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SUMMARY 
 

Pulmonary embolism (PE) is a severe frequent disease with lack of 

specific symptoms and represents a major diagnostic challenge. In the past 

few years, single-slice spiral CT angiography has gained acceptance as a 

minimally invasive method of evaluating patients with suspicion of PE. The 

main limitation of single-slice spiral CT resides in the poor detection of sub-

segmental or more distal PE. This limited detection is not explained by an 

insufficient vascular distension during spiral CT acquisition but probably by an 

insufficient spatial resolution. Moreover, in some situations spiral CT is 

penalized by pulmonary angiography which is an imperfect gold standard. 

Today Multislice CT can acquire 2 up to 64 slices in a single rotation 

with isotropic resolution. This technique can cover the entire chest in 1-mm 

slice thickness or less, in one short breath-hold and allows a better analysis of 

peripheral pulmonary arteries with a better depiction of sub-segmental and 

peripheral clots. It also reduces or eliminates artefacts produced by patient 

movement and decreases the x-ray tube heating that can constrain single-

slice scanning parameters. Acquisition of the lower extremities can be 

performed after chest CT, allowing detection of deep vein thrombosis and one 

stop shopping of the venous thromboembolic disease. The diagnostic 

accuracy of multislice CT is probably similar or superior to pulmonary 

angiography with an inferior delivered radiation dose, a better detection of 

alternative diagnoses and a continuous decrease of contrast medium injected. 

Last refinements in CT technology opens new frontiers for a functional 

approach of PE and predict its prognosis.  

For all the above-mentioned reasons, it seems obvious that multislice 

CT will definitively replace pulmonary angiography for diagnostic purposes 

and will represent a superb tool to better understand the physiopathology of 

this frequent and potentially life-threatening disorder. 
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INTRODUCTION 
 

Pulmonary embolism (PE) (fig.1) is a severe frequent disease and one 

of the leading causes of mortality in hospitalized patients. Deep vein 

thrombosis (DVT) of the limbs and PE are often associated and constitute the 

same entity called venous thromboembolic disease. In patients with confirmed 

PE, the prevalence of detectable residual DVT at the time of an acute PE 

event is largely unknown. The very few studies in which such data can be 

found provide discrepant results, with the prevalence of DVT ranging from 13 

to 93% (1-4). A study found in 228 consecutive patients with an angiography-

proven acute pulmonary embolism and bilateral lower limb venography (5) a 

high prevalence (82%) of residual DVT. About 50% of patients with confirmed 

DVT of “either” lower or upper extremities have PE (6-12). 

Because of the silent nature of this disease, its highly atypical clinical 

presentation, and the cost and inconvenience of the standard diagnostic tools, 

total incidence, prevalence, and mortality rates of venous thromboembolic 

disease remain elusive, especially in the case of PE. The estimated annual 

incidence of acute PE is 69 cases per 100 000 persons in the United States 

(13), which means that more than 175 000 persons develop established PE 

each year. Prospective studies have documented a 30% to 40% prevalence of 

PE in patients who have clinical features of suspected PE (14-16). The rate of 

recurrence after an initial episode of PE has been found to be 8% in patients 

treated with anticoagulant therapy, but may reach 30% in untreated patients. 

In the International Cooperative Pulmonary Embolism Registry of 5454 

consecutive patients from 52 institutions in seven countries, the 3-month 

mortality rate was 17.4% (17). In a Japanese registry of 533 patients with PE, 

the in-hospital mortality rate was 14% (18). 

It has been estimated that most deaths occur within the first two hours 

following the initial event. Therefore, both rapid diagnosis and prompt initiation 

of the appropriate therapy are crucial for the patients’ prognosis (19). 

Dyspnea, chest pain, and cough are the most frequent symptoms whereas 

tachypnea and tachycardia are the most frequent clinical signs in PE. 

Electrocardiography might reveal findings that are associated with the 

diagnosis of PE: S1Q3 pattern, incomplete right bundle branch block and 
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complete right bundle branch block occur in a small minority of cases. Acute 

PE impairs the efficient transfer of oxygen and carbon dioxide across the lung. 

Decreased arterial PO2 (hypoxemia) and a lower than normal arterial PCO2  

are the most common gas exchange abnormalities. 

Previous venous thromboembolism, prolonged immobilization, cancer, recent 

orthopedic surgery, estrogen therapy, age, travel and coagulation disorders all 

increase the risk of PE. The search for PE risk factors contributes significantly 

to its diagnosis. Most studies indicate that 30% of investigated patients 

ultimately carry the diagnosis of PE. More refined diagnosis algorithms are 

thus needed to confirm the presence of thromboembolic disease and to allow 

more efficient use of medical resources. At least two scoring systems, the 

Wells (20) or Canadian score (table1), and the Wicki (21), or Geneva score 

have been proposed to quantify the clinician pretest probability. The Canadian 

score is practical and easily applicable to all patients with suspected PE but it 

has been shown that only 37% of the physicians noted their pretest probability 

in the patient’s records (22).  

 

Table 1. Canadian (Wells) clinical prediction rule 
 
Item Points 
 
Clinical signs and symptoms of DVT (minimum of leg 
swelling and pain with palpation of deep veins) 
 
An alternative diagnosis is less likely than PE 
 
Heart rate greater than 100 
 
Immobilization or surgery in the previous 4 weeks 
 
Previous DVT/PE 
 
Hemoptysis 
 
Malignancy (on treatment, treated in last 6 months or 
palliative) 

 
3 
 

 
3 
 

1.5 
 

1.5 
 

1.5 
 

1 
 

1 
 

 
Low pre-test probability (>2points), intermediate pre-test probability (2-6 points), and 
high pre-test probability (>6points) 
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In the past, medical practitioners had several imaging tools to diagnose 

venous thromboembolism: chest X-ray, ventilation-perfusion scintigraphy, 

Color Doppler venous ultrasonography, contrast venography, cardiac 

echocardiography and pulmonary angiography.  

A chest radiograph is usually the first imaging study performed in patients 

with suspected PE. This test has limited value to establish or exclude the 

diagnosis of PE. However, this imaging modality is helpful to exclude 

diagnoses that may clinically mimic PE.  

The Ventilation/Perfusion (V/Q) scan was the initial modality obtained in 

patients with a suspected diagnosis of PE for a number of years. Although 

many studies investigated the role of V/Q scan in the evaluation of 

thromboembolic disease, the Prospective Investigation of Pulmonary 

Embolism Diagnosis (PIOPED) study (15) provided most useful information 

regarding the utility of V/Q scan in this setting.  

A high-probability scan interpretation is sufficient justification to institute 

anticoagulation. According to the PIOPED study, most patients with high-

probability V/Q scans had angiographic evidence of PE (102/116 definitive 

studies, or a positive predictive value of 88%) but only 102/251 patients with 

angiograms that showed thromboembolic disease had high-probability V/Q 

scans. The sensitivity was therefore only 41%. 

A normal perfusion scan effectively excludes the diagnosis of PE. Only 5% of 

PIOPED patients (5/128) with a normal/near normal scan reading had PE. A 

normal/near normal scan interpretation carries therefore a sufficiently low 

prevalence of angiographically proven PE to withhold anticoagulation 

treatment.  

However the number of patients entering the high-probability or near 

normal/normal V/Q scan reading category is relatively rare. According to the 

PIOPED study, only 13% of patients had high-probability scans while 14% 

had near normal/normal probability V/Q scans. By contrast, approximately 

70% of the studied population had intermediate or low-probability V/Q scan 

results. Among patients with intermediate V/Q scans readings, 33% had a PE 

requiring further angiographic evaluation. 

Color Doppler ultrasonography and contrast venography represent non-

invasive and invasive methods for the objective diagnosis of DVT. Color 
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Doppler ultrasound can and should be used as a first line alternative to 

venography, and can usefully be employed for the exclusion of both above- 

and below-knee deep venous thrombosis (23). Although a normal examination 

essentially excludes a diagnosis of proximal vein thrombosis, it does not 

exclude acute PE.  

Echocardiography may be used in patients with suspicion of massive PE 

and usually enables the non-invasive measurement of the pulmonary artery 

pressure, right ventricular volume and function, which all help in determining 

the hemodynamic consequences of pulmonary embolus (24).  

Transesophageal echocardiography has the additional advantage of directly 

identifying pulmonary embolism in some patients (25, 26). 
Pulmonary angiography has been the gold standard for the diagnosis of PE 

for decades. Studies have indicated that angiography has probably been 

underused by referring physicians for the evaluation of suspected PE, mainly 

because of the perception of significant morbidity and mortality associated 

with the procedure. Pulmonary angiography has an overall complication rate 

of 6% (27). Reported Complications were death in 0.5% patients, major 

nonfatal complications in 1% and less significant or minor in 5% of patients. 

Two recent studies have demonstrated that the inter-observer agreement 

rates for detection of subsegmental PE ranged between only 45 and 66% 

(28,29). We will see during this thesis that this test is limited for unequivocal 

diagnosis of peripheral PE and that the status of pulmonary angiography as 

the standard of reference appears questionable. 

During the last decade, interest has developed in the use of Spiral 
Computed Tomography (CT) for the diagnosis of PE. Spiral CT scanning 

produces volumetric two-dimensional images of the lung by rotating the 

detector around the patient. Total acquisition time is less than 30 seconds with 

5 mm collimation using a single row of detectors. Spiral CT is minimally 

invasive and can help identify other disorders that may be responsible for the 

patient’s symptoms. 

Major progress in CT technology has recently been achieved with the 

introduction of multislice CT (30). This technique provides a submillimeter 

resolution in all three spatial dimensions and therefore much more detailed 

anatomical information in each acquired image. One millimeter-thick slices of 
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the whole thorax can be acquired in 10 seconds or less. Our institution owns 

different generations of multislice CT (2 slices, 4 slices and 16 slices CT, and 

in the near future 40 and 64-slices) and provides an ideal environment for the 

evaluation of the use of the latest CT technology in the field of 

thromboembolic disease.  

The objectives of this thesis are twofold: first, to understand the 

limitations of single-slice spiral CT in the detection of subsegmental PE and 

second, to evaluate the multislice CT technology and its performance to 

detect acute PE. 
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2. SPIRAL COMPUTED TOMOGRAPHY IN THE 
DETECTION OF  PULMONARY EMBOLISM  

 
2.1. Assessment of acute PE with single-slice spiral CT 

(papers 1-2) 
 

Today, single-slice spiral CT is known as an accurate and relatively non 

invasive method that is often usefully applied to the diagnosis of central and 

segmental PE.  

The first description of using CT technique in the assessment of pulmonary 

arteries was given by Remy-Jardin et al. in 1992 (31). Images were obtained 

with a spiral volumetric technique using 5-mm-thick sections, 5-mm/sec table 

feed with reconstruction of overlapped images within a limited scanning 

volume of 12 cm from the aortic arch down to the diaphragm. The scanning 

time was 24 seconds. Contrast material was injected at a rate of 5-7 ml/sec 

with a concentration of 12% to 30% iodine content and a 5-second scanning 

delay. Since this original description, many authors (32-38) have modified this 

technique in accordance to their own equipment specifications and habits. 

At contrast-enhanced spiral CT, pulmonary emboli are directly 

visualized on mediastinal window setting (350-50 Hounsfield Unit) as (a) a 

complete obstruction of a normal-sized or enlarged pulmonary artery or as (b), 

non-enhancing intravascular filling defects in pulmonary arteries (Fig.2). With 

spiral CT, volume data can be acquired without mis-registration of anatomical 

details, an advantage which initiated the development of 2D and 3D post-

processing techniques. Multi-planar reformations (MPRs) allow reconstruction 

of axial image data in all desired planes. This post-processing technique is 

often used in routine clinical practice and may help the radiologist to 

differentiate extravascular structures such as lymph nodes from intravascular 

clots or emboli (39-41). Maximum-intensity projection (MIP) is another very 

popular technique for rendering vascular structures. This image is derived by 

projecting onto an image plane the highest attenuation voxel encountered in a 

ray through the scan volume. This method provides the best sensitivity in the 

visualization of small vessels but small emboli may be missed with adjacent 

hyper attenuating voxels. Shaded surface display (SSD) provides excellent 

images through choosing proper voxel data and thus excluding irrelevant 
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structures. This technique may be used to increase our understanding of 

pulmonary arterial anatomy and detect accessory pulmonary vessels. Volume 

rendering (VR) is a relatively new technique used for the visualization of the 

vasculature using all voxel data and maintaining three-dimensional 

relationships. This model provides some of the advantages of both MIP and 

SSD. Each voxel is adjusted to different opacity, color and brightness 

according to each CT value using the opacity function and a color map. This 

technique offers excellent images of the pulmonary arteries and a synthetic 

comprehensive view of the thromboembolic disease for the referring clinician 

(Fig.3).  

Several clinical prospective studies have shown the sensitivity and 

specificity for the detection of acute PE to be approximately 90% in central 

and segmental vessels (31-38) (Table 2). Diagnostic accuracy decreases 

when subsegmental arteries are included in the analysis (36-38) with a 

sensitivity ranging from 45 to 65%. 

A recent systematic literature (42) review revealed a wide range of reported 

sensitivities, only a minority of which exceeded 90%. The combined 

sensitivities of CT for detecting PE ranged from 66% to 93% and the 

combined specificities ranged from 89% to 97%. Only one of the reviews 

reported a combined sensitivity greater than 90%. Another review paper (43) 

states that use of spiral CT for the diagnosis of PE has not been adequately 

evaluated. The safety of withholding anticoagulant treatment in patients with 

negative results on spiral CT is uncertain. Further large prospective studies 

should be done to evaluate diagnostic accuracy and safety of single-slice 

spiral CT for diagnosis of suspected PE.  
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Figure 1 
 
 

 
 
Acute pulmonary thromboembolism is the result of the sudden migration into the 
pulmonary arteries of clots that mostly have their origin in the lower limb veins. This 
migrating material may be partially or totally occlusive as shown on this surgical 
specimen (white arrow) . 
 
Figure 2 
 
 

 
 
 
The diagnosis of acute PE on contrast-enhanced CT is based on the presence of partial 
or complete filling defects. A partial defect is defined as an intravascular central or 
marginal area of low attenuation surrounded by a variable amount of contrast material 
(straight arrows). A complete occlusive filling defect is defined as an intraluminal area 
of low attenuation that occupies the entire arterial section (curved arrow). 
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Figure 3 
 

 
 
Volume rendering view in a patient with acute PE in left main pulmonary artery 
(straight arrow) and right upper lobe segmental pulmonary artery (curved arrow). The 
extent of the thrombotic changes is well seen on this synthetic view. 
 
Figure 4 
 

            
 
                                        A                                                                  B 

A contrast-enhanced spiral CT in a 72-year-old man with recurrent chest pain and 
dyspnea. This patient had a previous episode of thromboembolism treated by 
anticoagulation and inferior cava filter placement. Axial view of thin section CT (soft-
tissue window settings (A) and lung window settings (B), 1.3 mm collimation, 0.6 mm 
interval reconstruction) revealed the inferior pleural-based (minor fissure) wedge-
shaped opacity partially aerated in the right middle lobe (curved arrow). The peripheral 
artery leading to it was thrombosed (straight arrow). The diagnosis of recurrent PE 
with pulmonary infarction was established. 
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Table 2. Accuracy of spiral CT in the diagnosis of acute PE  
 
 

   Single slice CT Protocols 
Study Year N Collimation Lower 

anatomical 
level of 

interpretation

Sensitivity 
(%) 

Specificity 
(%) Value 

 
Remy-

Jardin et al. 
(31) 

1992 42 5 Segmental 100 96 NA 

        
Remy-

Jardin et al. 
(32) 

1996 75 5.3 Segmental 91 78 NA 

Van 
Rossum 

et al 
(33) 

 

 
1996 

 
149 

 
5 

 
Segmental 

 
82-90 

 
93-96 

 
0.77 

Mayo et al. 
(34) 

1997 142 3 Segmental 87 95 0.85 

        
Van 

Rossum et 
al. (35) 

1996 123 5 Segmental 75 90 NA 

        
Teigen et 
al. (36) 

1995 60 6 Subsegmental 65 97 NA 
 

        
Goodman 
et al. (37) 

 
Velhamos   

(38) 

1995 
 
 
2000 

20 
 
 

22 

5 
 
 
3 

Subsegmental
 
 

Subsegmental

63 
 
 

45 

89 
 
 

82 

NA 
 
 

NA 

 
 
Ancillary findings in relationship with PE can also be observed on spiral 

CT. During our first clinical work (44), we demonstrated in 88 non-consecutive 

patients that the ancillary signs of wedge-shaped pleural-based consolidation, 

linear bands, and dilated central or segmental pulmonary arteries were 

significantly (P < .05) associated with PE on enhanced single-slice spiral CT. 

Identification of these ancillary signs at CT may be useful to direct further 

investigations when there is suboptimal visualization of central or segmental 

vessels. 
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The most common finding in the lung parenchyma of patients with 

acute PE in our study was wedge-shaped pleural-based consolidation (Fig.4). 

As in previous studies (45), the sensitivity of this finding for diagnosis of PE 

was greater at CT (62%) than plain radiography (24%). In contrast to the plain 

radiographic findings in the Prospective Investigation of Pulmonary Embolism 

Diagnosis (15), this sign was seen significantly (P < .05) more commonly in 

patients with acute PE in our CT study and was suggestive of pulmonary 

infarct. A marked lower-lobe predominance was noted for wedge-shaped 

pleural-based consolidation, in agreement with results of studies on the 

distribution of this sign on chest radiographs (46) and in agreement with the 

distribution of pulmonary emboli. 

Although the distribution of wedge-shaped pleural-based areas of 

consolidation correlated with the distribution of segmental emboli, particularly 

in the right lower lobe, a one-to-one association was not seen. Absence of a 

precise association was probably due to the limited spatial resolution 

(particularly in the Z axis) of single-slice spiral CT scanners, which does not 

allow reliable detection of emboli distal to the segmental level. No significant 

association (P > .05) was found between PE and detection of non-wedge-

shaped consolidation, decreased lung attenuation, or isolated atelectasis on 

CT scans, as in chest radiographic studies of these findings (46). 

Linear bands were seen more frequently in patients with PE (P < .05) 

than in patients without PE (sensitivity, 46%; specificity, 79%). Owing to their 

configuration, linear bands are easily detected at CT but are only clearly seen 

at plain radiography when fortuitously viewed along their long axis. For this 

reason, the diagnostic value of this finding has, to our knowledge, not been 

addressed in plain radiographic studies. It has been suggested that linear 

bands are secondary to previous pulmonary infarction (45), severe infection, 

or discoid atelectasis. In our study, this finding was more common at the lung 

bases. 

Although pleural effusion was seen in patients with PE (sensitivity, 

50%), it was also seen in patients without PE (specificity, 42%), in agreement 

with the results of previous plain radiographic studies (sensitivity, 35%; 

specificity, 70%) (46). As in the plain radiographic studies, the presence of 

pleural effusion was not significantly associated with PE (P > .05). 
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The CT correlate of the Fleischner sign in plain radiography — an 

enlargement of central pulmonary arteries — was detected in the left 

interlobar and right main pulmonary arteries (P < .05). Enlargement of 

segmental pulmonary arteries that contained emboli (P < .05) was also 

identified in this study (46). These results are in agreement with those of a 

previous study (37), in which segmental pulmonary arteries that contained 

emboli were frequently larger than adjacent vessels without emboli. 

 
2.2. Limitations of single-slice spiral CT 
 

2.2.1. Limited detection of subsegmental PE 
 

The prevalence of PE limited to subsegmental arteries is variable and 

varies between 6 and 33% of the patients with PE (15,37,47,48). Quinn and 

associates (47) reported PE limited to subsegmental pulmonary arteries in 2 

out of 20 (10%) patients with PE. Oser et al. (48) showed PE limited to 

subsegmental or smaller arteries in 23 out of 76 (30%) patients with 

angiographically diagnosed PE. Goodman and associates (37) showed PE 

limited to subsegmental pulmonary arteries in 4 out of 11 (36%) patients with 

angiographically diagnosed PE. Over the past few years, it has been reported 

that spiral CT was thought to be less accurate than pulmonary angiography 

(36-38) in the detection of subsegmental emboli. Teigen et al. (36), Goodman 

et al. (37) and Velmahos (38) reported suboptimal sensitivity of single-slice CT 

(65, 63% and 45% respectively) when all emboli, including small segmental 

and subsegmental emboli, were considered. 

A question often raised over the past few years concerns the clinical 

relevance of peripheral emboli in acute PE. Several authors consider that tiny 

clots originating from calf veins do not require anticoagulation (37,49-51). 

However, occlusion of a few subsegmental branches perfusing the most 

"normal" part of the lung parenchyma has been reported to lead to respiratory 

failure in patients with pre-existing bronchopulmonary disease (31, 46). In our 

institution we usually initiate anticoagulation therapy in all patients with 

isolated peripheral PE, as long as there are no contra-indications. 



 - 14 - 

2.2.2. Inconclusive CT examinations 
 

Single-slice spiral CT examinations are considered as inconclusive in 

approximately 10 to 15% of patients addressed for suspicion of PE (31-38). 

These technical failures have been observed in patients with severe dyspnea 

responsible for poor image quality (32, 52). Several factors are responsible for 

difficulties of interpretation: obliquely oriented arteries, presence of hilar lymph 

nodes, kinetic and flow-related artifacts, insufficient vascular enhancement 

(53). 

 
2.2.3. Medical conditions 

 
Detection of PE with spiral CT necessitates the injection of iodinated 

contrast material. One hundred to one hundred fifty ml of contrast medium 

containing 300 to 350 mg of Iodine/ml are usually required. No consensus 

exists (54) concerning the optimal injection protocols for studying pulmonary 

arteries at spiral CT. Allergy to contrast media (55, 56), renal failure (57, 58), 

Metformin intake (59) constitute relative contra-indications to perform 

enhanced spiral CT.  

A past medical history  of moderate or severe adverse reaction to 

contrast media is an important risk factor (55). In series of over 330,000 

patients analyzed by Katayama et al. (56) there was a six-fold increase in 

reactions to both ionic and non ionic contrast-media following a previous 

severe adverse reaction. Asthma is also an important  risk factor with a 

reported six- to ten-fold increase in the risk of a severe reaction in such 

patients (56). When patients report a previous severe reaction to contrast 

media, most radiologists try to avoid having to give intravascular contrast 

media, if at all possible (55). If the examination is considered essential, non-

ionic contrast media are the agents of choice based on the evidence in 

literature that the risk of reacting to them is reduced by a factor of four to five 

(56). The potential risk of the procedure should be explained to the patient, 

and the resuscitation team should be present when the contrast medium is 

given (55). 

Risk factors for contrast medium induced nephropathy include diabetes 

mellitus, advanced age, use of diuretics, hypertension, nephrotoxic 
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medications, dehydration, multiple myeloma, congestive cardiac failure, 

previous myocardial infarction and a large dose of contrast material (58). The 

referring clinician must be involved in identifying patients at risk. A recent 

serum creatinine level should be obtained in patients with a history of risk 

factors (58). 

Intravascular administration of iodinated contrast media to patients who are 

receiving Metformin, an oral antidiabetic agent, can result in lactic acidosis 

(59). However, this rare complication occurs only if the contrast medium 

causes renal failure and if the patient continues to take Metformin in the 

presence of renal failure. Because Metformin is excreted primarily by the 

kidneys, continued intake of Metformin after the onset of renal failure results in 

a toxic accumulation of this drug and subsequent lactic acidosis. To avoid this 

complication, Metformin must be withheld after the administration of the 

contrast agent for 48 hours, during which the contrast-induced renal failure 

becomes clinically apparent. If renal function is normal at 48 hours, the 

Metformin can be restarted. 

 
2.3. Why does single-slice spiral CT not detect sub-segmental  

PE accurately? 
 

2.3.1. A question of vascular distension (paper 3)? 
 

Over the past few years, several studies have stressed that 

subsegmental pulmonary arteries were not accurately evaluated with spiral 

CT. Subsegmental vessels, which measure 2-5 mm in diameter, lie at the 

spatial resolution limits of spiral CT performed with 3-mm collimation (60). 

These vessels also lie near the spatial resolution limits of digital subtraction 

pulmonary angiography (61). We hypothesized that the pulmonary arterial 

injection used in pulmonary angiography might distend these subsegmental 

vessels, making them more visible. Therefore, we performed an experimental 

study (62) to determine if there were differences in vascular caliber measured 

on angiographic images obtained with the intravenous injection protocol used 

for spiral CT versus that used for pulmonary angiography. We measured the 

diameter of central, segmental, and subsegmental pulmonary arteries in 
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juvenile pigs by using images obtained during injection of contrast material. 

The results of our study demonstrate that the site and rate of contrast material 

injection had no significant effect on porcine pulmonary arterial diameters or 

pressures when injection was performed at end inspiration. We conclude that 

the superior detection of PE with angiography compared to contrast-enhanced 

spiral CT is not attributable to differences in distention of the pulmonary 

vessels. 

 
2.3.2. A bias induced by an imperfect method of reference  

(paper 4)? 
 

Most clinical studies evaluating the performance of spiral CT to detect 

PE use the comparison with pulmonary angiography as a method of 

reference. We know from different studies that angiography of pulmonary 

arteries is considered the most specific test for pulmonary thromboembolism 

and is usually the final and definitive step in the diagnostic work-up of this 

disorder. Theoretically, sensitivity, specificity and interobserver agreement 

should reach 100% in a perfect method of reference. However, the standard 

indexes of diagnostic performance (i.e. accuracy, sensitivity, and specificity) 

cannot be measured for the arteriographic diagnosis of PE in clinical practice. 

Quinn et al. (47) have demonstrated that conventional selective pulmonary 

angiography is reliable in the detection of PE in segmental or larger 

pulmonary arteries. Observer disagreement becomes considerable for 

embolus limited to subsegmental pulmonary arteries. Two studies have 

demonstrated that the inter-observer agreement rates for detection of 

subsegmental PE ranged between only 45 and 66% (28,29). Diffin et al. (28) 

have shown that approximately one third of subsegmental emboli and one 

third of patients with isolated subsegmental emboli may be initially 

misdiagnosed by pulmonary angiography. 

The use of angiography as the gold standard assumes that angiography is 

always correct. Any errors in the gold standard will always be reported as 

errors of the method that is being compared. In other words, a subsegmental 

clot missed on pulmonary angiography and clearly seen on CT will be 

classified as a false positive  result for CT. At the opposite, a misinterpretation  
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of filling defect as a clot on pulmonary angiography and not depicted on CT 

will be classified as false negative result for CT.  

To verify the accuracy of pulmonary angiography in detecting subsegmental 

PE, we conducted an experimental study where pulmonary angiography was 

tested against an independent gold standard (methacrylate cast) (63). Spiral 

CT was compared to pulmonary angiography and methacrylate cast. We 

demonstrated that there was no difference in diagnostic performance between 

spiral CT and angiography for the detection of subsegmental-sized pulmonary 

emboli and we concluded that spiral CT was comparable to angiography for 

detection of PE. 

 
2.3.3. Combined veno-CT: a technical innovation to increase the 

performance of thoracic angio spiral CT (papers 5-6)? 
 

Deep venous thrombosis (DVT) and PE are expressions of a single 

disease process, namely venous thromboembolism (1-12). Detection of 

asymptomatic DVT is an indirect way of diagnosing PE.  

In 1998, Loud et al. (64) described a new technique for imaging the leg, 

pelvis, and abdominal veins using the venous opacification that follows rapid 

infusion of contrast medium of CT pulmonary angiography (Fig.5). We 

performed a prospective study (65) to test the value of dual-detector helical 

CT in diagnosing DVT in 65 consecutive patients suspected of acute PE. The 

results of our prospective study show the excellent performance of dual-slice 

helical CT venography when combined with chest helical CT in demonstrating 

DVT. Our study revealed three DVTs among 43 patients (5%) without CT-

proven pulmonary embolism. These patients had no signs nor symptoms of 

DVT, and combined CT venography provided sufficient pertinent data to start 

the patients on anticoagulation therapy. The sensitivity and specificity of dual-

slice CT venography in revealing DVT were 93% and 97%, respectively. This 

technique had 100% accuracy in the femoropopliteal system. One false-

negative and one false-positive diagnoses in our series were probably the 

result of a lack of enhancement in the infrapopliteal veins. These data are 

similar to those reported by other researchers who studied patients with 

suspicion of PE and used collimation as thin as 5 mm for chest and 10 mm for 

lower extremities. Loud et al. (64) used single-slice helical CT in 71 
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consecutive patients with combined CT venography and pulmonary 

angiography and showed 100% sensitivity and specificity. Later on, Loud et al. 

(66) performed CT venography in 650 consecutive patients and compared the 

results of CT venography after CT pulmonary angiography and found a 

sensitivity of 97% and a specificity of 100% for femoropopliteal DVT A 

comparison of the findings of CT venography with color Doppler sonography 

for detection of DVT in our study with those of the study of Loud et al. (64) 

suggests that CT reveals approximately the same number of thromboemboli 

as sonography and that the error rates are similar. Some investigators recently 

proposed to use elastic stockings on patients’ lower extremities to improve 

opacification of deep veins (67) but we already applied a similar technique 

with tourniquets placed at the roots of the lower limbs and ankles with 

successful results (68). 

Concerning the radiation dose delivered to the patient, some researchers (69) 

have measured organ doses in six patients using thermoluminescent 

dosimeters placed on the patient’s skin prior combined CT pulmonary 

angiography and venography. The authors showed that the addition of 

combined CT venography to CT pulmonary angiography increases the 

gonadal effective dose by a factor of 500 in women and by a factor of 2000 in 

men. Based on their measurements, the authors conclude that the use of 

combined CT venography should be carefully considered in young patients. 
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Figure 5 
 
  

 
 
Coronal volume rendered view (A) of a patient with suspicion of acute pulmonary 
embolism and left lower limb erysipelas.  Ultrasound of lower limbs was not performed 
due to the dermatological problems. A thoracic CT followed by spiral CT of the lower 
limbs was done on a 16-slice CT unit. Chest CT did not reveal any acute PE. Axial CT 
views of the lower extremities demonstrate a large necrotic lymph node (arrow) in the 
left popliteal fossa without any obvious DVT. 
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3. MULTISLICE CT: A TECHNICAL REVOLUTION 
 

Multislice CT is the latest breakthrough in CT technology. Unlike single-

slice CT, multislice can acquire two or more slices in a single rotation (Fig. 6). 

This faster scanning speed enables the obtention of more and thinner slices. It 

also reduces or eliminates artifacts produced by patient movement and 

reduces X-ray tube heating that can constrain single-slice scanning 

parameters. Today’s multislice CT scanners acquire 2, 4, 8 or 16 

simultaneous sections. Recently, CT companies have introduced new 

generations of multislice CT scanners with 32, 40 and 64 rows of detectors. 

Except for dual slice CT, all multislice CT have more than four rows of 

detectors in order to accomplish more than one collimation setting. This is 

achieved by collimating and adding the signals of neighboring detector rows. 

There are two types of detector arrays: matrix and adaptive arrays. Matrix 

detectors consist of parallel rows of equal thickness. Adaptive arrays 

detectors consist of detector rows with varying thickness (70) (Fig.7).  

In our institution we have 3 types of multislice CTs: 2 slices, 4 slices and 16 

slices systems from Philips Medical Systems (Cleveland, Ohio). The Philips 

adaptive array detectors for their four-slice systems consist of eight detector 

rows of a width that increases from 1 mm for the innermost detector to 1.5, 

2.5, and 5 mm for more peripheral detector rows. The latest CT (MX 8000 

IDT) installed at the end of March 2002 acquires 16 slices per rotation and the 

X-ray tube rotation time can go down to 0.42 sec, giving rise to a “Slice 

Acquisition Rate” which can be as high as 38 slices/second. The Mx8000 IDT 

detection system consists of a 2D mosaic of solid state detector elements, 

which, in the longitudinal direction (Z-axis), is divided into 24 rows in an 

asymmetric configuration: 16 central rows of 0.75 mm each and 8 peripheral 

rows of 1.5 mm each, for a total detection size of 24 mm (4 x 1.5 mm + 16 x 

0.75 mm + 4 x 1.5 mm). 
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Figure 6 

 
 
Larger volume coverage and improved transverse resolution can be achieved by 
simultaneous acquisition of more than one slice and by a shorter gantry rotation time 
with multislice CT. Technical principles of image acquisition is shown for single-slice 
and 4-slice CT. 
 
Figure 7 
 
 

 
 
 
Examples of fixed-array (a) detectors and adaptative (b,c) array-detectors used in 
commercially available 4-slice and 16-slice CT systems.  
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The use of multislice CT for the detection of PE enables the acquisition 

of the entire chest in one breath-hold using 4 x 1 mm (pitch 1.25, 25 seconds 

acquisition time), 16 x 0.75 mm (pitch 0.95,10 seconds acquisition time) or 16 

x 1.5 mm collimation (pitch 0.95, 5 seconds). As a result, more than 300-500 

images (if overlapping reconstruction is used) are produced, with a nearly 

isotropic 3 D image data set of the entire pulmonary arterial tree. The large 

data load means that new ways of viewing, processing, archiving and 

demonstrating images are necessary, and that more time is needed to 

analyze the data than with single-slice spiral CT. 

Simon et al. (71) have recently introduced a new concept enabling the 

visualization of the pulmonary arterial circulation and other lung structures 

called the paddle-wheel CT display. The authors propose to reconstruct the 

original data set into a new set of planar reconstructions arranged in a paddle-

wheel pattern, in which all planes pass through a central horizontal axis 

between the two lungs and hilum. Chiang et al. have demonstrated (72) in 5 

patients with multiple pulmonary emboli that paddle-wheel reformations had a 

significantly higher percentage of overall detection of PE than coronal 

reformations obtained with equivalent slab thickness (p <0.0001). 
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4. MULTISLICE CT: AN IMPORTANT STEP FORWARD  
IN THE DIAGNOSIS OF PE? 

 
The advent of a new generation of multi-slice spiral CT, which can 

cover the entire chest in 1-mm slice thickness in one breath-hold, is expected 

to result in better analysis of peripheral pulmonary arteries in routine clinical 

practice with a better depiction of sub-segmental and peripheral 

thromboemboli. Shorter scanning time is also expected to and has been 

demonstrated to minimize motion artifacts and reduce the number of 

inconclusive examinations (73).  

 
4.1. Anatomical studies (paper 7) 
 

We conducted a study (74) on twenty consecutive patients who 

underwent enhanced-spiral multi-slice CT using 1mm collimation. We 

identified 769/800 (96%) subsegmental arteries on mediastinal window setting 

and 1092 out of 2019 sub-subsegmental arteries (54%) on mediastinal 

window setting. We concluded from our study that enhanced-multislice spiral 

CT with thin collimation could be used for the precise analysis of the 

subsegmental pulmonary arteries and even for the identification of more distal 

pulmonary arteries. We obtained similar results as Ghaye et al. (75) who were 

able to identify 94% of subsegmental and 74% of sub-subsegmental 

pulmonary arteries using 1.25 mm thick sections on multislice spiral computed 

tomography (CT) (4 rows of detectors). Patel et al. (76) also recently showed 

that multislice CT (4 slices) at 1.25-mm collimation significantly improved 

visualization of segmental and subsegmental arteries and interobserver 

agreement in detection of PE. 

Raptopoulos et al. (77) compared vascular conspicuity and ability to connect 

pulmonary arteries on pulmonary angiograms obtained with helical multislice 

computed tomography (CT) with those of pulmonary angiograms obtained 

with helical single-slice CT in 93 consecutive patients. The authors concluded 

that use of multislice CT significantly improved pulmonary arterial visualization 

in the middle and peripheral lung zones. 
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4.2. Clinical value: results of a prospective clinical study 
conducted in the UCL Emergency Department  
(paper 8,9) 

 
Numerous clinical studies have illustrated the diagnostic value of 

single-slice spiral CT in demonstrating acute PE (31-38). Its diagnostic value 

at the segmental level is well established. However, the clinical value of 

multislice CT and its impact on patient management are not well known. 

Although multislice CT technology is widely disseminated, there are not yet 

many accuracy studies to date (Table 3) (78-80). 

Some radiologists suggest the selective substitution of spiral CT for 

ventilation-perfusion nuclear medicine imaging as a screening test for the 

diagnosis of acute PE (81). Proponents of spiral CT argue that it is more 

accurate than the usual practice of combining the V/Q  scan results and the 

physician's best clinical judgment. V/Q  scan examinations classify patients 

into groups according to the probability of having pulmonary emboli, whereas 

the actual thrombus is visible with spiral CT. 

Therefore, we conducted a prospective study in our emergency department in 

94 patients with suspicion of acute PE (79). All patients had a 4-slice CT (MX 

8000, Philips, Cleveland, OH), as well as a V/Q  scan within 24 hours. 

Patients only underwent pulmonary angiography in case of indeterminate or 

discordant examinations. In our study, thin-collimation multislice spiral CT had 

a sensitivity of 96% (27/28) and a specificity of 98 % (65/66) for the detection 

of acute PE. Our results indicated that thin-collimation multislice CT was an 

accurate method for both the confirmation and the exclusion of PE in 

outpatients. The rate of inconclusive spiral CT examinations was very low in 

our series (1%: 1/94) and was significantly lower than V/Q  scan examinations 

(p<0.005). The diagnostic accuracy of thin-collimation multislice spiral CT was 

greater than that of V/Q  scan which had a sensitivity of 86% (24/28) and a 

specificity of 88% (58/66). V/Q  scan examinations of intermediate probability 

were found in 7% of patients (7/94).  

In 19 of 66 patients (29%) who did not have PE, thin-collimation 

multislice spiral CT added diagnostic information that was either suggestive of 

an alternative diagnosis or was consistent with the final clinical diagnosis. This 
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additional diagnostic information was neither provided by V/Q  scan nor by 

pulmonary angiography. This represents a serious advantage for spiral CT in 

these patients (82-83). As reported by Schoepf et al. (84), the use of thin-

collimation multislice spiral CT would increase both the sensitivity and 

specificity in the diagnosis of pulmonary lesions and detection of 

subsegmental PE (85). Our unpublished data (86) concerning the review of 

the CT scans obtained from 459 consecutive patients addressed for suspicion 

of acute PE in our department showed that 4-slice CT revealed PE in 27% of 

patients. Among those patients with acute PE, 15% had PE that was limited to 

only subsegmental or more peripheral pulmonary arteries. Forty three percent 

of those patients with isolated subsegmental PE had pulmonary infarcts 

demonstrated by CT. 

We concluded from this study that thin-collimation multislice CT was a 

powerful imaging technique for the detection of PE down to the subsegmental 

level in the evaluation of outpatients. Compared to V/Q scan, multislice CT 

had a greater diagnostic accuracy with significantly higher rates of conclusive 

results.  

 
Table 3: Accuracy of spiral CT in the diagnosis of acute PE  
 
 

   Multislice CT Protocols 
Study Year N Collimation Lower 

anatomical 
level of 

interpretation

Sensitivity 
(%) 

Specificity 
(%) Value 

 
Qanadli et 

al. (78) 
2000 157 2 x 2.7 mm Subsegmental 90 94 0.86 

        
Coche et 
al. (79) 

2003 94 4 x 1 mm Subsegmental 96 98 0.94 

        
Winner-

Muram et 
al. (80) 

2004 93 4 x 2.5 mm Subsegmental 100 89 0.71 
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4.3. Diagnostic strategy  
 

Based on our previous clinical work (79), we can provide only some 

recommendations to physicians for the management of acute PE in an 

emergency department (Fig.8). However, the diagnostic work-up of PE 

remains highly dependent on institutional resources and expertise of local 

radiologists. Emergency physicians and radiologists have to keep in mind that 

mutlislice CT delivers radiation and necessitates the injection of iodinated 

contrast agent, which can cause severe allergic reactions and acute renal 

failure on rare occasions. In our series, although we did not encounter any 

serious complication related to contrast medium injection, we had to exclude 

5% of those patients initially referred for multislice CT with a suspected 

diagnosis of acute PE because they presented contra-indications for spiral 

CT, while no patient was excluded from V/Q  scan examination in nuclear 

medicine. Multislice CT is readily available during night and week-ends and its 

interpretation may be performed by on-call radiology fellows. The overall 

agreement for interpretations of CT angiograms performed with a 4-slice CT 

between fellows and attending radiologists was 93% (κ:0.80) in the study 

performed by Ginsberg and coworkers (87).  Discordance often occurred in 

cases that had technical limitations or concomitant abnormalities. 

 Therefore we recommend the use of multislice CT in outpatients after 

exclusion of DVT with Color Doppler ultrasonography and after careful 

selection of patients including the estimate of the clinical pretest probability of 

actually having a PE (20-22,88,89) and D-dimer assay levels to save time, 

cost, and radiation. D-dimers, specific degradation products of cross-linked 

fibrin, are markers for activation of plasma coagulation and/or fibrinolysis (90). 

As a general rule, the specificity of D-dimers is too low to confirm PE. In case 

of raised D-dimer assays (> 500 ng/mL in our laboratory), the physician has to 

exclude obvious DVT (by lower leg Doppler ultrasonography) and other 

alternative obvious differential diagnoses that could have raised D-dimers, 

such as an infection or inflammatory process. A negative D-dimers assay has 

been shown to have a strong negative predictive value for acute venous 

thromboembolism (91-94).  
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A number of studies have shown that the risk of PE after an initial negative CT 

angiography is about 1% (73).  

 Multislice CT is particularly useful in patients who have conditions that 

result in non diagnostic V/Q  scan examinations, such as those with significant 

cardiopulmonary disease, chronic obstructive pulmonary disease or infiltrates 

on chest radiography. Indications of multislice CT will be intensively discussed 

with physicians referring young patients and avoided in patients with poor 

renal function or allergy to iodine.  

The combination of chest CT with venography (64-66) is interesting in patients 

with assessment difficulties by ultrasonography, such as patients with a leg 

cast, edema of lower limbs, or limited mobility, or those in centers where 

trained radiologists are not available for performing ultrasound examination.  

 
Figure 8: Diagnostic strategy for suspicion of acute PE 
 
 

 
 
Modified from reference 95 
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5. DOSE CONSIDERATIONS 
 
Radiation exposure during diagnostic work-up of pulmonary 
embolism (paper 10):  
 

An important question that remains to be addressed before routinely 

performing multislice CT for PE work-up is the radiation dose delivered during 

this procedure compared to the current gold standard of pulmonary 

angiography. Resten et al. (96) have recently compared the radiation doses 

delivered by single-slice CT and pulmonary angiography (PA). Average doses 

were approximately five times smaller with spiral CT than with pulmonary 

angiography (6.4+/-1.5 mGy and 28+/-7.6 mGy, respectively). The most 

important doses were abreast the pulmonary apex for CT, and abreast the 

pulmonary arteries for PA. Compared with pulmonary angiography, spiral CT 

dose distribution was relatively uniform (10-13 mGy). Kuiper et al. (97) have 

recently compared the effective dose of 4-slice CT and digital subtraction 

angiography during pulmonary embolism work-up. They obtained an average 

effective dose for multislice CT angiography of the pulmonary arteries of 4.2 

mSv (range 2.2-6.0 mSv) and an average effective dose of 7.1 mSv (range 

3.3-17.3 mSv) for digital subtraction angiography.  

 In collaboration with radiation physicists, we have simulated CT 

protocols (4 x 1 mm or 16 x 0.75 mm, 120 Kv, 144 mAs, pitch: 1.25) with 4-

slices (MX 8000 Quad) and 16-slices (MX 8000 IDT) CT using an 

anthropomorphic phantom (Alderson Phantom), and compared them to the 

radiation dose delivered during pulmonary angiography using the same 

method (paper submitted). The mean radiation dose delivered at the level of 

the middle part of the chest was 21.5 mGy, 19.5 mGy and 18.2 mGy for 4-

slice CT, 16-slice CT without and with dose modulation program (Dose right, 

Philips Medical system, The Netherlands) respectively. Dose modulation 

program is a dedicated software available for MX 8000 IDT (version 2.5 

software) and modulates the tube current according to the patient body 

attenuation. This system was available only for the last generation of 

multislice CT at the time of experimentation. This system uses each rotation 

to determine the next rotation modulation and reduces the mA in the direction 
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of the high signal (98-100). This software should save dose in rotationally 

asymmetrical objects without compromising image quality (101).  

From our experimentation we were able to draw three main 

conclusions, which we believe are important: 1/ Higher radiation doses are 

delivered by digital pulmonary angiography than by multislice CT. We found 

different radiation doses than Resten et al. (96) but experimental conditions 

were not the same as ours and the results are difficult to compare. Variations 

in patient doses are large for pulmonary angiography because the number of 

incidences and time of fluoroscopy vary according to the expertise of the 

radiologist, the medical state of the patient and the difficulty of the clinical 

case. For CT technology, the protocol is more standardized and in the vast 

majority of patients, the radiologist carries out only one acquisition of the 

pulmonary arteries. 2/ Dose distribution is less homogeneous on pulmonary 

angiography than on multislice CT and is a function of complexity of 

examination. The ratio of the maximum dose to the mean dose was 1.15 and 

3 for CT and angiography respectively. The heterogeneity on pulmonary 

angiography is related to the important attenuation of the X-rays (102,103) 

with depth and to the fact that the total dose results from four incidences not 

homogenously distributed within the anatomic volume. 3/ The delivered 

radiation doses decrease with the use of multislice CT with the highest 

multislice factor and online tube current modulation program. Physics shows 

that the dose delivered by a CT scanner is influenced by many factors and 

parameters (102). Among those factors, some are “intrinsic” and inherent to 

the design of the CT scanner so that they cannot be modified by the CT user 

as for example: the X-ray tube and its filtration, the geometry of the CT 

scanner, the collimator settings. Those parameters were identical on both CT 

units used in this study as well as the trapezoidal collimated dose profile 

(103,104). With multislice CT, only the plateau region of the dose profile may 

be used to ensure equal signal level for all detector slices. The penumbra 

region has to be discarded, either by a post-patient collimator, or by the 

intrinsic self collimation of the multislice CT, and represents “wasted dose” 

(Fig.9). The relative contribution of the penumbra region decreases with 

increasing number of simultaneously acquired slices and increases with 
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decreasing slice width (103,104). This physical property explains the relative 

lower dose we obtained with 16-slice CT compared to 4-slice CT (Fig.10).  
We recently verified this physical property by measuring CTDI on 3 multislice 

CT available in our department (105) (Dual CT, MX 8000 Quad and MX 8000 

IDT) with the same geometry, tube filtration and acquisition parameters. For 

thin slices (120 kV, 100 mAs) the CTDIw obtained was 18.55 mGy (Dual: 2 x 1 

mm), 15.70 mGy (Quad: 120 kV, 4 x 1 mm) and 13.75 mGy (IDT:16 x 0.75 

mm). Normalized CTDIw were 31.88, 24.33 and 8.25 mGy respectively. We 

concluded from this study that, for thin-slice reconstructions, it is 

recommended to use a CT scanner with the highest multi-slice factor 

available (≥16). 

The use of the modulation dose program on the most recent multislice CT unit 

can decrease radiation dose especially to the upper part of the chest.  

The mean value of radiation exposure was decreased by 10-15% at the level 

of the upper chest and by about 5% at the level of the middle and lower part of 

the chest with the dose modulation program. Mastora et al. (101) evaluated 

image quality obtained with anatomically adapted online tube current 

modulation and preset minimum dose savings at multi–detector row spiral 

computed tomographic (CT) angiography of the thoracic outlet in 100 patients. 

They obtained 35% reduction in mean current-time product, with no loss in 

image quality. Further studies comparing image quality regarding detection of 

PE should be realized in the near future. Decrease of tube current with 

acceptable image quality for diagnosis of PE is possible as suggested by Tack 

et al. (106). 

A survey of practices and policies revealed that members of the Society of 

Thoracic Imaging perform CT angiography in pregnant women (107). Forty 

percent respondents reported that they made modifications to reduce 

radiation exposure for pregnant patients. The most common modification 

reported was to decrease the scanning area along the z-axis. Other 

modifications included increasing pitch, reducing field of view, eliminating 

frontal and lateral scout images, reducing milli-ampere-seconds, reducing 

peak voltage, and thickening detector collimation. A recent study 

demonstrated that the average fetal radiation dose received by helical CT was 

less than by ventilation-perfusion lung scan during all trimesters (108). 
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Figure 9 

 
Schematic representation of direct radiation and penumbra effect in CT. 
 
 
Figure 10 
 
 
 

 
 
 
 
Doses profiles for a 4-slice CT system and a 16-slice CT system with equal collimated 
width of one detector slice. The relative contribution of the penumbra region, which 
represents wasted dose, decreases with increasing number of simultaneously 
acquired slice.



 - 32 - 

6. PERSPECTIVES 
 
6.1. Optimization of contrast medium injection 
 

There is no consensus concerning the optimal dose and rate of 

contrast medium to use in order to analyze the pulmonary arteries (54). 

Yankelevitz et al. reported the total volume, injection rate from each of 10 

protocols concerning CT angiography of pulmonary arteries in the literature 

with single-slice CT. Reported infusion rates in the literature varied between 2 

to 5 ml/sec with the total contrast amount varying between 80 to 140 ml. 

Because of the reduced window of data acquisition with multislice CT and 

individual factors such as cardiac output, venous access, the optimal contrast 

medium delivery is becoming increasingly difficult to achieve. The shorter 

acquisition time associated with multislice CT suggests that either the injection 

rate should be increased if the contrast medium density is maintained, or a 

lower volume injected but with higher concentration of contrast medium if 

injection rates are to be kept constant (109) (Appendix 8.1). Kirchner et al. 

(110) demonstrated that the use of a real time bolus triggering system with a 

4-slice CT was able to reduce contrast material in chest CT examinations. The 

mean amount of contrast material required to reach a threshold level of 100 

HU over the baseline in pulmonary arteries was obtained with 48.2 ±10.7 ml. 

The use of a saline chaser coupled with high-speed acquisition should 

decrease the amount of contrast material, provide substantial cost savings 

and possibly reduce nephrotoxicity. No data exist in the literature concerning 

potential reduction of contrast medium in chest CT with this injection system 

but some authors have conducted similar experiences with abdominal CT 

(111). The authors were able to decrease the amount of contrast medium by 

30% (100 ml versus 150 ml) with no significant difference in liver parenchyma 

attenuation or lesion conspicuity.  

We can imagine new challenges in the near future, as new multislice 

CT units with 40 or 64 rows of detectors will dramatically decrease CT 

acquisition time, thereby leading to subsequent difficulties in optimizing 

contrast medium enhancement. A computer-based, physiological model that 

may help predict vessel-specific and organ-specific CT contrast medium 



 - 33 - 

enhancement for different injection protocols should be developed (112) by 

the industry in collaboration with radiology research.  

 
6.2. Use of alternative contrast media (paper 11) 
 

The main limitation of CT angiography of pulmonary arteries is related 

to the use of iodinated contrast medium, which is contra-indicated in patients 

with renal failure or iodine allergy. We therefore tested the use of gadolinium, 

known for its reduced side-effects, in a patient allergic to iodine with suspicion 

of PE (113). The amount we used in this study was 60 ml of Gadodiamide (0.4 

mMol/kg of body weight) and the peak enhancement measured in our patient 

was 103 ±15 HU in the main pulmonary artery and was adequate to detect 

endovascular emboli without any adverse effects.  

The use of gadolinium in CT was first described by Bloem et al. in 1989 (114). 

The authors demonstrated that the appearance of the urinary collecting 

system at Gd-DTPA-enhanced CT imaging was similar to that on iodine-

enhanced CT images. The opacification of the urinary tract was interpreted as 

the result of the high atomic number (64) of gadolinium, which compares 

favorably with that of iodine (53). Its higher k-edge (50 KeV, compared to 33 

KeV for iodine) is better matched to the peak intensity of the post filtration 

energy spectrum produced during CT scanning which is around 50-60 KeV for 

studies performed at 80-140 kVp with current CT scanners (115). At the same 

molar concentration, gadolinium produces a greater attenuation than 

iodinated contrast medium during CT scan examinations. Quinn et al. (116) 

showed that Gd-DTPA can be used to provide enhancement during CT 

imaging and might be of value in iodine-sensitive patients at a dose of 0.5 

mMol/kg. Dynamic gadolinium-enhanced CT examinations were performed in 

another experimental study using three pigs (115). The authors demonstrated 

that the mean peak of enhancement in pulmonary arteries was 168 HU using 

a 50 ml bolus of Gadodiamide (0.8-1.0 mMol per kilogram of body weight at a 

rate of 2 ml/sec).  

Recently, Remy-Jardin et al. (117) injected Gd-DTPA on sixteen-slice CT in 

54 patients suspected of having acute PE. The authors obtained diagnostic 

image quality in 94% of gadolinium-enhanced CT angiograms. The dose 
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administered did not alter renal function except in one case. Bae et al. (118) 

tested Gadolinium contrast medium in pigs combined with multislice computed 

tomography and concluded that gadolinium may provide clinically useful CT 

angiography examinations.  
 
6.3. Automatic recognition of PE 
 

CT examination for the detection of PE currently requires radiological 

analysis of 400 to 600 images. The computer-aid can be used as a screening 

tool to detect vascular defects related to PE. Recently, a computer-assisted 

diagnostic (CAD) tool was developed for the diagnosis of acute PE in 

perfusion lung scans (119). Shoepf et al. developed a CAD of segmental and 

subsegmental pulmonary emboli on 1-mm multislice CT (120). The authors 

demonstrated in 15 consecutive patients that application of CAD tools may 

improve the diagnostic accuracy and decrease the interpretation time of CT 

angiography. Masutani et al. evaluated a fully automated method for 

computerized detection of PE in spiral CT (121). Preliminary results suggest 

that the method has potential for fully automated detection of pulmonary 

embolism. We are currently developing automatic segmentation of pulmonary 

arteries and automatic detection of pulmonary embolism in collaboration with 

the Universities of Mons and Louvain-La-Neuve. Clinical applications should 

be tested in the near future (appendix 8.2) 

 
6.4. Functional imaging 
 

6.4.1. Perfusion evaluation 
 

With the advent of fast CT scanning techniques, functional parameters 

of lung perfusion can also be assessed non-invasively by multislice CT. In 

recent years, electron-beam CT has been used both for volume scanning to 

reveal intravascular thromboemboli and for pulmonary blood flow 

measurements (122). The speed of the electron-beam CT scanner enables 

imaging of the thoracic vessels during optimal contrast opacification. Perfusion 

defects on CT allow the direct parenchymal assessment of the extent of PE, 

especially for isolated subsegmental emboli. This information is reliably given 

by pulmonary angiography and V/Q scan. In order to facilitate visualization of 
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parenchymal enhancement, color encoding and subtraction software are 

usually used. 

 
6.4.2. Pulmonary embolism severity and cardiac assessment 

(paper 12) 
 

Previous papers have shown that severity of acute PE could be 

evaluated by quantitative CT scores mainly based on the overall amount of 

clot burden within the pulmonary vasculature. The degree of pulmonary artery 

obstruction is well correlated with clinical severity of PE (123-126) and may be 

relevant for patient treatment (127) and prognosis.  

Moderate to massive PE may be associated with right ventricular dysfunction. 

Among patients with PE, those with right ventricular dysfunction have a worse 

prognosis and are at increased risk of recurrent PE and death than those with 

a normal right ventricular function (128,129). Spiral CT might play a role in 

detecting right ventricular dysfunction on static cross-sectional images 

(130,131). A single exploration that accurately defines pulmonary arteries, 

lungs and global cardiac function on dynamic images would be desirable 

because the function of the right heart after PE is a major prognostic factor.  

Indeed, a method for cardio-thoracic multislice spiral CT imaging with ECG 

gating for suppression of heart pulsation artifacts has recently been 

introduced (132). The proposed technique offers extended volume coverage 

compared with standard ECG-gated spiral CT scan. By using this approach 

cardiac pulsation and artifacts in paracardiac lung segments can be effectively 

reduced and detection of PE should be improved in the above-mentioned 

areas. Dynamic evaluation of the cardiac tissues, the valves and any emboli 

can be performed using data obtained throughout different periods of the 

heart cycle. Since measurement of left ventricular ejection fraction has been 

accurately calculated by retrospective analysis of ECG-gated multislice spiral 

CT (MSCT) data sets (133), we can suppose that right ventricular function 

could also accurately be determined using the same technique during PE 

work-up. This technique is currently evaluated with a 16-slice CT in our 

department of medical imaging (134). Ten patients with a suspected diagnosis 

of PE were assessed by ECG-gated CT and planar radionuclide 

ventriculography within 24 hours. Right and left ventricular ejection fractions 
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were measured with both methods. A good correlation was obtained for right 

(R = 0.89) and left ventricular (R = 0.91) ejection fractions with better results 

for the left ventricle than for the right ventricle. The main limitations were 

related to tachycardia and severe dyspnea (Appendix 8.3). Inter and intra-

observer variability for measuring right ventricular function was recently 

evaluated in a series of 18 patients addressed for suspicion of acute PE (135). 

The intraclass correlation for two observers for measuring right ventricular 

end-diastolic volumes, end-systolic volumes and ejection fraction was 0.97. 

The intraclass correlation for one observer for measuring the same 

parameters was 0.98, 0.98 and 0.94 respectively. 

Another potential application of whole chest CT acquisition with ECG 

gating resides in a full comprehensive chest examination for the patient with 

chest pain (Appendix 8.4). Using this technique, an entire chest can be 

covered in a single breath-hold of roughly 20 seconds with a good spatial 

resolution. Recently we have assessed two patients addressed for atypical 

chest pain and we were able to detect acute myocardial infarction and exclude 

other causes of chest pain including PE, aortic dissection, and pulmonary 

disease, from one scan with one single shot of contrast. 

 
6.5. Integration with other imaging modalities (paper 13) 
 

Chest radiograph is usually the first-line imaging modality performed in 

patients with suspicion of acute PE. It is well recognized that interpretation of 

chest X-ray is difficult and often interpreted by junior residents in radiology. In 

fact, both senior and junior radiologists of our UCL Imaging Department 

currently have the opportunity to correlate the different abnormalities seen on 

chest radiographs with images obtained with multislice CT (136). The use of 

multislice CT with isotropic acquisition results in increased image quality with 

different views that can be reformatted in any desired plane. Picture Archiving 

Communication Systems (P.A.C.S.) and special flat panels for thoracic 

radiography will be installed in our department in the near future, thereby 

providing radiologists with invaluable opportunities to perform such side-by-

side correlations with chest CT, chest MR or V/Q  scan examinations.   
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6.6. Technical developments 
 
The evolution of CT technology will happen through the adjunct of 

additional rows of detectors and a decrease in rotation time. New multislice 

CT units with 40, 64 rows of detectors and a rotation time ≤ 0.4 seconds are 

already currently emerging on the radiological market (appendix 8.5). Our 

preliminary results performed in association with the University of Utrecht 

concerning the delivered radiation dose of the new 40-slice CT (MX 

40Brillance) are encouraging and demonstrate a reduction in radiation dose. 

New detectors such as flat panels are under consideration for future 

developments of CT scanners (137-139). 

This technical progress will directly benefit detection of PE by overcoming 

current technical limitations and pave the way for continuing increased 

accuracy in diagnosis.  
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7. CONCLUSIONS 
 
During the course of this thesis, we have demonstrated the following points 

 

1/ Pulmonary arterial distension is not significantly reduced during spiral CT, 

and the failure of single-slice CT to detect subsegmental PE is not attributable 

to this fact. 

 

2/ Single-slice spiral CT has the same diagnostic accuracy as pulmonary 

angiography to detect sub-segmental PE but its diagnostic performance in 

clinical studies is hampered by systematic comparison with an imperfect 

method of reference (pulmonary angiography). 

 

3/ Combined veno-CT could demonstrate the source of emboli and, in some 

patients, lead to the initiation of anticoagulant therapy when no evidence of 

acute PE could be found on spiral chest CT examination.   

 

4/ The advent of multislice CT enabled a better identification of peripheral 

pulmonary arteries. 

 

5/ The use of thin-collimation multislice CT in out-patients enabled accurate 

diagnosis of PE down to the subsegmental level and revealed alternative 

diagnoses in patients without PE on high-quality isotropic examinations. 

 

6/ Multislice CT delivered less radiation dose than pulmonary angiography. 

Application of dose modulation programs further decreases the delivered 

radiation dose.  

 

7/ Recent developments of CT technology should lead to a reduction in 

radiation dose and in the amount of contrast medium delivered to the patient. 

More sophisticated techniques such as ECG-gated acquisition and perfusion 

imaging should give some additional functional and morphological information 



 - 39 - 

affecting prognosis, repercussions and differential diagnosis of the 

thromboembolic event. 

 

We can conclude at this stage of knowledge that multislice CT is an accurate 

technique to detect acute PE. This technique may provide alternative 

diagnoses and demonstrate the source of emboli during the same 

examination time. This technique is continuously evolving and can currently 

already provide some functional parametric data in addition to morphological 

data that are highly likely to influence the treatment and prognosis of 

thromboembolic disease. 
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8. APPENDIX: SOME RECENT DEVELOPMENTS 
 
8.1. Diagnosis of pulmonary embolism with 16-slice CT 

scanners 
 

A 42-year-old male patient was referred to our radiology department for 

progressive dyspnea and chest pain over the last few days. The patient was 

known to have lung cancer with widespread metastases. On clinical 

examination, the patient presented a moderately raised temperature of 38°C 

and a tachycardia (118 beats/min) with a paradoxical pulse; his blood 

pressure measurement was 115/80 mmHg. Cardiac auscultation revealed 

reduced heart sounds. There was no evidence of thrombophlebitis of the 

lower limbs. A chest radiograph revealed a moderately enlarged heart size 

with bilateral pleural effusions. A CT pulmonary angiography of the chest was 

performed using multislice spiral CT (Philips MX 8000 IDT, The Netherlands) 

which is able to acquire 16 slices of 1 mm per sub-second rotation time. 

Scanning parameters were the following: 16 x 0.75 mm collimation, 0.42 sec 

tube rotation time, 1mm reconstructed slice thickness with 50% overlap, pitch 

of 1.2. Seventy milliliters of iodinated non-ionic contrast agent (Xenetix, 

Guerbet, France), were injected at 3 ml/sec rate and image acquisition started 

after 18 seconds. The acquisition time was 10 seconds and 340 axial images 

were generated. Images were analyzed on a cine mode on a workstation (MX 

view, Philips, The Netherlands) using mediastinal window setting (WL 50 HU, 

WW 350HU), lung window setting (WL: 50 HU, WW: 350 HU), multiplanar 

reformations and 3D volume rendering reconstructions.  

A large pericardial effusion containing several soft tissue masses, consistent 

with a carcinomatous pericarditis was observed on multislice CT examination 

(curved arrows). Hypodense clots (straight arrows) were visualized in 

segmental arteries of the right middle lobe and its peripheral branches on 

axial CT, oblique reformatted images (Fig. 1) and 3D volume rendering 

reconstructions (Fig. 2). A peripheral triangular pleural-based consolidation 

(Humpton’s hump) consistent with pulmonary infarction was seen in the 

external segment of the right middle lobe (broad arrow).  

This case highlights the ability of the new generation of CT scans to acquire 

images of the whole lungs in millimetric axial sections in 10 seconds or less. 
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The resulting shorter acquisition time allows to reduce drastically the 
amount of iodinated contrast agent (70ml or less) used in the diagnosis of 

thromboembolic diseases. The near-isotropic resolution of this new type of CT 

provides high quality images with superior multiplanar and 3D image 

reconstructions of the pulmonary circulation.  
 
Figure 1 
 

 
 
Figure 2  
 

 
 

 
From reference 140 
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8.2. Automatic segmentation of pulmonary arteries and 
detection of acute pulmonary embolism 

 
Figure 1 

 
 
Automatic detection of PE is a challenging task. First, researchers have to delineate 
automatically pulmonary arteries by segmentation. Many methods have been 
presented for handling segmentation of elongated shapes. Region growing methods 
have shown a superior ability for the segmentation process. However, close contacts 
between pulmonary arteries and systemic vessels represent a real problem because 
the front propagation method does not recognize the proper boundaries. For this 
reason, we decided to combine the a priori anatomical knowledge of the course of the 
vessels to recreate the missing boundaries and guiding the segmentation process. In 
this experiment, pulmonary arteries, aorta and superior vena cava have been modelled 
as 3D curves in order to separate automatically these structures intensely filled with 
contrast medium from each other.   
 
Figure 2 

 

 
 
Result of the segmentation process: pulmonary arteries boundaries appear in blue, 
slice boundaries in gray. The pulmonary embolus appears as a dark spot surrounded 
by color.  
 
Courtesy of Raphaël Sebbe, Faculté polytechnique, University of Mons 
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8.3. Acute pulmonary embolism with ECG-gated 16-slice CT 
and evaluation of potential right heart repercussion 

 
A 81-year-old woman with high clinical suspicion of acute PE.  

Images obtained at the end-diastolic (Fig.1) and end-systolic (Fig.2) phases of 

the cardiac cycle, from multislice CT and reformatted in an oblique plane 

demonstrated a large pulmonary embolism located in the left pulmonary artery 

(arrow). Right ejection fraction was measured at 43% and 41% on multislice 

CT and radionuclide ventriculography respectively. Left ejection fractions were 

evaluated at 68% and 65% respectively by the same techniques. Note the 

variation of the right ventricular volumes throughout the cardiac cycle (curved 

arrows) on the static images.  

 
Figure 1  Oblique reformatted CT Image obtained at end-diastolic phase 
       

 
 
 
 Figure 2  Oblique reformatted CT Image obtained at end-systolic phase  
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8.4. Assessment of atypical acute chest pain in emergency 
 room with ECG gated 16-slice CT of the whole chest: 
 Pulmonary embolism or myocardial infarction? 

 
A 76-year-old man presented to our emergency department reporting 

one night of persistent mild constrictive thoracic pain irradiating between both 

scapulae. His past medical history was notable for arterial hypertension, 

hypercholesterolemia and left iliac artery occlusion. The patient’s initial vital 

signs included a heart rate of 61 beats/min, blood pressure readings of 135/75 

mmHg in the right arm and 144/76 mmHg in the left arm. A first ECG did not 

show any acute ischemic pattern. Blood sample revealed a troponin value of 

1.15 ng/ml (normal troponin values: < 0.06 ng/ml). A CT scanner of the chest 

was requested in order to rule out an acute aortic dissection or pulmonary 

embolism. 

Retrospective ECG-gated 16-slice CT (Philips Medical Systems, Cleveland, 

OH) of the entire chest was performed in one breath-hold after injection of 

contrast medium with 16 x 1.5 mm collimation. No aortic dissection and no 

pulmonary embolism were seen but reformatted oblique images (panel 1A) 

reconstructed during the diastolic phase revealed severe stenosis of the left 

subclavian artery (curved arrow), an irregular right coronary artery (RCA) with 

an acute occlusion of its distal portion (straight arrow). Frontal view performed 

at the middle part of the left ventricle (panel 1B) demonstrated a hypoperfused 

area of the myocardium at the inferior part of the left ventricle (straight 

arrows). Curved image reconstruction (panel 1C) performed in the plane of 

the RCA delineates more precisely the site of the RCA occlusion (straight 

arrow). The patent right coronary artery appears in red and the occluded 

vessel appears in green on the color-graded image (panel 1D). Angiography 

of coronary arteries (panel 1E) confirmed the CT findings with an occlusion of 

the distal portion of the RCA (straight arrow). 

 
 



 - 45 - 

 
 
 
From reference 141   
 
In conclusion, current medical imaging developments may help the clinician 

facing a difficult differential diagnosis of thoracic pain by showing acute 

ischemic lesions in the coronary tree and excluding other causes of thoracic 

pain such as acute pulmonary embolism or aortic dissection. 
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8.5. Tricuspid valve endocarditis and acute pulmonary 
embolism  with ECG-gated 40-slice CT of the whole chest 

 

A 41-year-old male drug addict was referred to our institution for fever 

and respiratory failure. Bedside chest X-ray revealed multiple lung nodules 

disseminated throughout both lungs. Blood culture revealed Staphylococcus 

aureus. 

 

 
 
Retrospective ECG-gated 40-slice CT (MX Brilliance 40, Philips Medical Systems, 
Cleveland, OH) of the entire chest was performed with 40 x 0.625 mm collimation, 1 mm 
interval reconstruction, 120 Kv and 400 mAs/slice. The entire chest was imaged in one 
breath-hold during 20 seconds, after injection of 120 ml of contrast medium. Heart rate 
was 110 beats/min during CT acquisition. 
Frontal reformatted images of the entire chest demonstrated on Maximal Intensity 
Projection (MIP) (Panel A) and mediastinal window setting a large filling defect 
occupying the left inferior pulmonary artery (straight arrow). Multiple nodules of 
various sizes, some excavated (straight arrow) and suggestive of septic emboli were 
well depicted on lung window setting (Panel B). 
During the same examination, CT images were reconstructed retrospectively at 
diastolic (Panel C) and systolic phase (Panel D) and revealed a rounded hypodense 
masse (curved arrow) implanted on the tricuspid valve.  
Transesophageal echocardiography (panel E) revealed a mobile vegetation (straight 
arrow) implanted on the tricuspid valve (curved arrows).  
The patient was operated and pathological specimen (panel F) showed a large 
vegetation attached to the tricuspid valve (straight arrows) 
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In the present case, ECG-gated multislice CT of the chest led to a 

combined diagnosis of acute pulmonary embolism, tricuspid valve 

endocarditis and septic pulmonary embolism on the same imaging modality. 

Acute PE was probably due to the migration of septic material from the 

tricuspid valve into the pulmonary arterial circulation (142). 
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