xMin = -10.0
REAL    xMax = 10.0
REAL    yMin = -10.0
REAL    yMax = 10.0
INT     num_X_bins = 201
INT     num_Y_bins = 201

LIST    slice = 9
INT     slice_number  = 2
REAL    zMin = -1.5
REAL    zMax = 1.5
REAL    xMin = -10.0
REAL    xMax = 10.0
REAL    yMin = -10.0
REAL    yMax = 10.0
INT     num_X_bins = 201
INT     num_Y_bins = 201

LIST    slice = 9
INT     slice_number  = 3
REAL    zMin = 1.5
REAL    zMax = 32.0
REAL    xMin = -10.0
REAL    xMax = 10.0
REAL    yMin = -10.0
REAL    yMax = 10.0
INT     num_X_bins = 201
INT     num_Y_bins = 201

# TARGET CYLINDER INFORMATION
LIST target_cylinder = 3

REAL target_zMin = -32.0
REAL target_zMax = 32.0
REAL radius = 10

##### ACTIVITY FILES
STR activity_indexes = "verticalline.dat"
STR activity_index_trans = "VML_act_index_trans"
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STR activity_table = "d:\phg\phg.data\phg_act_table"

##### ATTENUATION FILES
STR attenuation_indexes = "acryliccylinder.dat"
STR attenuation_index_trans = "VML_unseg_att_index_trans"
STR attenuation_table = "d:\phg\phg.data\phg_att_table"

##### PRODUCTIVITY FILES
STR productivity_input_table = "productivities"
STR productivity_output_table = ""

STR forced_detection_table = "d:\phg\phg.data\phg_fd_5.00"
STR statistics_file = "statistics"
STR collimator_params_file = "col_params"
STR detector_params_file = ""
STR bin_params_file = "bin_params"
STR history_file = ""

bin_params

########################################################################
#
# PARAMETER FILE FOR THE PHG BINNING MODULE
# bin_params file for 22x1280 X axis resolution with scatter study
#
########################################################################

INT scatter_param = 0
INT min_s = 0
INT max_s = 9

# Z axis binning
INT num_z_bins = 22
REAL min_z = -32.0
REAL max_z = 32.0

# Transaxial binning.
INT num_td_bins = 1280
REAL min_td = -32.5
REAL max_td = 32.5

# Azimuthal angle bins
INT num_aa_bins = 1

# Energy bins
INT num_e1_bins = 1
INT num_e2_bins = 1
REAL min_e = 126
REAL max_e = 154

INT weight_image_type = 2
INT count_image_type = 1
BOOL add_to_existing_img = FALSE

STR weight_image_path = ""
STR weight_squared_image_path = ""
STR count_image_path = "Bin_cts"

col_params

########################################################################
#
# PARAMETER FILE FOR THE PHG COLLIMATOR MODULE
# col_params file for 22x1280 X axis resolution with scatter study
#
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########################################################################

INT collimator_type = 4
INT hole_geometry= 1
REAL focal_length = 0.0
REAL radius_of_rotation = 10
REAL thickness = 2.36
REAL hole_radius = 0.0715
REAL septal_thickness = 0.02

# Specify the axial limits of the collimator
REAL min_z = -32.0
REAL max_z = 32.0

REAL start_angle = 90.0
REAL stop_angle = 90.0
BOOL sum_all_views= false
INT num_views = 1

STR history_file = ""

Y-axis resolution quality control with scatter

phg.run

######################################################################
#
# PARAMETER FILE FOR THE PHG SIMULATION
# phg.run file for 1280x22 Y axis resolution with scatter study
#
######################################################################

# RUNTIME OPTIONS
BOOL simulate_stratification = true
BOOL simulate_forced_detection = true
BOOL forced_non_absorbtion = true
REAL acceptance_angle = 90.0
INT num_to_simulate = 800000000
BOOL simulate_SPECT = true
BOOL adjust_for_positron_range = false
BOOL adjust_for_collinearity = false
REAL minimum_energy = 126.0
REAL photon_energy = 140.0
REAL weight_window_ratio = 1.0
BOOL point_source_voxels = false
INT random_seed = 766857732

# OBJECT GEOMETRY VALUES
# 2 Objects, 1 slices of point source phantom and 1 target cylinder
LIST    object = 4

INT     num_slices = 3
LIST    slice = 9

INT     slice_number  = 1
REAL    zMin = -30
REAL    zMax = -0.05
REAL    xMin = -10.0
REAL    xMax = 10.0
REAL    yMin = -10.0
REAL    yMax = 10.0
INT     num_X_bins = 201
INT     num_Y_bins = 201

LIST    slice = 9
INT     slice_number  = 2
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REAL    zMin = -0.05
REAL    zMax = 0.05
REAL    xMin = -10.0
REAL    xMax = 10.0
REAL    yMin = -10.0
REAL    yMax = 10.0
INT     num_X_bins = 201
INT     num_Y_bins = 201

LIST    slice = 9
INT     slice_number  = 3
REAL    zMin = 0.05
REAL    zMax = 30
REAL    xMin = -10.0
REAL    xMax = 10.0
REAL    yMin = -10.0
REAL    yMax = 10.0
INT     num_X_bins = 201
INT     num_Y_bins = 201

# TARGET CYLINDER INFORMATION
LIST target_cylinder = 3

REAL target_zMin = -32.0
REAL target_zMax = 32.0
REAL radius = 10

##### ACTIVITY FILES
STR activity_indexes = "linesource.dat"
STR activity_index_trans = "VML_act_index_trans"
STR activity_table = "d:\phg\phg.data\phg_act_table"

##### ATTENUATION FILES
STR attenuation_indexes = "acrylicline.dat"
STR attenuation_index_trans = "VML_unseg_att_index_trans"
STR attenuation_table = "d:\phg\phg.data\phg_att_table"

##### PRODUCTIVITY FILES
STR productivity_input_table = "productivities"
STR productivity_output_table = ""

STR forced_detection_table = "d:\phg\phg.data\phg_fd_5.00"
STR statistics_file = "statistics"
STR collimator_params_file = "col_params"
STR detector_params_file = ""
STR bin_params_file = "bin_params"
STR history_file = ""

bin_params

######################################################################
#
# PARAMETER FILE FOR THE PHG BINNING MODULE
# bin_params file for 1280x22 Y axis resolution with scatter study
#
######################################################################

INT scatter_param= 0
INT min_s = 0
INT max_s = 9

# Z axis binning
INT num_z_bins = 1280
REAL min_z = -32.0
REAL max_z = 32.0

# Transaxial binning.
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INT num_td_bins = 22
REAL min_td = -32.5
REAL max_td = 32.5

# Azimuthal angle bins
INT num_aa_bins = 1

# Energy bins
INT num_e1_bins = 1
INT num_e2_bins = 1
REAL min_e = 126
REAL max_e = 154

INT weight_image_type = 2
INT count_image_type = 1
BOOL add_to_existing_img = FALSE

STR weight_image_path = ""
STR weight_squared_image_path = ""
STR count_image_path = "Bin_cts"

col_params

######################################################################
#
# PARAMETER FILE FOR THE PHG COLLIMATOR MODULE
# col_params file for 1280x22 Y axis resolution with scatter study
#
######################################################################

INT collimator_type = 4
INT hole_geometry= 1
REAL focal_length = 0.0
REAL radius_of_rotation = 10
REAL thickness = 2.36
REAL hole_radius = 0.0715
REAL septal_thickness = 0.02

# Specify the axial limits of the collimator
REAL min_z = -32.0
REAL max_z = 32.0

REAL start_angle = 90.0
REAL stop_angle = 90.0
BOOL sum_all_views= false
INT num_views = 1

STR history_file = ""

256 x 256 x 8 view lung study

phg.run

######################################################################
#
# PARAMETER FILE FOR THE PHG SIMULATION
# phg.run file for 256x256x8 lung study
#
######################################################################

# RUNTIME OPTIONS
BOOL simulate_stratification = false
BOOL simulate_forced_detection = false
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BOOL forced_non_absorbtion = true
REAL acceptance_angle = 90.0
INT num_to_simulate = 2500000000
BOOL simulate_SPECT = true
BOOL adjust_for_positron_range = false
BOOL adjust_for_collinearity = false
REAL minimum_energy = 126.0
REAL photon_energy = 140.0
REAL weight_window_ratio = 1.0
BOOL point_source_voxels = false
INT random_seed = 325798874

# OBJECT GEOMETRY VALUES
# 65 Objects, 64 slices of chest and 1 target cylinder
LIST    object = 65

INT     num_slices = 64
LIST    slice = 9

INT     slice_number  = 1
REAL    zMin = -16.0
REAL    zMax = -15.5
REAL    xMin = -32.0
REAL    xMax = 32.00
REAL    yMin = -32.00
REAL    yMax = 32.00
INT     num_X_bins = 128
INT     num_Y_bins = 128

#
# Slices 2 to 63 are identical to slice 1
# and have been omitted for documentation only
#

LIST    slice = 9
INT     slice_number  = 64
REAL    zMin = 15.5
REAL    zMax = 16.0
REAL    xMin = -32.0
REAL    xMax = 32.00
REAL    yMin = -32.00
REAL    yMax = 32.00
INT     num_X_bins = 128
INT     num_Y_bins = 128

# TARGET CYLINDER INFORMATION
LIST target_cylinder = 3

REAL target_zMin = -32.0
REAL target_zMax = 32.0
REAL radius = 32.5

##### ACTIVITY FILES
STR activity_indexes = "VML_seg_activity_indexes"
STR activity_index_trans = "VML_act_index_trans"
STR activity_table = "d:\phg\phg.data\phg_act_table"

##### ATTENUATION FILES
STR attenuation_indexes = "VML_unseg_attenuation_indexes"
STR attenuation_index_trans = "VML_unseg_att_index_trans"
STR attenuation_table = "d:\phg\phg.data\phg_att_table"

##### PRODUCTIVITY FILES
STR productivity_input_table = "productivities"
STR productivity_output_table = "productivities"

STR forced_detection_table = "d:\phg\phg.data\phg_fd_5.00"
STR statistics_file = "statistics"
STR collimator_params_file = "col_params"
STR detector_params_file = ""
STR bin_params_file = "bin_params"
STR history_file = ""
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bin_params

######################################################################
#
# PARAMETER FILE FOR THE PHG BINNING MODULE
# bin_params file for 256x256x8 lung study
#
######################################################################

INT scatter_param = 0
INT min_s = 0
INT max_s = 9

# Z axis binning
INT num_z_bins = 256
REAL min_z = -32.0
REAL max_z = 32.0

# Transaxial binning.
INT num_td_bins = 256
REAL min_td = -32.5
REAL max_td = 32.5

# Azimuthal angle bins
INT num_aa_bins = 8

# Energy bins
INT num_e1_bins = 1
INT num_e2_bins = 1
REAL min_e = 126
REAL max_e = 154

INT weight_image_type = 2
INT count_image_type = 1
BOOL add_to_existing_img = FALSE

STR weight_image_path = ""
STR weight_squared_image_path = ""
STR count_image_path = "Bin_cts"

col_params

######################################################################
#
# PARAMETER FILE FOR THE PHG COLLIMATOR MODULE
# col_params file for 256x256x8 lung study
#
######################################################################

INT collimator_type = 4
INT hole_geometry= 1
REAL focal_length = 0.0
REAL radius_of_rotation = 32.5
REAL thickness = 2.36
REAL hole_radius = 0.0715
REAL septal_thickness = 0.02

# Specify the axial limits of the collimator
REAL min_z = -32.0
REAL max_z = 32.0

REAL start_angle = 0.0
REAL stop_angle = 360.0
BOOL sum_all_views= false
INT num_views = 8
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STR history_file = ""

128 x 128 x 8 view lung study

phg.run

######################################################################
#
# PARAMETER FILE FOR THE PHG SIMULATION
# phg.run file for 128x128x8 lung study
#
######################################################################

# RUNTIME OPTIONS
BOOL simulate_stratification = false
BOOL simulate_forced_detection = false
BOOL forced_non_absorbtion = true
REAL acceptance_angle = 90.0
INT num_to_simulate = 2500000000
BOOL simulate_SPECT = true
BOOL adjust_for_positron_range = false
BOOL adjust_for_collinearity = false
REAL minimum_energy = 126.0
REAL photon_energy = 140.0
REAL weight_window_ratio = 1.0
BOOL point_source_voxels = false
INT random_seed = 325798874

# OBJECT GEOMETRY VALUES
# 65 Objects, 64 slices of chest and 1 target cylinder
LIST    object = 65

INT     num_slices = 64
LIST    slice = 9

INT     slice_number  = 1
REAL    zMin = -16.0
REAL    zMax = -15.5
REAL    xMin = -32.0
REAL    xMax = 32.00
REAL    yMin = -32.00
REAL    yMax = 32.00
INT     num_X_bins = 128
INT     num_Y_bins = 128

#
# Slices 2 to 63 are identical to slice 1
# and have been omitted for documentation only
#

LIST    slice = 9
INT     slice_number  = 64
REAL    zMin = 15.5
REAL    zMax = 16.0
REAL    xMin = -32.0
REAL    xMax = 32.00
REAL    yMin = -32.00
REAL    yMax = 32.00
INT     num_X_bins = 128
INT     num_Y_bins = 128

# TARGET CYLINDER INFORMATION
LIST target_cylinder = 3

REAL target_zMin = -32.0
REAL target_zMax = 32.0
REAL radius = 32.5
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##### ACTIVITY FILES
STR activity_indexes = "VML_seg_activity_indexes"
STR activity_index_trans = "VML_act_index_trans"
STR activity_table = "d:\phg\phg.data\phg_act_table"

##### ATTENUATION FILES
STR attenuation_indexes = "VML_unseg_attenuation_indexes"
STR attenuation_index_trans = "VML_unseg_att_index_trans"
STR attenuation_table = "d:\phg\phg.data\phg_att_table"

##### PRODUCTIVITY FILES
STR productivity_input_table = "productivities"
STR productivity_output_table = "productivities"

STR forced_detection_table = "d:\phg\phg.data\phg_fd_5.00"
STR statistics_file = "statistics"
STR collimator_params_file = "col_params"
STR detector_params_file = ""
STR bin_params_file = "bin_params"
STR history_file = ""

bin_params

######################################################################
#
# PARAMETER FILE FOR THE PHG BINNING MODULE
# bin_params file for 128x128x8 lung study
#
######################################################################

INT scatter_param = 0
INT min_s = 0
INT max_s = 9

# Z axis binning
INT num_z_bins = 128
REAL min_z = -32.0
REAL max_z = 32.0

# Transaxial binning.
INT num_td_bins = 128
REAL min_td = -32.5
REAL max_td = 32.5

# Azimuthal angle bins
INT num_aa_bins = 8

# Energy bins
INT num_e1_bins = 1
INT num_e2_bins = 1
REAL min_e = 126
REAL max_e = 154

INT weight_image_type = 2
INT count_image_type = 1
BOOL add_to_existing_img = FALSE

STR weight_image_path = ""
STR weight_squared_image_path = ""
STR count_image_path = "Bin_cts"

col_params

######################################################################
#



239

# PARAMETER FILE FOR THE PHG COLLIMATOR MODULE
# col_params file for 128x128x8 lung study
#
######################################################################

INT collimator_type = 4
INT hole_geometry= 1
REAL focal_length = 0.0
REAL radius_of_rotation = 32.5
REAL thickness = 2.36
REAL hole_radius = 0.0715
REAL septal_thickness = 0.02

# Specify the axial limits of the collimator
REAL min_z = -32.0
REAL max_z = 32.0

REAL start_angle = 0.0
REAL stop_angle = 360.0
BOOL sum_all_views= false
INT num_views = 8

STR history_file = ""

Txx.txt

######################################################################
#
# TITLE: Parameter file for the PE_SIM programme
#
######################################################################

0: 0 0 - spare
1: 1 1 - R branch 1 main bronchi
2: 0 0 - R branch 2 intermediate bronchus
3: 0 0 - R branch 3 upper lobe bronchus
4: 0 0 - R branch 4 lower lobe bronchus upper
5: 0 0 - R branch 5 lower lobe bronchus lower
6: 0 0 - R branch 6 middle lobe bronchus
7: 0 0 - R branch 7 segment B1
8: 0 0 - R branch 8 segment B2
9: 0 0 - R branch 9 segment B3
10: 0 0 - R branch 10segment B4
11: 0 0 - R branch 11segment B5
12: 0 0 - R branch 12segment B6
13: 0 0 - R branch 13segment B7
14: 0 0 - R branch 14segment B8
15: 0 0 - R branch 15segment B9
16: 0 0 - R branch 16segment B10
101: 0 0 - R B1ai
102: 0 0 - R B1aii
103: 0 0 - R B1bi  
104: 0 0 - R B1bii  
105: 0 0 - R B2ai
106: 0 0 - R B2aii
107: 0 0 - R B2bi
108: 0 0 - R B2bii
109: 0 0 - R B3ai
110: 0 0 - R B3aii
111: 0 0 - R B3bi
112: 0 0 - R B3bii
113: 0 0 - R B4ai
114: 0 0 - R B4aii
115: 0 0 - R B4bi
116: 0 0 - R B4bii
117: 0 0 - R B5a
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118: 0 0 - R B5b
119: 0 0 - R B6a
121: 0 0 - R B6b
123: 0 0 - R B6c
125: 0 0 - R B7a
126: 0 0 - R B7b
127: 0 0 - R B7c
128: 0 0 - R B8ai
129: 0 0 - R B8aii
130: 0 0 - R B8bi
131: 0 0 - R B8bii
132: 0 0 - R B9ai
133: 0 0 - R B9aii
134: 0 0 - R B9bi
135: 0 0 - R B9bii
136: 0 0 - R B10a
138: 0 0 - R B10b
140: 0 0 - R B10c
21: 1 1 - L branch 1 main bronchi
22: 0 0 - L branch 2 lower lobe bronchus upper
23: 0 0 - L branch 3 upper lobe bronchus
24: 0 0 - L branch 4 lower lobe bronchus middle
25: 0 0 - L branch 5 superior division bronchus
26: 0 0 - L branch 6 lingular bronchus
27: 0 0 - L branch 7 lower lobe bronchus lower
28: 0 0 - L branch 8 segment B1+2
29: 0 0 - L branch 9 segment B3
30: 0 0 - L branch 10segment B4
31: 0 0 - L branch 11segment B5
32: 0 0 - L branch 12segment B6
33: 0 0 - L branch 13segment B7+8
34: 0 0 - L branch 14segment B9
35: 0 0 - L branch 15segment B10
164: 0 0 - L B1+2a
166: 0 0 - L B1+2b
168: 0 0 - L B1+2c
170: 0 0 - L B3a
172: 0 0 - L B3b
174: 0 0 - L B3c
175: 0 0 - L B4ai
176: 0 0 - L B4aii
177: 0 0 - L B4bi
178: 0 0 - L B4bii
179: 1 0 - L B5a
181: 0 0 - L B5b
183: 0 0 - L B6a
185: 0 0 - L B6b
187: 0 0 - L B6c
189: 0 0 - L B7+8ai
190: 0 0 - L B7+8aii
191: 0 0 - L B7+8bi
192: 0 0 - L B7+8bii
193: 0 0 - L B9ai
194: 0 0 - L B9aii
195: 0 0 - L B9bi
196: 0 0 - L B9bii
197: 0 0 - L B10a
199: 0 0 - L B10b
201: 0 0 - L B10c
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APPENDIX 2: SOURCE CODE

Conversion of Siemens images (abridged)

Private Function AddToDataBase(InFile As String, PathName As String, Rename As
Integer) As Boolean

    Dim ImageStart As Long
    Dim SourceImageOffset As Long
    Dim SinkImageOffset As Long
    Dim Offset As Long
    Dim ReverseOffset As Long
    Dim ImageData()  As Long
    Dim ImageFrameLength As Long
    Dim ImageLineLength As Integer
    Dim ImageLineData As String * 2048
    Dim ImageOut As String
    Dim Frames, Lines As Integer
    Dim numberOffset As Integer
    Dim PerfusionStudy, VentilationStudy As Boolean
    Dim ErrorOccurred As Boolean
    Dim ImageFileName As String
    Dim temp

    AddToDataBase = False

    ErrorOccurred = False
    On Error GoTo ErrHandler

    Open PathName & "\" & InFile For Binary Access Read As 1

    ' Gets info about the Siemens file for the conversion
    Get #1, 7, sem_ImageType

    ' Checks for the type of image and the number of bytes/pixel
    Select Case (sem_ImageType)
        Case 1
            sem_ImageRes = 32
            sem_ImageBytes = 1

        Case 2
            sem_ImageRes = 32
            sem_ImageBytes = 2

        Case 3
            sem_ImageRes = 64
            sem_ImageBytes = 1

        Case 4
            sem_ImageRes = 64
            sem_ImageBytes = 2

        Case 5
            sem_ImageRes = 128
            sem_ImageBytes = 1

        Case 6
            sem_ImageRes = 128
            sem_ImageBytes = 2

        Case 7
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            sem_ImageRes = 256
            sem_ImageBytes = 1

        Case 8
            sem_ImageRes = 256
            sem_ImageBytes = 2

    End Select

    ' Gets image information about the Siemens File
    Get #1, 3, sem_TotalFileSize        ' Total size in blocks (512 bytes)
    'Get #1, 9, sem_IISpacing            ' Blocks between images
    'Get #1, 15, sem_ExpSize             ' Expansion block size
    'Get #1, 37, sem_ImageStart          ' Blocks (512 bytes) to start of im-
ages
    Get #1, 39, sem_NumberImages        ' Number of images
    Get #1, 177, sem_PatientNumber      ' Patient name field, holding patient
#
    Get #1, 195, sem_PatientName        ' Patient number holding patient name
    Get #1, 211, sem_Organ              ' Organ of study
    Get #1, 223, sem_View               ' Type of view
    Get #1, 233, sem_CollectionType     ' Static, Dynamic, Gated or T (step
and shoot)
    Get #1, 242, sem_StudyDate          ' Date of study eg. 15-AUG-94
    Get #1, 254, sem_FileExtension      ' File extension used for storage
    Get #1, 257, sem_ProtocolID         ' Study protocol ID string
    Get #1, 512 + 36, sem_PatientDOB    ' Patient's date of birth
    Get #1, 512 + 80, sem_Collimator    ' Collimator type used
    Get #1, 512 + 86, sem_Isotope       ' Isotope used in the study
    Get #1, 512 + 98, sem_Dose          ' Dose of isotope used

    StudyTbl.AddNew

    StudyTbl("Patient name") = UCase$(sem_PatientName)

    temp = RTrim$(sem_PatientNumber)

    ' Cuts off any leading alpha characters
    ' leaving only the MRN, if there is one
    numberOffset = 1
    ' If the leading character is an alpha or space then trim it
    If Len(temp) > 0 Then
        Do While ((Asc(Mid$(temp, numberOffset, 1)) > 64 Or Asc(Mid$(temp,
numberOffset, 1)) = 32) And numberOffset < Len(temp))
            numberOffset = numberOffset + 1
        Loop
    End If

    If numberOffset < Len(temp) Then
        StudyTbl("MRN") = Right$(temp, Len(temp) - numberOffset + 1)
    Else
        StudyTbl("MRN") = "0"
    End If

    ' If there is no DOB then set it to the default
    'If sem_PatientDOB = "          " Or Asc(sem_PatientDOB) = 0 Then
    '    StudyTbl("Patient DOB") = "01/01/01"
    'Else
    '    StudyTbl("Patient DOB") = sem_PatientDOB
    'End If

    ' Determines the type of study, and therefore the file extension
    PerfusionStudy = False
    VentilationStudy = False

    temp = Trim(UCase$(sem_Organ))
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    If temp = "LUNG PERF" Then
        PerfusionStudy = True
    ElseIf temp = "LUNG VENT" Then
        VentilationStudy = True
    End If

    StudyTbl("Organ of study") = temp
    StudyTbl("View") = sem_View
    StudyTbl("Image resolution") = sem_ImageRes
    StudyTbl("Image word length") = sem_ImageBytes
    StudyTbl("Number of images") = sem_NumberImages
    StudyTbl("Length of file") = sem_TotalFileSize / 2

    ' If there is no date, then set it to the default
    If sem_StudyDate = "          " Or Asc(sem_StudyDate) = 0 Then
        StudyTbl("Study date") = "01/01/01"
    Else
        StudyTbl("Study date") = sem_StudyDate
    End If

    StudyTbl("Protocol ID") = sem_ProtocolID
    StudyTbl("Collimator") = sem_Collimator
    StudyTbl("Isotope") = sem_Isotope
    StudyTbl("Dose") = sem_Dose
    StudyTbl("Original file name") = UCase$(Left$(sem_PatientName, 6))
    StudyTbl("Original file extension") = sem_FileExtension

    ' Records the renamed file, if Rename is 'True'
    If Rename = True Then
        If PerfusionStudy Then
            StudyTbl("Current file name") = StudyTbl("Image ID") & ".zP"
            ImageFileName = StudyTbl("Image ID") & ".zP"
        ElseIf VentilationStudy Then
            StudyTbl("Current file name") = StudyTbl("Image ID") & ".zV"
            ImageFileName = StudyTbl("Image ID") & ".zV"
        Else
            StudyTbl("Current file name") = StudyTbl("Image ID") & ".zU"
            ImageFileName = StudyTbl("Image ID") & ".zU"
        End If
    Else
        StudyTbl("Current file name") = InFile
    End If

    StudyTbl("Current location") = PathName

    ' If the patient's MRN does not exist and referential integrity is
    ' being enforced, then this next statement will cause an error
    ' therefore trap it and do not rename the file as it has not
    ' been processed and added to the database
    StudyTbl.Update

    If ErrorOccurred = False Then
        ' Set flag to note a record added to the database
        AddToDataBase = True
        ' Makes the new record the current one
        StudyTbl.MoveLast
        ' Closes the file so it can be renamed
        Close #1
        ' Rename the file appropriately
        If Rename = True Then
            If PerfusionStudy Then
                Name PathName & "\" & InFile As PathName & "\" & ImageFileName
            ElseIf VentilationStudy Then
                Name PathName & "\" & InFile As PathName & "\" & ImageFileName
            Else
                Name PathName & "\" & InFile As PathName & "\" & ImageFileName
            End If
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        End If
    End If

    Close #1

    Exit Function

ErrHandler:
    ' Err 3201 is for violation of data integrity rules
    ' Err 3021 is when there are no records and MoveLast is used
    If Err = 3201 Or Err = 3021 Then
        ErrorOccurred = True
        Resume Next
    End If
    ' Any other error should stop the programme
    Msg = "ERROR " & Err & " occurred." & Chr$(13) & Chr$(10) & Error$
    MsgBox Msg
    Stop

End Function

Segmental and subsegmental phantom creation

Zubal_stack (abridged)

void zubal_stack(unsigned char e[128][128],
unsigned char im[128][128][3]) {
long c;
unsigned short n, m;
unsigned long y;

for(n = 0; n < 128; n++){
for(m = 0; m < 128; m++){

e[n][m] = 0;

c = im[n][m][2] * 65536 + im[n][m][1]
* 256 + im[n][m][0];

switch (c) {
case 16777215:

// Air
e[n][m] = 0;
break;

case 0:
// Lung
e[n][m] = 10;
break;

// Left lung values
case 16315392:

e[n][m] = 164;
break;

case 13421568:
e[n][m] = 166;
break;

case 10066176:
e[n][m] = 168;
break;

case 16711680:
e[n][m] = 170;
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break;

case 13369344:
e[n][m] = 172;
break;

case 11141120:
e[n][m] = 174;
break;

case 3342540:
e[n][m] = 175;
break;

case 6710988:
e[n][m] = 176;
break;

case 10053324:
e[n][m] = 177;
break;

case 10066380:
e[n][m] = 178;
break;

case 3342336:
e[n][m] = 179;
break;

case 8912896:
e[n][m] = 180;
break;

case 12255232:
e[n][m] = 181;
break;

case 14483456:
e[n][m] = 182;
break;

case 65382:
e[n][m] = 183;
break;

case 16750848:
e[n][m] = 185;
break;

case 13408512:
e[n][m] = 187;
break;

case 52326:
e[n][m] = 189;
break;

case 13395456:
e[n][m] = 190;
break;

case 10053120:
e[n][m] = 191;
break;

case 6697728:
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e[n][m] = 192;
break;

case 39372:
e[n][m] = 193;
break;

case 52428:
e[n][m] = 194;
break;

case 26265:
e[n][m] = 195;
break;

case 6750207:
e[n][m] = 196;
break;

case 39168:
e[n][m] = 197;
break;

case 16776960:
e[n][m] = 199;
break;

case 16751001:
e[n][m] = 201;
break;

// Right lung values
case 14791073:

e[n][m] = 101;
break;

case 13408614:
e[n][m] = 102;
break;

case 13382400:
e[n][m] = 103;
break;

case 16724736:
e[n][m] = 104;
break;

case 10027110:
e[n][m] = 105;
break;

case 13369446:
e[n][m] = 106;
break;

case 16711833:
e[n][m] = 107;
break;

case 16764159:
e[n][m] = 108;
break;

case 6750156:
e[n][m] = 109;
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break;

case 6737049:
e[n][m] = 110;
break;

case 3381657:
e[n][m] = 111;
break;

case 3368550:
e[n][m] = 112;
break;

case 6749952:
e[n][m] = 113;
break;

case 6710886:
e[n][m] = 114;
break;

case 3381504:
e[n][m] = 115;
break;

case 3368448:
e[n][m] = 116;
break;

case 14936960:
e[n][m] = 117;
break;

case 10066278:
e[n][m] = 118;
break;

case 6736896:
e[n][m] = 119;
break;

case 13421772:
e[n][m] = 121;
break;

case 16737792:
e[n][m] = 123;
break;

case 6723840:
e[n][m] = 125;
break;

case 10079232:
e[n][m] = 126;
break;

case 10092288:
e[n][m] = 127;
break;

case 6710937:
e[n][m] = 128;
break;

case 10079436:



248

e[n][m] = 129;
break;

case 10066431:
e[n][m] = 130;
break;

case 13421823:
e[n][m] = 131;
break;

case 6697983:
e[n][m] = 132;
break;

case 16724991:
e[n][m] = 133;
break;

case 13382655:
e[n][m] = 134;
break;

case 10040268:
e[n][m] = 135;
break;

case 6697779:
e[n][m] = 136;
break;

case 13395558:
e[n][m] = 138;
break;

case 16737894:
e[n][m] = 140;
break;

default:
printf("\nUnknown value found - %d - \t",

c);
printf("At %d, %d\n", n, m);
break;

}
}

}
}

Zubal_truncate (abridged)

void zubal_truncate(unsigned long input_array[IO_SIZE],
unsigned char output_array[IO_SIZE]) {
unsigned short z, y, x;
unsigned long s;
s = 0;

for(z = 0; z < 64; z++){
for(y = 0; y < 128; y++){

    for(x = 0; x < 128; x++){
if(input_array[s] == ZUBAL_LUNG)

output_array[s] = LUNG;
else output_array[s] = AIR;
s = s + 1;

    }
    }
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}
}

Zubal_unstack (abridged)

void zubal_unstack(unsigned char v[1048576]) {
FILE *id;
unsigned short z, y, x;
unsigned long s;
char za[10];
s = 0;

for(z = 0; z < 64; z++){
   itoa(z + 1, za, 10);

printf(za);
if(id = fopen(za, "wb") ){

fwrite(&v[s], 1, 16384, id);
fclose( id );

}
s += 16384;

}
}

Zubal_ROIGen (abridged)

main

void main(void) {
strcpy(outfile, "roiseg.img");
iminit(im);
inv("vmlseg.dat", v1);

 vflip(v, v1);
transdat18(v);

 views(0, v, im);
 viewe(2, v, im);

vieww(6, v, im);
viewn(4, v, im);
inv("vmlseg1.dat", v1);
vflip(v, v1);
transdat18(v);

  views(1, v, im);
   viewe(3, v, im);

vieww(7, v, im);
viewn(5, v, im);
header(h, outfile);
outim256(6, c, im, outfile); // LLat

 outim256(5, c, im, outfile); // LAO
outim256(4, c, im, outfile); // Anterior

   outim256(3, c, im, outfile); // RAO
 outim256(2, c, im, outfile); // RLat

outim256(1, c, im, outfile); // RPO
outim256(0, c, im, outfile); // Posterior

 outim256(7, c, im, outfile); // LPO
}

iminit

void iminit(unsigned char im[8][128][128]) {
unsigned short y, x;

for(y=0;y<128;y++){
   for(x=0;x<128;x++){
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      im[0][y][x] = 0;
       im[1][y][x] = 0;
       im[2][y][x] = 0;
       im[3][y][x] = 0;
       im[4][y][x] = 0;
       im[5][y][x] = 0;
       im[6][y][x] = 0;
       im[7][y][x] = 0;

}
}

}

inv

void inv(char infile[50], unsigned char v1[64][128][128]) {
FILE *id;
if (( id = fopen( infile, "rb" )) != NULL) {

fread(v1, 32, 32768, id);
fclose(id);

}
else {

printf( "Problem opening the file\n" );
exit(1);

}
}

outim256

void outim256(unsigned char p, unsigned short c[256][256],
unsigned char im[8][128][128], char outfile[50]) {
FILE *id;
unsigned short y, x;

 for(y = 0; y < 256; y++){
   for(x = 0; x < 256; x++){
   c[y][x] = im[p][y / 2][x / 2];
       }

}

if(p == 0){
printf("%u \n", p);  

 if(id = fopen( outfile, "ab")){
fwrite( c, 4, 32768, id);
fclose( id );

}
}
else{

printf("%u \n", p);
if(id = fopen( outfile, "ab")){

fwrite( c, 4, 32768, id);
fclose( id );

}
}

}

transdat18

void transdat18(unsigned char v[64][128][128]) {
unsigned short y, x, z;
for(y = 0; y < 64; y++){

for(x = 0; x < 128; x++){
for(z = 0; z < 128; z++){

if(v[y][x][z] == 10 ){
v[y][x][z] = 19;
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        }
if(v[y][x][z] >= 101 & v[y][x][z] <= 104){

         v[y][x][z] = 1;
        }

if(v[y][x][z] >= 105 & v[y][x][z] <= 108){
        v[y][x][z] = 2;
        }

if(v[y][x][z] >= 109 & v[y][x][z] <= 112){
v[y][x][z] = 3;

        }
if(v[y][x][z] >= 113 & v[y][x][z] <= 116){

        v[y][x][z] = 4;
        }

if(v[y][x][z] >= 117 & v[y][x][z] <= 118){
        v[y][x][z] = 5;
        }

if(v[y][x][z] >= 119 & v[y][x][z] <= 124){
        v[y][x][z] = 6;
        }

if(v[y][x][z] >= 125 & v[y][x][z] <= 127){
        v[y][x][z] = 7;
        }

if(v[y][x][z] >= 128 & v[y][x][z] <= 131){
        v[y][x][z] = 8;
        }

if(v[y][x][z] >= 132 & v[y][x][z] <= 135){
        v[y][x][z] = 9;
        }

if(v[y][x][z] >= 136 & v[y][x][z] <= 141){
        v[y][x][z] = 10;
        }

if(v[y][x][z] >= 164 & v[y][x][z] <= 169){
        v[y][x][z] = 11;
        }

if(v[y][x][z] >= 170 & v[y][x][z] <= 174){
        v[y][x][z] = 12;
        }

if(v[y][x][z] >= 175 & v[y][x][z] <= 178){
        v[y][x][z] = 13;
        }

if(v[y][x][z] >= 179 & v[y][x][z] <= 182){
        v[y][x][z] = 14;
        }

if(v[y][x][z] >= 183 & v[y][x][z] <= 188){
        v[y][x][z] = 15;
        }

if(v[y][x][z] >= 189 & v[y][x][z] <= 192){
        v[y][x][z] = 16;
        }

if(v[y][x][z] >= 193 & v[y][x][z] <= 196){
        v[y][x][z] = 17;
        }

if(v[y][x][z] >= 197 & v[y][x][z] <= 202){
        v[y][x][z] = 18;
        }

}
}

}
}

vflip

void vflip(unsigned char v[64][128][128], unsigned char v1[64][128][128]) {
unsigned short y, x, z;
for(y = 0; y < 64; y++){
   for(x = 0; x < 128; x++){
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       for(z = 0; z < 128; z++){
v[y][x][z] = v1[y][x][127 - z]; 

}
}

}
}

viewe

void viewe(unsigned char p, unsigned char v[64][128][128],
unsigned char im[8][128][128]) {
unsigned short y, x, z;
for(y = 0; y < 64; y++){
   for(x = 0; x < 128; x++){

        for(z = 0; z < 128; z++){
        if(v[y][127 - x][127 - z] != 0){
        im[p][y + 32][x] = v[y][127 - x][127 - z];
        z = 127;
        }

}
}

}
}

viewn

void viewn(unsigned char p, unsigned char v[64][128][128],
unsigned char im[8][128][128]) {
unsigned short y, x, z;
for(y = 0; y < 64; y++){
   for(x = 0; x < 128; x++){

for(z = 0; z < 128; z++){
if(v[y][z][127 - x] != 0){

im[p][y + 32][x] = v[y][z][127 - x];
z = 127;

        }
}

}
}

}

views

void views(unsigned char p, unsigned char v[64][128][128],
unsigned char im[8][128][128]) {
unsigned short y, x, z;
for(y = 0; y < 64; y++){
   for(x = 0; x < 128; x++){

        for(z = 0; z < 128; z++){
        if(v[y][127 - z][x] != 0){
        im[p][y + 32][x] = v[y][127 - z][x];
        z = 127;
        }

}
}

}
}

vieww

void vieww(unsigned char p, unsigned char v[64][128][128],
unsigned char im[8][128][128]) {
unsigned short y, x, z;
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for(y = 0; y < 64; y++){
   for(x = 0; x < 128; x++){

        for(z = 0; z < 128; z++){
        if(v[y][x][z] != 0){
        im[p][y + 32][x] = v[y][x][z];
        z = 127;
        }

}
}

}
}

Quality control simulations

phantom.h

#define YDIM 201
#define XDIM 201
#define Y1DIM 641
#define X1DIM 641
#define ACRYLIC 17
#define AIR 0
#define ACTIVITY 1
#define TEXTLEN 50

acrylic_cylinder

void acrylic_cylinder(unsigned char data[YDIM][XDIM]) {
unsigned short y, x;
for(y = 0; y < YDIM; y++){

for(x = 0; x < XDIM; x++){
data[y][x] = ACRYLIC;

}
}
output_array("acryliccylinder.dat", data);
data[100][100] = AIR;
output_array_append("acryliccylinder.dat", data);
data[100][100] = ACRYLIC;
output_array_append("acryliccylinder.dat", data);

}

acrylic_line

void acrylic_line(unsigned char data[YDIM][XDIM]) {
unsigned short y, x;
for(y = 0; y < YDIM; y++){

for(x = 0; x < XDIM; x++){
data[y][x] = ACRYLIC;

}
}

output_array("acrylicline.dat", data);

for(x = 95; x < 106; x++){
data[100][x] = AIR;

}

output_array_append("acrylicline.dat", data);

for(x = 95; x < 106; x++){
data[100][x] = ACRYLIC;

}
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output_array_append("acrylicline.dat", data);

}

air_line

void air_line(unsigned char data[YDIM][XDIM]) {
unsigned short y, x;
for(y = 0; y < YDIM; y++){

for(x = 0; x < XDIM; x++){
data[y][x] = AIR;

}
}
output_array("airline.dat", data);
output_array_append("airline.dat", data);
output_array_append("airline.dat", data);

}

empty_cylinder

void empty_cylinder(unsigned char data[YDIM][XDIM]) {
unsigned short y, x;
for(y = 0; y < YDIM; y++){

for(x = 0; x < XDIM; x++){
data[y][x] = AIR;

}
}
output_array("emptycylinder.dat", data);

}

line_source

void line_source(unsigned char data[YDIM][XDIM]) {
unsigned short y, x;
for(y = 0; y < YDIM; y++){

for(x = 0; x < XDIM; x++){
data[y][x] = AIR;

}
}

output_array("linesource.dat", data);

for(x = 95; x < 106; x++){
data[100][x] = ACTIVITY;

}

output_array_append("linesource.dat", data);

for(x = 0; x < XDIM; x++){
data[100][x] = AIR;

}
output_array_append("linesource.dat", data);

}

output_array

void output_array(char outfile[TEXTLEN], unsigned char data[YDIM][XDIM]) {
FILE *id;

if(id = fopen(outfile, "wb") ){
fwrite(data, 1, YDIM*XDIM, id);
fclose( id );
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}
}

output_array_append

void output_array_append(char outfile[TEXTLEN], unsigned char 
data[YDIM][XDIM]) {
FILE *id;

if(id = fopen(outfile, "ab") ){
fwrite(data, 1, YDIM*XDIM, id);
fclose( id );

}
}

point_source

void point_source(unsigned char data[YDIM][XDIM]) {
unsigned short y, x;
for(y=0; y<YDIM; y++){

for(x=0; x<XDIM; x++){
data[y][x] = AIR;

}
}
data[100][100] = ACTIVITY;
output_array("pointsource.dat", data);

}

vertical_line

void vertical_line(unsigned char data[YDIM][XDIM]) {
unsigned short y, x;
for(y = 0; y < YDIM; y++){

for(x = 0; x < XDIM; x++){
data[y][x] = AIR;

}
}
output_array("verticalline.dat", data);
data[100][100] = ACTIVITY;
output_array_append("verticalline.dat", data);
data[100][100] = AIR;
output_array_append("verticalline.dat", data);

}

wide_empty_cylinder

void wide_empty_cylinder(unsigned char data[Y1DIM][X1DIM]) {
unsigned short y, x, n;
for(y = 0; y < Y1DIM; y++){

for(x = 0; x < X1DIM; x++){
data[y][x] = AIR;

}
}
output_array("wideemptycylinder.dat", data);
output_array_append("wideemptycylinder.dat", data);
output_array_append("wideemptycylinder.dat", data);

}

wide_line_source

void wide_line_source(unsigned char data[Y1DIM][X1DIM]) {
unsigned short y, x;
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for(y = 0; y < Y1DIM; y++){
for(x = 0; x < X1DIM; x++){

data[y][x] = AIR;
}

}
output_array("widelinesource.dat", data);

for(x = 0; x < X1DIM; x++){
data[541][x] = ACTIVITY;

}
output_array_append("widelinesource.dat", data);

for(x = 0; x < X1DIM; x++){
data[541][x] = AIR;

}
output_array_append("widelinesource.dat", data);

}

Phantom_Uniformity (abridged)

differential

void differential(unsigned short v[100][100]) {
unsigned short x, y, z;

float max = 0, min = 100000, diff = 0;
float tempYmax, tempYmin;
float tempXmax, tempXmin;

printf("Differential uniformity:\n");

for(y = 2; y < 93; y++){
for(x = 2; x < 93; x++){

tempYmax = 0;
tempYmin = 100000;
tempXmax = 0;
tempXmin = 100000;

for(z = 0; z < 5; z++) {
if(v[y + z][x] > tempYmax) tempYmax = v[y + z][x];
if(v[y + z][x] < tempYmin) tempYmin = v[y + z][x];
if(v[y][x + z] > tempXmax) tempXmax = v[y][x + z];
if(v[y][x + z] < tempXmin) tempXmin = v[y][x + z];

}
if(tempYmax - tempYmin > diff) {

max = tempYmax;
min = tempYmin;
diff = tempYmax - tempYmin;

}
if(tempXmax - tempXmin > diff) {

max = tempXmax;
min = tempXmin;
diff = tempXmax - tempXmin;

}
}

}

printf("UFOV - Max: %4.2f, Min: %4.2f, Uniformity: %2.2f\n",
max, min, (max - min) / (max + min) * 100);

diff = 0;

for(y = 12; y < 83; y++){
for(x = 12; x < 83; x++){
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tempYmax = 0;
tempYmin = 100000;
tempXmax = 0;
tempXmin = 100000;

for(z = 0; z < 5; z++) {
if(v[y + z][x] > tempYmax) tempYmax = v[y + z][x];
if(v[y + z][x] < tempYmin) tempYmin = v[y + z][x];
if(v[y][x + z] > tempXmax) tempXmax = v[y][x + z];
if(v[y][x + z] < tempXmin) tempXmin = v[y][x + z];

}
if(tempYmax - tempYmin > diff) {

max = tempYmax;
min = tempYmin;
diff = tempYmax - tempYmin;

}
if(tempXmax - tempXmin > diff) {

max = tempXmax;
min = tempXmin;
diff = tempXmax - tempXmin;

}
}

}

printf("CFOV - Max: %4.2f, Min: %4.2f, Uniformity: %2.2f\n",
max, min, (max - min) / (max + min) * 100);

}

integral

void integral(unsigned short v[100][100]) {
unsigned short x, y;
float max = 0, min = 100000;

printf("Integral uniformity:\n");

for(y = 2; y < 98; y++){
for(x = 2; x < 98; x++){

if(v[y][x] > max) max = v[y][x];
if(v[y][x] < min) min = v[y][x];

}
}

printf("UFOV - Max: %4.2f, Min: %4.2f, Uniformity: %2.2f\n",
max, min, (max - min) / (max + min) * 100);

max = 0;
min = 100000;

for(y = 12; y < 88; y++){
for(x = 12; x < 88; x++){

if(v[y][x] > max) max = v[y][x];
if(v[y][x] < min) min = v[y][x];

}
}

printf("CFOV - Max: %4.2f, Min: %4.2f, Uniformity: %2.2f\n",
max, min, (max - min) / (max + min) * 100);

}

mean

void mean(unsigned short v[100][100], unsigned short v1[100][100]) {
double mean = 0;
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unsigned short x, y, counter = 0;

for(y=12; y<88; y++){
for(x=12; x<88; x++){

mean += v[y][x];
counter++;

}
}
mean /= counter;
printf("Mean: %4.2f\n", mean, counter);

mean *= 0.75;

for(y = 0; y < 100; y++){
for(x = 0; x < 100; x++){

if(v[y][x] < mean) v[y][x]=0;
}

}

memcpy(v1, v, 20000);

for(y = 1; y < 99; y++){
for(x = 1; x < 99; x++){

if(v1[y - 1][x]=0) v[y][x]=0;
if(v1[y][x - 1]=0) v[y][x]=0;
if(v1[y + 1][x]=0) v[y][x]=0;
if(v1[y][x + 1]=0) v[y][x]=0;

}
}

}

smooth

void smooth(unsigned short v[100][100], unsigned short v1[100][100]) {
unsigned short x, y;

memcpy(v1,v,20000);

for(y=2; y<98; y++){
for(x=2; x<98; x++){

v[y][x] = (v1[y-1][x-1] + v1[y-1][x] * 2 + v1[y-1][x+1]
+ v1[y][x-1] * 2 + v1[y][x] * 4 + v1[y][x+1] * 2
+ v1[y+1][x-1] + v1[y+1][x] * 2 + v1[y+1][x+1])
/ 16;

}
}

}

Phantom_linearity

int phantom_linearity(int argc, char *argv[])
{

unsigned short x_dim, y_dim, bytesIN, bytesOUT;
unsigned short x, y;
const unsigned short data_offset = 8192;
char filename[256];
float peak_array[5][22];
float halfmax, tenthmax;

/* If insufficient command line arguements then exit */
if( argc != 4 ){

cout << "Incorrect number of command line arguements" << '\n';
cout << "eg. Linearity foobar.cts x_dim y_dim";
exit(1);
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};

/* Go through the command line arguements to get to setup */
strcpy( filename, argv[1] );
x_dim = atoi( argv[2] );
y_dim = atoi( argv[3] );
//images = atoi( argv[4] );
bytesIN = 2; //atoi( argv[5] );
bytesOUT = 2;//atoi( argv[6] );

ifstream inputfile( filename, ios::nocreate | ios::binary );
if ( inputfile.fail() ) {

// The file does not exist ...
cout << "The file specified: " << filename

<< " does not exist" << endl;
exit(1);

}

ofstream outputfile( strcat( filename, ".txt" ), ios::out);
if ( outputfile.fail() ) {

// The output file could not be opened...
cout << "The file specified: " << filename

<< " could not be created." << endl;
exit(1);

}

unsigned short *input_array = (unsigned short *)calloc(x_dim
* y_dim, bytesIN);

if(!input_array) {
printf("memory request failed - input \n");
exit(1);

}

// gets the data from the inputfile
inputfile.seekg( data_offset);
inputfile.read((char *)input_array, x_dim*y_dim*bytesIN);

for(x=0;x<22;x++) peak_array[0][x]=(float)0.0;

if(x_dim>y_dim) {
for(y=0;y<y_dim;y++) {

for(x=0;x<x_dim;x++) {
if(input_array[(y*x_dim)+x] > peak_array[0][y]) 

peak_array[0][y] =
input_array[(y*x_dim)+x];

}
}

}
else {

for(x=0;x<x_dim;x++) {
for(y=0;y<y_dim;y++) {

if(input_array[(y*x_dim)+x] > peak_array[0][x]) 
peak_array[0][x] =

input_array[(y*x_dim)+x];
}

}
}

if(x_dim>y_dim) {
for(y=0;y<y_dim;y++) {

if (peak_array[0][y] < 0.1) {
printf("Max: 0\n");
continue;

}

halfmax = peak_array[0][y]/2;
tenthmax = peak_array[0][y]/10;
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for(x=0;x<x_dim;x++) {
if(input_array[(y*x_dim)+x]>halfmax) {

peak_array[1][y] = x;
break;

}
}
for(x=x_dim-1;x>=0;x--) {

if(input_array[(y*x_dim)+x]>halfmax) {
peak_array[2][y] = x;
break;

}
}
for(x=0;x<x_dim;x++) {

if(input_array[(y*x_dim)+x]>tenthmax) {
peak_array[3][y] = x;
break;

}
}
for(x=x_dim-1;x>=0;x--) {

if(input_array[(y*x_dim)+x]>tenthmax) {
peak_array[4][y] = x;
break;

}
}
printf("Max: %2.0f \t Peak: %2.1f Half: %2.0f %2.0f 

Tenth: %2.0f %2.0f\n", peak_array[0][y],
(peak_array[2][y] - peak_array[1][y]) / 
2.0 + peak_array[1][y],
peak_array[1][y], peak_array[2][y],
peak_array[3][y], peak_array[4][y]);

}
}
else {

for(x=0;x<x_dim;x++) {
if (peak_array[0][x] < 0.1) {

printf("Max: 0\n");
continue;

}
halfmax = peak_array[0][x]/2;
tenthmax = peak_array[0][x]/10;
for(y=0;y<y_dim;y++) {

if(input_array[(y*x_dim)+x]>halfmax) {
peak_array[1][x] = y;
break;

}
}
for(y=y_dim-1;y>=0;y--) {

if(input_array[(y*x_dim)+x]>halfmax) {
peak_array[2][x] = y;
break;

}
}
for(y=0;y<y_dim;y++) {

if(input_array[(y*x_dim)+x]>tenthmax) {
peak_array[3][x] = y;
break;

}
}
for(y=y_dim-1;y>=0;y--) {

if(input_array[(y*x_dim)+x]>tenthmax) {
peak_array[4][x] = y;
break;

}
}
printf("Max: %2.0f \t Peak: %2.1f Half: %2.0f %2.0f 

Tenth: %2.0f %2.0f\n",peak_array[0][x],
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(peak_array[2][x] - peak_array[1][x]) / 
2.0+peak_array[1][x],
peak_array[1][x], peak_array[2][x],
peak_array[3][x], peak_array[4][x]);

}
}

inputfile.close();
outputfile.close();

 free(input_array);

return(0);
}

PE_Simulator (abridged)

translate

void translate(unsigned char v[1048576], unsigned char mask[256], unsigned 
short pa[256], unsigned char on[256]) {
FILE *id, *fp;
char infilel[50], temp[81];
unsigned int i, l, h;
unsigned short j, z, y, x;
unsigned long s;

strcat(infile, "T");
strcpy(infilel, infile);
strcpy(outfile, infile);
strcat(infilel, ".TXT");

if((fp = fopen( infilel , "rt" )) != NULL) {
while ((i = fgetc(fp)) == '#') {

fgets(temp,80,fp);
}
while(!feof(fp)) {

fscanf(fp, "%d:%d%d\n", &i, &l, &h);
pa[i] = h;
on[i] = l;
fgets(temp, 80, fp);

}
fclose( fp );

}

// turn all segments off
for(j = 0; j < 256; j++){

mask[j] = 0;
}
for(j = 0; j < 64; j++){

grav[j] = 0.0;
}

// turn R branches on
for(i = 1; i < 17; i++){

if(on[i] == 1){
pa[0] = pa[i];
switch(i){

   case 1 :
branchr1(mask, pa);
break;

case 2 :
branchr2(mask, pa);
break;

case 3 :
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branchr3(mask, pa);
break;

case 4 :
branchr4(mask, pa);
break;

case 5 :
branchr5(mask, pa);
break;

case 6 :
branchr6(mask, pa);
break;

case 7 :
branchr7(mask, pa);
break;

case 8 :
branchr8(mask, pa);
break;

case 9 :
branchr9(mask, pa);
break;

case 10 :
branchr10(mask, pa);
break; 

case 11 :
branchr11(mask, pa);
break;

case 12 :
branchr12(mask, pa);
break;

case 13 :
branchr13(mask, pa);
break;

case 14 :
branchr14(mask, pa);
break;

case 15 :
branchr15(mask, pa);
break;

case 16 :
branchr16(mask, pa);
break;

}
   }
}

// turn L branches on
 for(i = 21; i < 36; i++){

if (on[i] == 1){
pa[0] = pa[i];
j = i - 20;

   switch(j){
case 1 :

branchl1(mask, pa);
break;

case 2 :
branchl2(mask, pa);
break;

case 3 :
branchl3(mask, pa);
break;

case 4 :
branchl4(mask, pa);
break;

case 5 :
branchl5(mask, pa);
break;

case 6 :
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branchl6(mask, pa);
break;

case 7 :
branchl7(mask, pa);
break;

case 8 :
branchl8(mask, pa);
break;

case 9 :
branchl9(mask, pa);
break;

case 10 :
branchl10(mask, pa);
break; 

case 11 :
branchl11(mask, pa);
break;

case 12 :
branchl12(mask, pa);
break;

case 13 :
branchl13(mask, pa);
break;

case 14 :
branchl14(mask, pa);
break;

case 15 :
branchl15(mask, pa);
break;

}
   }
}

// modify R segments if on
for(i = 164; i < 202; i++){

 if (on[i] == 1){
mask[i] = pa[i];

 }
}

// modify L segments if on
for(i = 101; i < 141; i++){

if (on[i] == 1){
mask[i] = pa[i];

 }
}

// view mask table
for(i = 101; i < 141; i++){

printf("%d\t%d\t", i, mask[i]);
}

for(i = 164; i < 202; i++){
printf("%d\t%d\t", i, mask[i]);

}

 // modify vml
s = 0;
for(z = 0; z < 64; z++){

for(y = 0; y < 128; y++){
for(x = 0; x < 128; x++){

if(v[s] >= 101 & v[s] <= 201){
v[s] = mask[v[s]];

}
s = s + 1;

}
}



264

}
}

branchr1

void branchr1( unsigned char mask[256], unsigned short pa[256] ) {
branchr2(mask, pa);
branchr3(mask, pa);

}

branchr2

void branchr2( unsigned char mask[256], unsigned short pa[256] ) {
branchr12(mask, pa);
branchr4(mask, pa);

}

branchr3

void branchr3( unsigned char mask[256], unsigned short pa[256] ) {
branchr7(mask, pa);
branchr8(mask, pa);
branchr9(mask, pa);

}

branchr4

void branchr4( unsigned char mask[256], unsigned short pa[256] ) {
branchr5(mask, pa);
branchr6(mask, pa);

}

branchr5

void branchr5( unsigned char mask[256], unsigned short pa[256] ) {
branchr13(mask, pa);
branchr14(mask, pa);
branchr15(mask, pa);
branchr16(mask, pa);

}

branchr6

void branchr6( unsigned char mask[256], unsigned short pa[256] ) {
branchr10(mask, pa);
branchr11(mask, pa);

}

branchr7

void branchr7( unsigned char mask[256], unsigned short pa[256] ) {
mask[101] = pa[0];
mask[102] = pa[0];
mask[103] = pa[0];
mask[104] = pa[0];

}

branchr8

void branchr8( unsigned char mask[256], unsigned short pa[256] ) {
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mask[105] = pa[0];
mask[106] = pa[0];
mask[107] = pa[0];
mask[108] = pa[0];

}

branchr9

void branchr9( unsigned char mask[256], unsigned short pa[256] ) {
mask[109] = pa[0];
mask[110] = pa[0];
mask[111] = pa[0];
mask[112] = pa[0];

}

branchr10

void branchr10( unsigned char mask[256], unsigned short pa[256] ) {
mask[113] = pa[0];
mask[114] = pa[0];
mask[115] = pa[0];
mask[116] = pa[0];

}

branchr11

void branchr11( unsigned char mask[256], unsigned short pa[256] ) {
mask[117] = pa[0];
mask[118] = pa[0];

}

branchr12

void branchr12( unsigned char mask[256], unsigned short pa[256] ) {
mask[119] = pa[0];
mask[121] = pa[0];
mask[123] = pa[0];

}

branchr13

void branchr13( unsigned char mask[256], unsigned short pa[256] ) {
mask[125] = pa[0];
mask[126] = pa[0];
mask[127] = pa[0];

}

branchr14

void branchr14( unsigned char mask[256], unsigned short pa[256] ) {
mask[128] = pa[0];
mask[129] = pa[0];
mask[130] = pa[0];
mask[131] = pa[0];

}

branchr15

void branchr15( unsigned char mask[256], unsigned short pa[256] ) {
mask[132] = pa[0];
mask[133] = pa[0];
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mask[134] = pa[0];
mask[135] = pa[0];

}

branchr16

void branchr16( unsigned char mask[256], unsigned short pa[256] ) {
mask[136] = pa[0];
mask[138] = pa[0];

 mask[140] = pa[0];
}

branchl1

void branchl1( unsigned char mask[256], unsigned short pa[256] ) {
branchl2(mask, pa);
branchl3(mask, pa);

}

branchl2

void branchl2( unsigned char mask[256], unsigned short pa[256] ) {
branchl12(mask, pa);
branchl4(mask, pa);

}

branchl3

void branchl3( unsigned char mask[256], unsigned short pa[256] ) {
branchl5(mask, pa);
branchl6(mask, pa);

}

branchl4

void branchl4( unsigned char mask[256], unsigned short pa[256] ) {
branchl13(mask, pa);
branchl7(mask, pa);

}

branchl5

void branchl5( unsigned char mask[256], unsigned short pa[256] ) {
branchl8(mask, pa);
branchl9(mask, pa);

}

branchl6

void branchl6( unsigned char mask[256], unsigned short pa[256] ) {
branchl10(mask, pa);
branchl11(mask, pa);

}

branchl7

void branchl7( unsigned char mask[256], unsigned short pa[256] ) {
branchl14(mask, pa);
branchl15(mask, pa);

}
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branchl8

void branchl8( unsigned char mask[256], unsigned short pa[256] ) {
mask[164] = pa[0];
mask[166] = pa[0];
mask[168] = pa[0];

}

branchl9

void branchl9( unsigned char mask[256], unsigned short pa[256] ) {
mask[170] = pa[0];
mask[172] = pa[0];
mask[174] = pa[0];

}

branchl10

void branchl10( unsigned char mask[256], unsigned short pa[256] ) {
mask[175] = pa[0];
mask[176] = pa[0];
mask[177] = pa[0];
mask[178] = pa[0];

}

branchl11

void branchl11( unsigned char mask[256], unsigned short pa[256] ) {
mask[179] = pa[0];
mask[181] = pa[0];

}

branchl12

void branchl12( unsigned char mask[256], unsigned short pa[256] ) {
mask[183] = pa[0];
mask[185] = pa[0];
mask[187] = pa[0];

}

branchl13

void branchl13( unsigned char mask[256], unsigned short pa[256] ) {
mask[189] = pa[0];
mask[190] = pa[0];
mask[191] = pa[0];
mask[192] = pa[0];

}

branchl14

void branchl14( unsigned char mask[256], unsigned short pa[256] ) {
mask[193] = pa[0];
mask[194] = pa[0];
mask[195] = pa[0];
mask[196] = pa[0];

}
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branchl15

void branchl15( unsigned char mask[256], unsigned short pa[256] ) {
mask[197] = pa[0];
mask[199] = pa[0];
mask[201] = pa[0];

}

ROI_count

void roi_count( unsigned short i[YD][XD], unsigned short roi[YD][XD],
unsigned short roii[XI] ) {
unsigned short x, y, n;
float count[XI], area[XI];

  for(n = 0; n < roii[0] + 1; n++){
count[n] = 0.0;
area[n] = 0.0;

}

// area and count
for(y = 0; y < YD; y++){

for(x = 0; x < XD; x++){
n = roi[y][x];
count[n] = count[n] + i[y][x];
area[n] = area[n] + 1.0;

}
}

// print results
printf("roi counts area \n");
for(n = 0; n < roii[0] + 1; n++){

printf("%d\t%6.0f\t\t", n, count[n]);
printf("%5.0f\n", area[n]);

}
}

Unscramble

int unscramble(int argc, char *argv[])
{

int x_dim, y_dim, images, bytesIN, bytesOUT;
const int data_offset = 8192;
char filename[256];

/* If insufficient command line arguements then exit */
if( argc != 5 ){

cout << "Incorrect number of command line arguements" << '\n';
cout << "eg. unscramble foobar.cts x_dim y_dim images";
exit(1);

};

/* Go through the command line arguements to get to setup */
strcpy( filename, argv[1] );
x_dim = atoi( argv[2] );
y_dim = atoi( argv[3] );
images = atoi( argv[4] );
bytesIN = 2; //atoi( argv[5] );
bytesOUT = 2;//atoi( argv[6] );

ifstream inputfile( filename, ios::nocreate | ios::binary );
if ( inputfile.fail() ) {

// The file does not exist ...
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cout << "The file specified: " << filename
<< " does not exist" << endl;

exit(1);
}

ofstream outputfile( strcat( filename, ".dat" ),
ios::noreplace | ios::binary );

if ( outputfile.fail() ) {
// The output file already exists or the drive is protected...
cout << "The file specified: " << filename

<< " already exists" << endl;
cout << '\t' << "or the drive is write protected" << endl;
exit(1);

}

unsigned short *input_array = (unsigned short *)
calloc (x_dim * y_dim * images, bytesIN);

if(!input_array) {
printf("memory request failed - input \n");
exit(1);

}

unsigned short *translation_array = (unsigned short *)
calloc (x_dim * y_dim * images, bytesOUT);

if(!translation_array) {
printf("memory request failed - translation \n");
exit(1);

}

unsigned short *output_array = (unsigned short *)
calloc (x_dim * y_dim * images, bytesOUT);

if(!output_array) {
printf("memory request failed - output \n");
exit(1);

}

// gets the data from the inputfile
inputfile.seekg( data_offset);
inputfile.read((char *)input_array, bytesIN*x_dim*y_dim*images);

// translate the values from sinogram to serial image positions
int z, y, x, s = 0;

  for(x = 0; x < x_dim; x++){
for(y = y_dim - 1; y >= 0; y--){

    for(z = 0; z < images; z++){
     output_array[(z * x_dim * y_dim) + (x * x_dim) + y] =

input_array[s];        
        s++;
    }
    }
  }

outputfile.write((char *)output_array, images * x_dim
* y_dim * bytesOUT);

inputfile.close();
outputfile.close();

 free(input_array);
 free(translation_array);
 free(output_array);

return(0);
}
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APPENDIX 3: REPORTING FORMS



Lung Scan Questionnaire v2 - 22.8.95

Today’s date:
____/____/____

Circle appropriate answer
Risk Factors

Previous PE No Suspected / Proven Year      

Recent Surgery No Yes – what                                  

Immobilisation No Yes – how long                           

Cancer No Yes – where                                

CCF No Yes
Low 1 2 3 4 5 6 7 8 9 High

Drugs (inc. OCP) No Yes – what                                  

Post partum No Yes – how long ago                     

Smoking No Yes – how much                         

Clinical Factors

ABG result  on % or L/min O2 – Date ___/____/_____
pH pCO2 pO2 HCO3 BE

Shortness of breath No Yes - exercise tolerance 
Low 1 2 3 4 5 6 7 8 9 High

Pleuritic chest pain No Yes
Low 1 2 3 4 5 6 7 8 9 High

Haemoptysis No Yes 
Low 1 2 3 4 5 6 7 8 9 High

Signs to suggest DVT No Yes
Low 1 2 3 4 5 6 7 8 9 High

Venous doppler No Yes - results                                

ECG Rhythm Sinus AF Block
Rate               bpm

Chest X-ray No Yes
Abnormalities                                                              

VFTs No Yes
Results                                                                       

Conclusion

Pre-test probability of pulmonary emboli               %
Low 1 2 3 Intermediate 7 8 9 High

Surname: First:
MRN: DOB:
Sex: M / F Postcode:

or use a MRN
sticker



Lung Scan Report Scoring Scale
Perfusion defect: EXTENT of segment

Normal 0
< 25% defect 1
25 - 50% defect 2
50 - 75% defect 3
75 - 100% defect 4
Non segmental 5

Perfusion defect: SEVERITY of decreased perfusion
< 25% decrease a
25 - 50% decrease b
50 - 75% decrease c
75 - 100% decrease d

Matching: Unmatched M0
< 25% match M1
25 - 50% match M2
50 - 75% match M3
75 - 100% match M4
Reverse mismatch M5

Example: Segmental Non-segmental

Scan quality:
Unreportable 2 3 4 Perfect

Percentage probability of PTE (Gestalt) _______%

Categorized score:
Normal / V Low / Low / Intermediate / Indeterminate / High

Cardiomegaly:
None 1 2 3 4 Maximal

Comment:

Signature:__________________________ Date: ____________

Ventilation study ID: Perfusion study ID: Patient MRN: Survey ID:

________________ ________________ ________________ ________________



Form 1: Reporting Lung Scans without a Chart
J. S. Magnussen, P. Chicco, Copyright © 1996

Background Information
How many years have you spent in Nuclear Medicine? .....¨ <5 ¨ 5-10 ¨ 10-15 ¨ >15
What is your current position? ............................................¨ 1st yr Reg ¨ 2nd yr Reg ¨ 3rd yr Reg ¨ Specialist
How many lung scans do you perform per week? ..............̈ <5 ¨ 5-10 ¨ 10-15 ¨ >15
Where is the majority of your practice? ..............................̈ Hospital ¨ Private

Segment number
Right Left

Upper Middle Lower Upper Lower
1 Apical 4 Lateral 6 Superior 1+2 Apico-posterior 6 Superior
2 Anterior 5 Medial 7 Medial basal 3 Anterior 7+8 Anteromedial basal
3 Posterior 8 Anterior basal 4 Superior lingular 9 Lateral basal

9 Lateral basal 5 Inferior lingular 10 Posterior basal
10 Posterior basal

Scan Which lung has
the defect?

Which lobe is the
defect in?

Segment number and
type?

What is the size of the
defect (%)?

What is the best view for the defect?

1 ¨ Left
¨ Right

¨ Upper ¨Middle
¨ Lower

¨ Segment: num______
¨ Nonsegmental

¨ <25 ¨25-50
¨ 50-75 ¨75-100

¨ Ant ¨RAO ¨Rt Lat ¨RPO
¨ Post ¨LPO ¨Lt Lat ¨LAO

2 ¨ Left
¨ Right

¨ Upper ¨Middle
¨ Lower

¨ Segment: num______
¨ Nonsegmental

¨ <25 ¨25-50
¨ 50-75 ¨75-100

¨ Ant ¨RAO ¨Rt Lat ¨RPO
¨ Post ¨LPO ¨Lt Lat ¨LAO

3 ¨ Left
¨ Right

¨ Upper ¨Middle
¨ Lower

¨ Segment: num______
¨ Nonsegmental

¨ <25 ¨25-50
¨ 50-75 ¨75-100

¨ Ant ¨RAO ¨Rt Lat ¨RPO
¨ Post ¨LPO ¨Lt Lat ¨LAO

4 ¨ Left
¨ Right

¨ Upper ¨Middle
¨ Lower

¨ Segment: num______
¨ Nonsegmental

¨ <25 ¨25-50
¨ 50-75 ¨75-100

¨ Ant ¨RAO ¨Rt Lat ¨RPO
¨ Post ¨LPO ¨Lt Lat ¨LAO



Form 2: Reporting Lung Scans with a Chart
J. S. Magnussen, P. Chicco, Copyright © 1996

Segment number
Right Left

Upper Middle Lower Upper Lower
1 Apical 4 Lateral 6 Superior 1+2 Apico-posterior 6 Superior
2 Anterior 5 Medial 7 Medial basal 3 Anterior 7+8 Anteromedial basal
3 Posterior 8 Anterior basal 4 Superior lingular 9 Lateral basal

9 Lateral basal 5 Inferior lingular 10 Posterior basal
10 Posterior basal

Scan Which lung has
the defect?

Which lobe is the
defect in?

Segment number and
type?

What is the size of the
defect (%)?

What is the best view for the defect?

5 ¨ Left
¨ Right

¨ Upper ¨Middle
¨ Lower

¨ Segment: num______
¨ Nonsegmental

¨ <25 ¨25-50
¨ 50-75 ¨75-100

¨ Ant ¨RAO ¨Rt Lat ¨RPO
¨ Post ¨LPO ¨Lt Lat ¨LAO

6 ¨ Left
¨ Right

¨ Upper ¨Middle
¨ Lower

¨ Segment: num______
¨ Nonsegmental

¨ <25 ¨25-50
¨ 50-75 ¨75-100

¨ Ant ¨RAO ¨Rt Lat ¨RPO
¨ Post ¨LPO ¨Lt Lat ¨LAO

7 ¨ Left
¨ Right

¨ Upper ¨Middle
¨ Lower

¨ Segment: num______
¨ Nonsegmental

¨ <25 ¨25-50
¨ 50-75 ¨75-100

¨ Ant ¨RAO ¨Rt Lat ¨RPO
¨ Post ¨LPO ¨Lt Lat ¨LAO

8 ¨ Left
¨ Right

¨ Upper ¨Middle
¨ Lower

¨ Segment: num______
¨ Nonsegmental

¨ <25 ¨25-50
¨ 50-75 ¨75-100

¨ Ant ¨RAO ¨Rt Lat ¨RPO
¨ Post ¨LPO ¨Lt Lat ¨LAO
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