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SUMMARY 

Acute pulmonary embolism (PE) is a severe and potentially fatal 

disease which acutely augments the right ventricle (RV) strain. 

Development of RV dysfunction (RVD) in the disease process is 

synonymous with an overall poor prognosis.  

The diagnosis of PE is usually established by a combination of 

clinical assessment, D-dimer test and medical imaging with either 

lung scintigraphy or pulmonary multidetector computer tomo-

graphy (MDCT) angiography. Which of the two methods to use in 

PE diagnostic has not been determined and very limited data 

comparing these modalities are available.  

Assessment of RV function is cumbersome due to complex ge-

ometry. RVD is usually established by echocardiography which is 

observer dependent, has low reproducibility, and requires exper-

tise. Therefore, a simple and reproducible biochemical method to 

assess RVD in patients with PE would be desirable.  

Brain natriuretic peptide (BNP), pro-atrial natriuretic peptide 

(pro-ANP), cardiac troponin I (TnI), and endothelin-1 (ET-1) have 

been the most studied plasma biomarkers in the context of risk 

stratification in PE. BNP is mainly produced in the ventricles of the 

heart. It is released from the left ventricle in response to in-

creased filling pressure and is increased in chronic left heart 

failure. Pro-ANP is primarily produced in the atria, is released by 

atrial distention and is elevated in chronic pulmonary hyperten-

sion and could be an early marker for RVD. Plasma level of ET-1 

has been shown to correlate with pulmonary pressure and is 

released from endothelial cells in the pulmonary vessels. Addi-

tionally, increases in circulating levels of ET-1 have been reported 

in an experimental animal model of PE.  

TnI is part of a complex of regulatory proteins in the cardiac myo-

filaments and is released upon myocyte injury. It is related to 

short term clinical outcome, prolonged hypotension, and cardio-

genic shock after myocardial infarction and is a predictor of 30-

day mortality and RVD using echocardiography in patients with 

PE. 

Our hypothesis was therefore that the neuroendocrine activation 

of BNP, pro-ANP, ET-1, and TnI alone or in combination could 

serve as markers of RVD in patients with PE. The use of plasma 

biomarkers would be much simpler than reproducible medical 

imaging methods such as magnetic resonance imaging (MRI), 

radionuclide based methods etc. 
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This ph.d. thesis is based on three manuscripts and assesses the 

diagnostics of PE and the usability of biomarkers in diagnosing 

RVD in patients with PE. 

In manuscript I we performed V/Q-SPECT, pulmonary MDCT 

angiography, low-dose CT, and cardiac CT on 100 patients sus-

pected of PE. We found that both V/Q-SPECT alone and V/Q-

SPECT combined with a low-dose CT scan had a higher sensitivity 

than pulmonary MDCT-angiography in the diagnosis of PE. In 

addition, both pulmonary MDCT-angiography and V/Q-SPECT in 

combination with low-dose CT had high specificities, whereas 

V/Q-SPECT alone had a lower specificity. With the use of hybrid 

scanners, V/Q-SPECT in combination with low-dose CT without 

contrast enhancement has “revitalized” lung scintigraphy and 

should probably be considered first-line imaging test in diagnos-

ing PE. 

The results from manuscript I are used in manuscript II. By using 

exact measurement with cine CT of cardiac function and geome-

try as reference we found that the plasma levels of BNP and pro-

ANP can be used in diagnosing RVD in PE patients. 

In manuscript III, gene expression of ANP, BNP, and ET-1 in the 

cardiac atria and ventricles in response to graded acute PE in an 

animal model was measured. By using an experimental animal 

model it was possible to gradually induce PE in different severities 

and at the same time measure the neuroendocrine secretion and 

gene expression of BNP, pro-ANP, and ET-1 in order to establish 

the relation between PE and neuroendocrine activation. By ob-

taining tissue from different chambers in the heart the origin of 

the peptides could be demonstrated.  

We found a close correlation between PE degree and gene ex-

pression of ANP and BNP in the cardiac chambers with a selective 

increase in the right chambers of the heart. Furthermore, plasma 

BNP, TnI, and ET-1 levels dose-dependently increased with the 

degree of PE. 

Since measurements of cardiac biomarkers are inexpensive and 

easily obtained they may prove useful in the clinical diagnosis of 

RVD in PE. The results of this thesis support this idea. 

BACKGROUND 

Pulmonary embolism 

Acute pulmonary embolism (PE) is a severe and potentially fatal 

disease with a mortality rate of approximately 30% if untreated
1
. 

The incidence is 2 per 1,000 person years in the Western coun-

tries
2-5

. PE is a blockage of the main pulmonary artery or one of 

its branches by a dislodged thrombus (typically a blood clot from 

the deep veins of the lower extremities). PE reduces the cross-

sectional
 
area of the pulmonary blood vessels, resulting in an 

increase
 
in total pulmonary vascular resistance and pulmonary 

hypertension. The right ventricle (RV) is then subjected to in-

creased
 
work, increased wall tension, shear force injury to myo-

cytes,
 
and compression of the coronary vessels which leads to 

ischemia. The obstruction of the pulmonary flow and the resulting 

pressure on the RV of the heart leads to the symptoms and signs 

of PE
6
. 

The risk of PE is increased in congenital hypercoagulable states 

(antithrombin III deficiency, factor V Leiden mutation, antiphos-

pholipid antibodies etc.) and in acquired hypercoagulable states 

(cancer, increasing age, immobilization, surgery, venous stasis, 

injury etc). PE presents with an extensive clinical continuum, from 

asymptomatic over systemic hypotension and cardiogenic shock 

to sudden death. Symptoms of PE include dyspnea, pleuritic pain, 

cough, and palpitations. Clinical signs include tachypnea, tachy-

cardia, unspecific stethoscope findings, and oxygen desaturation
7
. 

Establishing the diagnosis of pulmonary embolism 

The clinical presentation of PE is highly variable, and many of its 

associated symptoms are non-specific, which make diagnosis 

difficult. The diagnosis of PE is usually established by a combina-

tion of clinical assessment, D-dimer test and imaging with either 

lung-scintigraphy or multidetector computer tomography (MDCT) 

angiography. Both imaging methods have their pros and cons, 

and none can diagnose all cases (sensitivity <100%). Among the 

weaknesses of traditional two-dimensional (2-D) planar ventila-

tion-perfusion (V/Q)-scintigraphy when using the Prospective 

Investigation of Pulmonary Embolism Diagnosis (PIOPED) inter-

pretation criteria are high proportions of equivocal studies
8;9

 as 

well as only moderate interobserver agreement
10

. Accordingly, in 

recent years V/Q-scintigraphy has had a diminished role in the 

diagnosis of PE.  

Pulmonary MDCT angiography has a higher diagnostic accuracy 

and specificity than conventional planar V/Q scintigraphy
11;12

. 

Thus, in many institutions MDCT is first-line imaging test in daily 

clinical routine in patients suspected of PE
13-15

. In addition, MDCT 

has the ability to yield an alternative diagnosis and has a high 

degree of interobserver agreement
16-19

. Several studies have 

demonstrated that MDCT angiography is sensitive with a high 

specificity
20-23

. However the positive predictive value for pulmo-

nary MDCT angiography declines when thrombi are located in 

smaller pulmonary vessels. Positive predictive values were 97 %
 

(116 of 120 patients) for PE in a main or lobar
 
artery, 68 % (32 of 

47 patients) for a segmental vessel,
 
and 25 % (2 of 8 patients) for 

a subsegmental branch
24;25

. However, data are sparse in the 

subsegmental group.  

This study also demonstrated
 
that predictive values varied sub-

stantially when clinical probability
 
of PE was taken into account. 

In patients with high or intermediate
 
clinical probability, the 

positive predictive value of MDCT
 
was high (96% and 92%, respec-

tively) but decreased to 58% in
 
the case of low clinical probability. 

Negative predictive
 
value of MDCT was high in patients with low 

or intermediate
 
clinical probability (96% and 89%, respectively) 

but was low
 
in patients with high clinical probability (60%)

26;27
. 

At present, many centers use only pulmonary MDCT. This might 

not be beneficial because of a possible lower sensitivity and high-

er radiation dose compared with lung-scintigraphy. Reasons for 

extensive use of MDCT may include its round-the-clock availabil-

ity, lower cost, and high frequency of conclusive results, as well as 

the departments’ inexperience with V/Q-SPECT. Recently pro-

posed algorithms for evaluation of patients suspected of having 

PE have totally omitted the use of lung-scintigraphy in the diag-

nostic work-up
28

. Some guidelines only include lung-scintigraphy 

as an alternative
 
imaging technique, when patients can not have a 

MDCT performed due to severe renal insufficiency or allergy to 

intravenous contrast agents or when a CT-based strategy is incon-

clusive
29;30

. 

Yet, the introduction of three-dimensional (3-D) V/Q-single-

photon-emission-computer-tomography (SPECT) technology 

instead of 2-D planar V/Q-scintigraphy suggests an improvement 

in the diagnostic performance of scintigraphy
31-34

.  

 

Recently, hybrid gamma camera/MDCT systems have been intro-

duced, which allows for simultaneous lung V/Q-SPECT and MDCT 

angiography and may be used for diagnosing PE
32;35

. However, 

very limited data directly comparing these two 3-D modalities are 

available
36;37

 and a head to head comparison of simultaneous 

V/Q-SPECT and pulmonary MDCT angiography for the detection 

of PE has to our knowledge never previously been undertaken. 
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Right ventricular dysfunction 

The extent of pulmonary vascular obstruction, the preexisting 

status of the cardiopulmonary system, and the physiologic conse-

quences of both hypoxically and neurohumorally mediated vaso-

constriction are probably the most important prognostic factors 

in PE patients
38-40

. Acute obstruction of the pulmonary circulation 

by a thrombus acutely augments the RV strain. In patients with-

out preexisting cardiopulmonary disease, obstruction of less than 

20% of the pulmonary circulation results in several compensatory 

actions with adverse hemodynamic consequences. Recruitment 

and distension of pulmonary vessels occur as obstruction in-

creases. Increases in pulmonary artery and right atrial pressure 

occur when the extent of pulmonary vascular obstruction reaches 

40%. The Frank-Starling mechanism sustains the RV stroke work 

and cardiac output. When the degree of pulmonary artery ob-

struction reaches ~50%, compensatory mechanisms are over-

come, cardiac output declines, and right atrial pressure increases 

severely. With further acute obstruction, the RV dilates, RV wall 

tension increases, RV ischemia develops, cardiac output falls, 

arterial systemic hypotension occurs, and eventually cardiogenic 

shock and death occurs
41

.  

RVD may correlate with the degree of obstruction of the pulmo-

nary circulation
41;42

 and assessment of RV function may therefore 

offer additional insight into the pathophysiological consequences 

of PE
43

. RV ejection fraction (RVEF) is a sensitive and robust mea-

surement of RV function. Right heart strain or RVD defined as 

RVEF <0.45, (RVEF normal value: 0.45-0.57
44;45

) holds prognostic 

information and can be used as management guide in treat-

ment
46-48

. 

Many patients with PE remain in a stable condition with normal 

blood pressure and RV function and have an excellent prognosis 

with anticoagulants alone and can be referred to a non-intensive 

care unit. However a large group of patients which may appear to 

be in a stable condition with normal arterial systemic blood pres-

sure actually have compromised RV function and increased after-

load due to obstruction of the pulmonary artery by embolism. PE 

patients can be categorized into three groups based on systemic 

arterial blood pressure and RV function. The groups are; normal 

systemic arterial blood pressure and no RVD (minor PE), normal 

systemic blood pressure and RVD (submassive PE), and systemic 

hypotension and RVD (massive PE), where the two latter are 

considered as hemodynamically unstable high-risk patients
49

. The 

prognosis of patients with normal systemic arterial blood pres-

sure and RVD is grave compared with patients who have normal 

systemic arterial blood pressure and normal RV function and size. 

These patients appear stable but have impending RV failure and a 

high mortality. Identification of these high-risk patients is difficult 

and may permit use of more aggressive interventions
50-52

. In 

about 5%, acute PE is represented by massive PE with hypoten-

sion and cardiogenic shock. About 50% of normotensive patients 

have transthoracic echocardiographic pattern of RVD, and ap-

proximately 10% of these will die
53

. According to current guide-

lines, hypotensive patients with PE should receive thrombolytic 

therapy and require intensive observation
54;55

. However there is 

no consensus in the management of normotensive PE patients 

with RVD
56

. 

Assessment of RV function is cumbersome due to complex ge-

ometry and limited sharpness of the endocardial surface caused 

by the profoundly trabeculated myocardium. Two-dimensional 

echocardiography can be used in evaluating right-side heart func-

tion and is the method of choice in daily clinical routine. But the 

technique is only semiquantitative, less accurate and reproducible 

and requires cardiology expertise. Thus, it is only useful for bed-

side assessment of severe dilation of the right chambers
32

. If 

more accurate measurements are needed, radionuclide based 

methods, CT or cardiac magnetic resonance imaging (MRI) should 

be preferred
57;58

. 

Enhanced CT technology has allowed for improved delineation of 

the cardiac chambers. The dilation of the RV compared with the 

LV size (RV/LV-ratio) on non-ECG-gated CT of the thorax has been 

proposed as a prognostic factor for short-term adverse outcomes 

in patients with acute PE
59

. But RV/LV-ratio obtained on non-ECG-

gated CT cannot give an exact estimation of RV function
60

. As a 

research tool we used an ECG-gated cardiac CT angiography 

which created volumetric cardiac cine images and assessed quan-

titative cardiac function which is comparable with the current 

criterion standard; MRI
61;62

.  

However, these medical imaging modalities cannot be used in a 

daily clinical routine. It is therefore warranted to have simpler 

and more reproducible methods, which can define potential 

candidates to therapy, especially in the group of PE patients with 

normal arterial systemic blood pressure and RVD. This thesis will 

therefore focus on normotensive patients with PE induced RVD.  

 

Cardiac biomarkers 

Biomarkers that are associated with increased pressure in the 

right heart and in the pulmonary circulation may have clinically 

relevance in risk stratification in PE patients. Several biomarkers 

have been studied in patients suspected of acute PE. The natri-

uretic peptide system has emerged as one of the most important 

hormonal systems in the control of cardiovascular homeostasis 

and function. Brain natriuretic peptide (BNP), atrial natriuretic 

peptide (ANP) and endothelin-1 (ET-1) seem to be the most prom-

ising biomarkers in the context of risk stratification in PE and 

assessment of RVD. 

Cardiac electron microscope studies have demonstrated that 

atrial cardiocytes, contains features associated with polypeptide 

hormone-production. Based on these findings ANP were identi-

fied in the human heart in 1984 and BNP in 1989. This demon-

strated a new functional endocrine role of the heart in the modu-

lation of blood volume and vascular tone
63

. ET-1 was identified in 

1988 and is released with increased pressure from the endothe-

lium of the pulmonary vascular bed
64

. ANP, BNP, and ET-1 are 

synthesized as amino acid precursor proteins and undergo intra-

cellular modification to prohormones. 

 

ANP is primarily produced in the atria and is released by atrial 

distention
65

. ANP mRNA encodes a precursor protein of 151 

amino acids (prepro-ANP). Removal of a 25-amino acids signal 

peptide results in a 126 amino acids pro-ANP. Upon secretion, 

pro-ANP is further processed into a circulating active form (ANP-

28) and its N-terminal fragment
66;67

. Secretion of ANP has a very 

rapid response and release into circulation from a pool of previ-

ously stored hormones in secretory granules of atrial cardiomyo-

cytes. The active form of ANP is rapidly cleared from the circula-

tion with a half life of 3-4 min. Pro-ANP has a much longer half-life 

(60-120 min) which leads to higher concentrations in blood com-

pared to ANP-28. As circulating levels of pro-ANP are less sensi-

tive to rapid fluctuations of ANP-28 levels, they better reflect the 

total amount of secreted ANP. Regulation of ANP release occurs 

mainly at the level of hormone secretion and a critical decrease in 

ANP stores must be reached before transcriptional activation 

occurs
68

. 

The plasma level of ANP is elevated in patients with chronic pul-

monary hypertension
69

  and seems to correlate with mean pul-

monary arterial pressure, right atrial pressure, RV end-diastolic 
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pressure, and total pulmonary resistance
70;71

. Thus, it could be an 

early marker for RVD. However only limited data are available for 

ANP in relation to acute PE
72

. 

 

BNP mRNA is translated into prepro-BNP containing 134 amino 

acids. A 26-amino acid signal peptide is cleaved of, resulting in the 

108-amino acids long prohormone termed pro-BNP. Pro-BNP is 

sequestered in storage granules and cleaved into a 76-amino 

acids N-terminal fragment (NT-pro-BNP) and the active hormone 

(BNP-32) on release into circulation
73

. BNP is constitutively re-

leased and is secreted in burst from physiological and patophysi-

ological stimuli
74;75

. The regulation of BNP release occurs mainly 

at the level of gene transcription with only minor stores of pro-

BNP and processed BNP within cardiomyocytes. The cells are thus 

dependent on activation of the BNP gene resulting in increased 

gene expression. In contrast to ANP, BNP gene expression can 

increase very rapidly in response to an appropriate stimulus
52

. 

ANP and BNP appear to form a dual, integrated system, with ANP 

as a very rapidly responding hormone, and BNP may be a backup 

hormone activated after extended cardiac strain. The natriuretic 

peptides are biologically active substances capable of counteract-

ing rising cardiac preload by increasing glomerular filtration rate 

and inhibiting of sodium reabsorption in the collecting duct caus-

ing natriuresis and diuresis. Natriuretic peptides relax vascular 

smooth musculature, causing arterial and venous dilation and 

leading to reduction in systemic arterial blood pressure (decrease 

in afterload). Additionally, the hormones inhibit the renin-

angiotensin-aldosterone axis
76

. The natriuretic peptides exert 

their effects on the target cells through interactions with specific 

surface located receptors linked to the cGMP-dependent signal-

ling cascade
77;78

. 

In the normal functioning heart the atria is the main source of 

both BNP and ANP. However with chronic myocyte stretch there 

is an upregulation of ventricular natriuretic peptide secretion
79

. 

Hence, both ANP and BNP are released from the left ventricle (LV) 

in response to increased filling pressure as seen in chronic left 

heart failure
80-82

. Moreover, an acute increase in both atrial and 

ventricular BNP mRNA levels by pressure overload in vivo occurs 

within one hour and corresponds well with observed increase in 

plasma BNP levels
83

. 

So while the role of BNP in relation to LV failure is known for 

many patient groups, the potential role of elevated BNP in the 

differentiation of patients with PE and RVD has not been fully 

established. Indeed, two recent meta-analysis demonstrated an 

association between elevated BNP plasma concentration and the 

presence of RVD in patients with PE
84;85

. However, echocardi-

ography
86-92

 or non-gated pulmonary CT
93

 which are not very 

precise methods was used in most studies to assess the associa-

tion between biomarkers and the degree of RVD. Moreover, most 

of the patient groups in the present studies investigating BNP in 

relation to PE and RVD have been mixtures of hemodynamically 

stable and unstable patients yielding higher prevalence of RVD 

and PE than is normally the case. Likewise, RVD definition differs 

between the studies. 

ET-1, which is found abundantly in the lungs, is an extremely 

potent vasoconstrictor and bronchoconstrictor. ET-1 is released 

by stimuli such as endothelial stretch in the pulmonary vascular 

bed, endothelial injury, hypoxia, or exposure to thrombin, a key 

product in the coagulation cascade
94

. ET-1 is produced from a 

precursor (prepro-endothelin). After the removal of a signal pep-

tide, it is selectively processed to yield big-ET-1, a biologically 

inactive intermediate. Big-ET-1 is further converted into active ET-

1 (21–amino acids peptide) by endothelin-converting-enzyme. ET-

1 elicits vasoconstriction through selective endothelin receptors. 

The receptors are located in myocytes, fibroblasts, and smooth 

muscle cells especially in the endothelium of the pulmonary 

circulation
95

. 

Plasma ET-1 is correlated strongly with pulmonary pressure and 

numerous studies has shown increased levels of ET-1 both in 

patients and in experimental animal models with chronic throm-

boembolic pulmonary hypertension
96;97

. Furthermore an in-

creased level of ET-1 both in the arterial and venous plasma has 

been reported in an experimental canine PE model
98

 and similar 

results have been reported in sheeps
99

 and rats
100

. In keeping 

with these animal experimental findings, one human study has 

shown an increase in the ET-1 plasma level of patients in the early 

phase of a PE
101

. 

Previous studies have shown that the gene expression of BNP, 

ANP and ET-1 is upregulated both in the RV and LV in an animal 

model of chronic pulmonary hypertension
102-105

. However, the 

exact nature and source of BNP, ANP and ET-1 expression and 

secretion following PE has not previously been studied. 

The troponin complex consists of proteins of the thin filaments 

that regulate the contraction of cardiac and skeletal muscles. 

When cardiac myocytes are injured, the cytosolic components of 

troponins are released first. Following an irreversible injury, myo-

cyte cell membrane degrades and troponin stored in the myo-

filaments are released gradually
106

. Serial measurement of plasma 

cardiac Troponin I (TnI) has become an important tool for diagno-

sis and risk stratification of patients suspected of or presenting 

with acute coronary syndrome. However, cardiac troponins are 

also raised in many patients presenting with conditions other 

than acute coronary syndromes
107

. In patients with PE, RVD can 

induce troponin release from injured cells of the right ventricle
108

. 

A number of studies involving patients suspected of PE have 

evaluated the correlation between elevated TnI plasma level and 

short term clinical outcome, prolonged hypotension, cardiogenic 

shock, predictor of 30-day mortality and RVD at echocardiogra-

phy
109-111

. However no studies have so far established the precise 

correlation between TnI and RVD using an exact measurement of 

RV function. 

 

Hypothesis 

Our hypothesis was therefore that the gene expression of ANP, 

ET-1 and BNP was upregulated in the RV during PE and that the 

neuroendocrine activation measured as the plasma level of ANP, 

BNP, ET-1, and TnI could serve to diagnose RVD and was corre-

lated with extent of RVD. Moreover, our hypothesis was that 

combined SPECT-CT scanners could have a role in modern diag-

nostics of PE. 

 

 

 

Aims 

Hence, the overall aim of the present study was to evaluate dif-

ferent methods for the diagnosing of PE and to investigate the 

role of biomarkers during RVD and their potential role in detec-

tion of RVD in patients suspected of PE. 

 

The specific objectives, corresponding to papers I-III were 

 

I. In a prospective design to study the diagnostic ability of 

V/Q-SPECT compared with that of pulmonary MDCT-

angiography obtained simultaneously in patients sus-

pected of having PE. 
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II. To investigate the diagnostic value of plasma levels of 

pro-ANP, BNP, ET-1 and TnI for the detection of RVD as 

observed on an ECG-gated cardiac MDCT scan in pa-

tients suspected of PE. 

 

III. To quantitatively study the gene expression of BNP, 

ANP and ET-1 in all 4 cardiac chambers in rats during PE 

and to investigate the association between the plasma 

concentrations of the biomarkers and their local gene 

expression in the heart. 

 

MATERIALS & METHODS 

Animal studies 

Animal model of pulmonary embolism 

In a rat model polystyrene microspheres were used to create PE. 

Injection of polystyrene microparticles is an established model for 

experimental PE. Microparticles occlude the pre- capillaries in the 

lungs with physiological alterations similar to PE as observed in 

humans and mimicking RVD
112-117

. The rats were randomly as-

signed into 4 groups. Microspheres were injected via a tail vein to 

produce mild (0.87 million beads /100 g body weight, referred to 

as PE 0.87), moderate (1.30 million beads /100 g body weight, 

referred to as PE 1.30) and severe PE (1.95 million beads /100 g 

body weight, referred to as PE 1.95). The control group consisting 

of sham animals received vehicle alone. After 16 hours of treat-

ment, the animals were euthanized and blood was collected and 

the RV, LV, right atrium (RA) and left atrium (LA) was excised.  

The method allows accurate grading of the pulmonary vascular 

occlusion. Pulmonary vascular resistance ensues and afterload 

increases with an increasing load of microparticles. 

It has previously been demonstrated that the induction of PE 1.95 

initially produces a peak reduction in mean arterial systemic
 
blood 

pressure of approximately 25% from basal measurements fol-

lowed by
 
partial recovery of arterial blood pressure to ~10% 

below basal level. This dose also causes the in vivo RV systolic 

blood pressure to increase from 30 mmHg at baseline to 

55 mmHg
 
measured 30 min after embolization, suggesting a ~75% 

pulmonary
 
vascular occlusion. The group is also characterized by a 

high mortality and systemic hypoxemia. PE 1.30 produces
 
a mean 

RV systolic pressure of 40 mmHg two hours after injection
 
with 

normal systemic arterial blood pressure
118;119

. 

 

Quantitative real-time PCR 

To study regulation of ANP, BNP, and ET-1 gene expression in our 

rat model of PE we used quantitative real-time polymerase chain 

reaction (QPCR). 

The QPCR assay was developed by Heid et al in 1996
120

 and is a 

quantitative method for assessing expression of specific genes of 

interest (GOI) in tissue. It is a system which couples product am-

plification by PCR to fluorescence intensity carried by a reporter 

molecule. The method is based on the following steps 1) extrac-

tion of total RNA (ribonucleic acid) from the tissue samples 2) 

reverse transcription of the RNA into cDNA (complementary 

deoxyribonucleic acid) - using a viral enzyme, a transcriptase and 

3) amplification of the target cDNA using polymerase chain reac-

tion (PCR). The amplified cDNA is detected and quantified as it 

accumulates in the reaction after each amplification cycle. The 

first PCR cycle at which the fluorescence of the amplified target 

product can be detected significantly above the background 

signal is termed the threshold cycle (Ct). The Ct value associates 

with the start amount of target which means that a low Ct corre-

lates a higher initial target level (because the fluorescence in-

crease above background level at an earlier cycle). 

The detection of the amplified cDNA was based on sequence-

specific fluorescent probes (TaqMan
®
 probes). The probes con-

sists of a reporter flourophore at the 5`-end and a quencher 

fluorophore at the 3`-end. By adding DNA Taq Polymerase the 5`- 

3`-exonuclease activity of the enzyme will cause cleaving of the 

probe and releasing of both flourophores  resulting in the re-

porter flourophore to fluoresce. The advantage of using the 

TaqMan® chemistry (apart from a higher specificity for the inves-

tigated genes) is the ability to measure several genes on the same 

template (multiplex assays). 

In the study all gene expressions were calculated using the com-

parative method, 2
-∆∆Ct121

, whereby the GOI is initially normalized 

to a “housekeeping” gene. The housekeeping gene is per defini-

tion a gene that is constantly expressed, unaffected by the ex-

perimental conditions
122

. The optimal housekeeping gene for this 

study was selected from a panel of 8 common rat endogenous 

genes: ACTB (NM_031144), B2M (NM_012512), GAPDH 

(NM_017008), HPRT1 (NM_012583), RPL13 (NM_031101), TBP 

(NM_001004198), UBC (NM_017314) and 18S (NC_001665).  The 

gene expression stabilities of the candidate reference genes were 

compared using the software program NormFinder
123

. The 

“NormFinder” algorithm calculates a stability value for every gene 

tested using a statistical approach to estimate overall gene ex-

pression variation whereby the most stable reference gene can be 

established. All genes were tested in tissues from rat hearts rep-

resenting the 4 groups: 3 treated and 1 untreated (n=10 in each 

group). The housekeeping gene that was found to be the overall 

most stable was TBP (TATAA-box Binding Protein). 

In the present study relative quantification expressed as fold 

changes was achieved. First all GOIs from each animal samples 

(RV, LV, RA, and LA) were quantified, then normalized to the 

housekeeping gene, TBP and finally related to the untreated 

sample group (calibrator group). In addition, RV was used as a 

calibrator group in order to calculate the relative contribution of 

the chambers. 

 

Blood sample analysis 

After euthanizing the rats, blood was collected in EDTA containers 

with 100 µL Trasylol, 10.000 KIE/mL, centrifuged, and plasma was 

transferred to a fresh tube and stored at −80 °C until analyzed. 

The active form of BNP differs between rat and human. In the rat 

the active form is BNP-45. The kit was based on enzyme immuno-

assay and had a cross reactivity of 100% between BNP-45 and 

BNP-32. The sensitivity of the assay was 0.3 ng/mL and the intra- 

and interassay coefficients of variation (CV) were <5% and <14%, 

respectively. 

For ET-1, pro-ANP, TnI and D-dimer plasma analyzing, see blood 

sample analysis in the Clinical studies section. 

 

Clinical studies 

Patients and study design 

The patients were recruited consecutively and prospectively at 

Rigshospitalet and Frederiksberg Hospital, Copenhagen, from 

June 2006 to February 2008. All patients were referred to the 

Departments of Nuclear Medicine at Rigshospitalet or Frederiks-

berg Hospital, to a V/Q-SPECT as first line imaging procedure. 

Patients were eligible if there was suspicion of PE, defined as an 

acute onset of new or worsening shortness of breath or chest 

pain without any obvious cause combined with a positive D-dimer 

(>0.5 mg/mL) or a clinical assessment with a Wells-score>2
124

 

(table 1). Most of the patients referred to our department to a 
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V/Q-SPECT either have low or moderate clinical probability ac-

cording to the Wells score. We used Wells score
125

 and a positive 

D-dimer test as inclusion criteria in order to increase the pre-test 

probability of PE and RVD and thereby increase the power of the 

study. 

 

All patients consented to diagnostic testing, including a pulmo-

nary MDCT angiography, a low-dose CT scan without contrast 

enhancement, a V/Q-SPECT, blood pressure measurement and 

blood sampling. All scans were performed on a dedicated hybrid 

SPECT/MDCT-16 slice scanner in the same session. 

All patients had at least six months of follow-up after the scans 

with telephone interview and review of hospital files. 

During the 18-months recruiting period, 196 patients were 

screened and 100 were eligible for the study. Of the 100 patients 

included in the study, six patients were excluded due to poor 

contrast enhancement in the pulmonary vessels and eight were 

excluded due to V/Q-SPECT being non-interpretable in the sense 

of poor technical quality. 

 

 
Table 1. Model for determining the clinical probability of pulmonary embolism, 

according to the Wells score. The condition of patients is scored according to the 

following criteria: less than 2.0 low probability: 2.0 to 6.0 moderate probability: and 

more than 6.0 high probability. DVT: deep venous thrombosis: ECG: electrocardi-

ography
126

. 

 

V/Q-SPECT 

Nuclear medicine imaging uses radioactive isotopes (radionu-

clides) and relies on the process of radioactive decay and emitting 

photons. The photons can be detected using a gamma camera. 

This technique is known as scintigraphy and produces scintigrams.  

Radionuclides can be combined with other chemical compounds 

or used alone and once administered to the patient, can localize 

specific organs or cellular receptors. This unique ability of ra-

dionuclides allows a noninvasive quantification and spatial local- 

ization of physiological, metabolic, or pathological processes 

rather than relying on the anatomy as opposed to the CT modal-

ity. A V/Q lung scan involves simultaneous imaging and evaluation 

of the distribution of pulmonary blood flow and alveolar ventila-

tion. The ventilation scan (with the use of 
81m

Kr) assesses the 

ability of air to reach all parts of the lungs. 
81m

Kr is an ultra-short 

lived (T½: 13 seconds) isotope which is eluted of the Rb-Kr gen-

erator by oxygen and flows directly to the lungs. By continuous 

inhalation of 
81m

Kr the scintigram illustrates the distribution of 

airflow/ventilation
127

.  

The perfusion scan shows how blood circulates within the lungs 

and is most commonly performed in order to check for the pres-

ence of a blood clot or abnormal blood flow inside the lungs. 

Perfusion lung scanning is performed after intravenous (i.v.) 

injection of radiolabelled microparticles (
99m

Tc-MAA; macroag-

gregated albumin) which are trapped in the pulmonary precapil-

laries on a first pass transit. The principle underlying the diagnosis 

of PE is that whereas pulmonary perfusion is abnormal, the pul-

monary alveolar ventilation usually remains intact as a result of its 

bronchial ventilation supply (mismatch defect). 

 

SPECT is a tomographic (3-D) imaging technique which acquires 

multiple 2-D scintigrams from multiple angles. A computer is then 

used to apply a tomographic reconstruction algorithm to the 

projections, yielding a 3-D dataset
128;129

. The main advantage of 

using the SPECT technique compared to planar imaging in relation 

to V/Q scanning is a higher image “contrast” because superimpos-

ing of surrounding normal activity onto lesions are elimi-

nated
130;131

 and the images can then be viewed in sagital, axial 

and coronal views. 

In the present study a V/Q-SPECT study was obtained simultane-

ously in 72 steps a 20 seconds through a 180° projection on a dual 

headed gamma-camera and was performed immediately after the 

MDCT acquisition with the patient in a supine position. Accord-

ingly, the total V/Q-SPECT acquisition time was 13 minutes. The 

perfusion study was performed after i.v. injection of 150 MBq of 
99m

Tc-MAA. The ventilation study was performed when inhaling of 
81m

Kr. Both studies were performed with low-energy general 

purpose collimators and acquired in a 128 x 128 matrix.  

 

In the present study all scintigraphic mismatch defects (> 0.5 

segment) were classified as having PE. Using PIOPED criteria is 

inappropriate since these criteria were derived from a single view 
133

Xe ventilation and planar perfusion imaging which is very dif-

ferent from V/Q-SPECT
132

. Reinartz et al used a simplified report-

ing scheme that regarded all mismatches defects as PE resulting 

in high sensitivity (97%) and specificity (91%) on V/Q-SPECT
133;134

. 

The best way to report V/Q-SPECT has not been clarified. How-

ever, there seems to be consensus about a more simplified re-

porting scheme in V/Q-SPECT reading
135-138

. 

The reader was blinded to the clinical history of the patients. V/Q-

SPECT datasets were reviewed alone and in combination and 

fused with the pulmonary low-dose CT without contrast en-

hancement. Finally Q-SPECT in combination with low-dose CT was 

reviewed. 

 

 

Low-dose CT 

The use of CT technology has increased rapidly. A CT scanner is an 

X-ray source where the detector system is mounted opposite on a 

rotating ring. A motorized table moves the patient through the CT 

imaging system. At the same time, the X-ray source rotates within 

the circular opening, and a set of X-ray detectors rotates in syn-

chrony. This results in the generation of a large series of two-

dimensional X-ray images obtained around a single axis of rota-

tion. These datasets are finally reconstructed as tomographic 

images and provides information on the density of tissues derived 

from the attenuation of X-rays and is derived into anatomical 

information. 

The first CT acquisition in our study consisted of a low dose CT 

scan without contrast enhancement (140kV, 20mAs/slice, colli-

mator 16 x 1.5 mm, rotation time 0.5 seconds and pitch 0.813, 

512 x 512 matrix) and was obtained during tidal breathing. The 

low-dose CT was used for attenuation correction of the V/Q-

SPECT data and for fusion with the V/Q-SPECT images.  

 

Pulmonary MDCT angiography 
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Pulmonary MDCT angiography was carried out after a deep inspi-

ration breath hold at 120 kV, 230 mAs/slice, in cranial-caudal 

direction, with 16 x 0.75 mm collimation and pitch 0.94 and rota-

tion time 0.5 seconds and acquired in a 512 x 512 matrix. 

Biphasic administration of 350 mg iodine/mL contrast media was 

performed with an automatic injection pump. The first phase 

consisted of administration of 80 mL contrast at 4.3 mL/s into a 

cubital vein followed by a saline chaser bolus of 45 mL injected 

with a flow rate of 4.3 mL/s. 

To ensure optimal opacification of the lung arteries the scan was 

initiated using bolus tracking, entering a circular region of interest 

in the trunk of the pulmonary artery. The threshold for triggering 

was preset at 100 Hounsfield units (HU). Images were acquired 

with the maximum intensity of radio-opaque contrast in the 

pulmonary arteries. Because of the contrast enhancement, any 

mass filling defects, such as an embolus, will appear dark in place 

of the contrast, filling the space where blood should be flowing 

into the lungs. 

All angiographic scans were evaluated blinded to clinical history 

by two experienced readers in evaluating pulmonary MDCT an-

giography. 

 

ECG gated cardiac MDCT angiography 

The third MDCT acquisition was focused on the cardiac cavities 

and function and consisted of an electrocardiogram (ECG)-gated 

MDCT angiographic examination of the entire heart (140 kV, 500 

mAs/slice, 16 x 0.75 mm collimation, pitch of 0.298, and rotation 

time of 0.4 seconds) in a cranial caudal direction after a deep 

inspiration. Cardiac images were obtained after a 10 second 

standardized delay with administration of 45 ml of contrast at 4 

mL/s followed by saline chaser bolus of 50 mL injected with a flow 

rate of 4 mL/s. 

 

 
 

Figure 1. Short axis images of right ventricle and left ventricle with endocardial 

contours are drawn in both chambers. The blue line delineates the right ventricle 

endocardium and the green line delineates the left ventricle endocardium. 

 

Each cardiac scan was retrospectively reconstructed in 5% steps, 

ranging from 5% to 95%, through the entire ECG R-R interval. In 

this technique, each portion of the heart is imaged more than 

once while an ECG trace is recorded. The ECG is then used to 

correlate the CT data with the corresponding phases of cardiac 

contraction. Multiplanar reconstructions cine images can be 

created at increments throughout the R-R interval in any scan 

plan desired. 

Image reconstruction was performed with 1 mm slices and con-

tiguous. These images were than reoriented and reconstructed in 

short axis datasets. Analyses of the reconstructed short axis 5% 

data sets were performed with dedicated semiautomatic cardiac 

software analysis tool, which provided semi-automatically seg-

mentation of the endo- and epi-luminal borders of RV and LV 

(figure 1). The RV and LV basal slice was defined as earlier de-

scribed
139

. RV and LV EF, RV and LV stroke volume and cardiac 

output were automatically calculated by the dedicated software. 

 

Gold standard: final pulmonary embolism diagnosis 

In our study the PE diagnosis was made at a consensus reading by 

side-by-side reading of all lesions detected on the pulmonary 

MDCT angiography, low-dose CT without contrast enhancement, 

and the V/Q-SPECT using all the available information from ECG, 

transthoracic echocardiography, Doppler ultrasound examina-

tions of the lower extremities veins, D-dimer levels, clinical data, 

and follow-up from hospital files or telephone interviews. A nega-

tive final PE diagnosis was established in patients if they had no 

evidence of PE in the clinical data and follow-up including clinical 

time course, response to treatment within 6 months, or if they 

died and PE was an unlikely cause of death. 

 

Blood sample analysis 

Blood samples were obtained in the supine resting position after 

10 minutes of rest. Venous blood was drawn into tubes contain-

ing EDTA and 500 μL aprotinin and immediately centrifuged at 

2,000 x g for 15 minutes; plasma was then transferred to glass 

tubes and immediately frozen and kept at –80 °C until analyzed. 

BNP and TnI were measured by an automated two-site sandwich 

immunoassay technique using chemiluminescence (Centauer). 

ANP was measured using an enzyme-linked immunosorbent assay 

(ELISA) kit and the lower detection limit for NT-pro-ANP (1–98) 

was 0.05 nmol/L and the intra- and interobserver CV were 2% and 

4%, respectively. 

The physiologically active C-terminal peptide of BNP-32 was 

measured. The sensitivity of the assay was 2 pg/mL and the intra- 

and interassay CVs were 1.2% and 2.3%, respectively. 

The sensitivity of the TnI assay was 0.015 ng/mL and the interas-

say CV was 10%. 

ET-1 was measured using ELISA. The assay measures the physio-

logically active ET peptide (ET-1 1-21). The lower detection limit 

was 0.02 fmol/mL and the intra- and interassay CV were 4% and 

6%, respectively. 

D-dimer was analyzed at the time of the scan. The intraassay CV 

was below 5%, and the
 
interassay CV was below 6%. The detec-

tion
 
threshold was 0.20 µg/mL. The dynamic range was from 0.20

 

to 20 µg/mL. 

All blood samples were analyzed at Cluster for Molecular Imaging, 

University of Copenhagen, Denmark, except for the D-dimer, 

which was analyzed at The Department of Clinical Biochemistry at 

Frederiksberg Hospital or Rigshospitalet (Tina quant, Roche Diag-

nostics, Hvidovre, Denmark). The intraassay CV was below 5% and 

the
 
interassay CV was below 6%. The detection

 
threshold was 

0.20 mg/mL. The dynamic range was from 0.20
 
to 20 mg/mL. 

 

Statistical analysis 

Diagnostic performance was calculated as sensitivity, specificity, 

positive predictive value, negative predictive value and accuracy. 

95% confidence intervals (95% CI)
140

 were calculated on the pa-

rameters. 

Descriptive data and biomarker levels were presented as mean ± 

SD or median (interquartile range). A one-sample Kolmogorov-

Smirnov test was performed on all variables to test for the as-

sumption of normal distribution. The hormone values demon-

strated a right skewed distribution and accordingly log10 trans-

formation was performed leading to normal distribution. Means 

were compared using a two-sample t-test. We examined the 
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diagnostic performance of each biomarker using receiver operat-

ing characteristic (ROC) curve analysis with area under the curve 

(AUC). Fisher’s exact test and Chi-square statistics was used when 

comparing the number of categorical variables between two 

independent groups. Correlation between hormones and cardiac 

parameters was tested for by linear regression. R (Pearson’s 

correlation coefficient) analyzed correlations between the tested 

parameters. To assess the dependence between the tested vari-

ables, multivariate linear regression was performed with back-

ward stepwise elimination of least and non-significant parame-

ters. We subsequently performed multinomial logistic analyses to 

determine the independent predictors for the occurrence of RVD 

for the cardiac biomarkers. The odds ratios (ORs) and 95% CI were 

calculated to compare the prognostic value of each variable. 

Gene expression data were presented as mean ± SEM. Compari-

sons between gene expression levels in the four cardiac chambers 

were made by t-tests followed by Bonferroni correction for multi-

ple comparisons. P<0.05 was considered significant.  

 

Ethics 

The regional ethical committee approved the clinical study and 

the study protocol was compliant with guidelines in the Helsinki 

Declaration on Human Experimentation. Written, informed con-

sent was obtained from all participating patients. Included pa-

tients received an additional ~20 millisievert (mSv) in radiation 

dose from the CT scans compared to the standard evaluating 

procedure, 11 mSv from the pulmonary MDCT angiography
141

, <1 

mSv from the low-dose CT
142

, and approximately 8 mSv from the 

cardiac MDCT angiography
143

. 

The natural risk of fatal cancer in the Danish population is about 

20%, meaning that the risk of getting a fatal cancer
144

 increased 

from 20% to about 20.1% for the included patients. 

The animal studies were conducted under the approval of the 

Danish Animal Welfare Council. 

RESULTS 

Study I 

Data from a total of 81 patients were available for analysis of the 

diagnostic performance of the different imaging modalities. Of 

these 81 patients, 31 (38%) had PE. There were no difference in 

patient characteristics between the group with PE and the group 

without PE, except for D-dimer plasma level which was increased 

in patients with PE. Patient characteristics are presented in table 

2. 

 

  
No PE 

(n=50) 
PE (n=31) P-value 

Age (years) 68 (±12) 63 (±14) 0.14 

Height (cm) 171 (±11) 175 (±9) 0.33 

Weight (kg) 74 (±18.2) 81 (±23.5) 0.18 

BMI (kg/m
2
) 25.1 (±5.6) 26.5 (±6.6) 0.30 

Systolic BP 

(mmHg) 
138 (±20) 133 (±17) 0.31 

Diastolic BP 

(mmHg) 
78 (±15) 82 (±13) 0.57 

Pulse (bpm) 82 (±18) 87 (±14) 0.88 

Wells score 2.2(±1.8) 3.1(±2.4) 0.05 

D-dimer 

(mg/mL) 
2.0(±2.0) 5.0(±4.8) >0.0001# 

Table 2. Patient characteristics. Values are mean (± SD). BP: blood pressure. BMI: 

body mass index. Bpm: beats/minute. # Statistics are based on log 10 transformed 

values. 

 

V/Q-SPECT scan alone had a sensitivity of 97% (95% CI: 82-100%) 

and a specificity of 88% (95% CI: 75-95%). When a low-dose CT 

scan was added to the V/Q-SPECT investigation, the sensitivity 

was still 97% (95% CI: 83-99%) but the specificity increased to 

100% (95% CI: 93-100%). Pulmonary MDCT angiography alone 

had a sensitivity of 68% (95% CI: 49-83) and a specificity of 100% 

(95% CI: 93-100%). Q-SPECT in combination with a low-dose CT 

scan had a sensitivity of 93% (95% CI: 81-98%) and a specificity of 

51% (95% CI: 43-55%).  

 

V/Q-SPECT  Q-SPECT + low-dose CT 

Sensitivity 97 (82-100)  Sensitivity 93 (81-98) 

Specificity 88 (75-95)  Specificity 51 (43-55) 

PPV 82 (65-93)  PPV 57 (49-60) 

NPV 98 (88-100)  NPV 91 (76-98) 

Accuracy 91 (83-93)  Accuracy 68 (58-72) 

Non-

diagnostic 

rate 

5 (1-12)  

Non-

diagnostic 

rate 

17 (10-28) 

     

V/Q-SPECT + low-dose CT  
Pulmonary MDCT angiogra-

phy 

Sensitivity 97 (83-99)  Sensitivity 68 (49-83) 

Specificity 100 (93-100)  Specificity 100 (93-100) 

PPV 100 (88-100)  PPV 100 (84-100) 

NPV 98 (90-100)  NPV 83 (71-92) 

Accuracy 99 (93-100)  Accuracy 88 (78-94) 

Non-

diagnostic 

rate 

0 (0-4)  

Non-

diagnostic 

rate 

0 (0-4) 

Table 3 summarizes the diagnostic performance of the imaging modalities. 

 

V/Q-SPECT  Q-SPECT + low-dose CT 

Sensitivity 97 (82-100)  Sensitivity 93 (81-98) 

Specificity 88 (75-95)  Specificity 51 (43-55) 

PPV 82 (65-93)  PPV 57 (49-60) 

NPV 98 (88-100)  NPV 91 (76-98) 

Accuracy 91 (83-93)  Accuracy 68 (58-72) 

Non-

diagnostic 

rate 

5 (1-12)  

Non-

diagnostic 

rate 

17 (10-28) 

     

V/Q-SPECT + low-dose CT  
Pulmonary MDCT angiogra-

phy 

Sensitivity 97 (83-99)  Sensitivity 68 (49-83) 

Specificity 100 (93-100)  Specificity 100 (93-100) 

PPV 100 (88-100)  PPV 100 (84-100) 

NPV 98 (90-100)  NPV 83 (71-92) 

Accuracy 99 (93-100)  Accuracy 88 (78-94) 

Non-

diagnostic 

rate 

0 (0-4)  

Non-

diagnostic 

rate 

0 (0-4) 

Table 3 Diagnostic performances of the imaging modalities. All values are presented 

in percentages (95% CI). PPV: positive predictive value, NPV: negative predictive 

value. 
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Study II 

A total of 71 patients were available for analysis of the potential 

role of biomarkers in the diagnosis of RVD in patients suspected 

of PE. Of these 71 patients, 29 (41%) had PE and 7 (24%) of the 

patients with PE had RVD. There was no difference in biomarker 

levels, except for D-dimer which was increased in patients with PE 

(p=0.0001). Table 4 displays the biomarker levels for patients ac-

cording to PE classification. 

 

 No PE (n=42) PE (n=29) P-value# 

D-dimer (mg/L) 1.3 (0.7-2.9) 3.1 (2.0-7.1) 0.0001 

Pro-ANP 

(nmol/L) 
3.78 (2.59-5.42) 3.63 (2.25-9.12) 0.86 

BNP (pg/mL) 36.9 (15.7-141.4) 29.5 (9.0-228.9) 0.82 

ET-1 (fmol/mL) 1.32 (0.68-2.13) 1.71 (0.60-2.60) 0.88 

TnI (mikrog/L) 
0.006 (0.002-

0.020) 

0.007 (0.003-

0.025) 
0.38 

Table 4 Biomarker levels for patients according to PE classification. Values are 

median (interquartile range), #:  t-test on log10 transformed data. 

 

Patients with RVD had significantly higher plasma levels of BNP 

(p=0.02), pro-ANP (p=0.005), and D-dimer (p=0.003) than patients 

without RVD (table 5). 

 

 No RVD (n=22) RVD (n=7) P-value
#
 

D-dimer (mg/L) 3.0 (1.8-5.3) 8.6 (3.0-15.8) 0.003 

Pro-ANP 

(nmol/L) 
3.57 (1.87-4.66) 9.12 (4.51-10.00) 0.005 

BNP (pg/ml) 19.6 (8.2-47.9) 
251.0 (103.8-

672.4) 
0.02 

ET-1 (fmoll/ml) 1.53 (0.55-2.32) 2.60 (0.63-4.10) 0.29 

TNI (μg/l) 
0.007 (0.003-

0.168) 

0.006 (0.001-

0.071) 
0.97 

Table 5. Biomarker levels for patients with PE according to RVD classification. Values 

are median (interquartile range), #: t-test on log10 transformed data. 

 

In figure 2, AUCs and ROC curves are presented for each bio-

marker based upon RVD classification. Pro-ANP, BNP, and D-

dimer all had significant AUC (compared to the random ROC 

curve) in the ROC analysis. Arrows indicate cut-off values yielding 

the highest accuracy. 

 

 

 
Figure 2. ROC curve analysis in classifying RVD for D-dimer, AUC= 0.78 (95% CI: 0.54-

1.00;, p=0.03; panel A), Pro-ANP, AUC= 0.82 (95% CI: 0.63-1.00; p=0.01; panel B), 

BNP, AUC= 0.88 (95% CI: 0.74-1.00; p=0.003; panel C) and TnI (AUC= 0.51 (95% CI: 

0.21-.081; p=0.94; panel D) and ET-1 (AUC= 0.67 (95% CI: 0.42-0.93; p=0.18; panel D) 

in all patients with PE. Arrows indicate cut-off values yielding highest the accuracy. 

 

Sensitivity, specificity, negative predictive value and positive 

predictive value for diagnosing RVD in patients with PE were 

calculated for different cut-off values of D-dimer, pro-ANP, and 

BNP. 

At the most accurate cut-off value of D-dimer (7.0 mg/L), the 

sensitivity, specificity, positive predictive value, negative predic-

tive value and accuracy were 71% (95% CI, 41-88), 91% (95% CI, 

82-97), 71% (95% CI, 41-89), 91% (95% CI, 82-97) and 86% (95% 

CI, 73-95), respectively (figure 2, panel A). At the most accurate 

cut-off value of pro-ANP (6.0 nmol/L), the sensitivity, specificity, 

positive predictive value, negative predictive value and accuracy 

were 71% (95% CI, 41-90), 86% (95% CI, 77-92), 63% (95% CI, 36-

79), 91% (95% CI, 80-97) and 83 (95% CI, 68-91), respectively 

(figure 2, panel B). At the most accurate cut-off value of BNP (103 

pg/mL), the sensitivity, specificity, positive predictive value, nega-

tive predictive value and accuracy were 86% (95% CI, 73-95), 91% 

(95% CI, 82-97), 75% (95% CI, 50-90), 95% (95% CI, 80-97) and 

90% (95% CI, 73-96), respectively (figure 2, panel C). ET-1 and TnI 

could not discriminate PE patients with RVD (figure 2, panel D). 

 

In univariate linear regression analyses, RVEF was associated with 

plasma levels of BNP (R=0.41, RVEF = 58.7 – 5.4 x log BNP, p=0.03) 

and D-dimer (R=0.45, RVEF = 57.4 – 12.9 x log D-dimer, p=0.02). 

In multiple linear regression analysis including all cardiac bio-

markers in the model, only log D-dimer remained in the final 

model as an independent factor associated with RVEF. 

Univariate logistic regression analyses revealed that pro-ANP 

(OR=1.46 (CI 1.08-1.99), p=0.015) and D-dimer (OR=1.3 (CI 1.04-

1.70), p=0.023) were predictive cardiac biomarkers in all patients 

with PE for the occurrence of RVD. Multinomial logistic regression 

analysis using D-dimer and pro-ANP revealed that D-dimer was 

the only predictive independent cardiac biomarker in patients 

with PE for the occurrence of RVD. 

 

Study III 
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Pulmonary embolism induced gene expression 

BNP 

PE dose-dependently increased BNP gene expression in the RV (2-

6 fold; p<0.05-0.001) relative to the control group (untreated 

animal group). In contrast PE dose-dependently decreased BNP 

gene expression in both the LV (0.6-0.5 fold, p<0.001) and the LA 

(0.8-0.3, p<0.01-0.001) (figure 3). 

***

*

***

***

***

***

*

**
**

Figure 3. BNP gene expression in the cardiac chambers relative to the control group. 

Error bars indicates SEM. RV: right ventricle, RA: right atrium, LV: left ventricle, LA: 

left atrium. *P<0.05; **p<0.01; ***p<0.001 vs.  control group. 

 

ANP 

PE dose-dependently increased gene expression of ANP in the RV 

8-9 fold (p<0.05) and in the RA 1.5 fold (p<0.001) compared to 

the control group. There was an increase of ANP gene expression 

in LV in the PE 1.30 group (p<0.05) (figure 4). 

 

******

*

*

**

*

 Figure 4. ANP gene expression in the cardiac chambers relative to the control group. 

Error bars indicates SEM. RV: right ventricle, RA: right atrium, LV: left ventricle, left 

atrium: LA. *P<0.05; **p<0.01; ***p<0.001 vs. control group. 

 

ET-1 

No systematic changes were seen in ET-1 gene expression in the 

RA, LA, LV, or RV during PE. 

 

 Relative gene expression level in the cardiac chambers 

BNP 

In the untreated animals (the control group), BNP gene expres-

sion was 18 fold higher in the RA and 6-7 fold higher in LV and LA 

relative to BNP gene expression in the RV (p<0.001). In the PE 

0.87 group, BNP gene expression in RA decreased to 9 fold higher 

relative to the RV (p<0.001) and also 9 fold higher compared to LV 

and LA (p<0.001). In the PE 1.30 group, BNP gene expression in 

RA was 3.5 fold higher relative to RV (p<0.01) and 3.5 fold higher 

compared to LA. In the PE 1.95 group, the relative BNP gene 

expression in the RA was only 1.5 fold higher relative to RV 

(p<0.01) (figure 5). 
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Figure 5. BNP gene expression in the cardiac chambers relative to RV as a reference. 

Error bars indicates SEM. Panel A shows the control group. Panel B shows the PE 

0.87 group. Panel C shows the PE 1.30 group. Panel D shows the PE 1.95 group. RV: 

right ventricle, RA: right atrium, LV: left ventricle, LA: left atrium. *P<0.05; **p<0.01; 

***p<0.001 vs. RV group. 

 

ANP 

In figure 6 it is illustrated that ANP was predominately expressed 

in LA and RA in both the control and the PE treated groups rela-

tive to the RV (300-1200 fold; p<0.001). The ANP gene expression 

in the atria compared to the RV decreased as the degree of PE 

increased. 
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Figure 6. ANP gene expression in the cardiac chambers relative to RV as reference. 

Error bars indicate SEM. Panel A shows the control group. Panel B shows the PE 0.87 

group. Panel C shows the PE 1.30 group. Panel D shows the PE 1.95 group. RV: right 

ventricle, RA: right atrium, LV: left ventricle, LA: left atrium; ***p<0.001 vs. RV 

group. 

 

ET-1 

Gene levels of ET-1 were primarily expressed in LA (4 fold), LV (2 

fold) and RA (4.5 fold) in the control group (p<0.001) compared 

with RV. This did not change during PE (p<0.001-0.01). 

 

Plasma level of pro-ANP, TnI, ET-1 and BNP 

Plasma levels of pro-ANP, TnI, ET-1, and BNP are shown in figure 

7. 



 DANISH MEDICAL BULLETIN   11 

Plasma BNP level (figure 7, panel A) showed a significant increase 

from the control group to PE 1.30 and a decrease from PE 1.30 to 

1.95. 

There was no significant change in the pro-ANP plasma level 

(figure 7, panel B). 

Plasma ET-1 level (figure 7, panel C) and TnI (figure 7, panel D) 

significantly and dose-dependently increased after 16 hours in the 

groups with PE.  

 

 

 
Figure 7. Plasma hormone levels of BNP, pro-ANP, ET-1 and TnI. Error bar represents 

SEM. Panel A shows mean log BNP. Panel B shows mean log pro-ANP. Panel C shows 

mean log ET-1. Panel D shows the mean log TnI. *P<0.05; **p<0.01; ***p<0.001 

compared to the control group. 

DISCUSSION 

Diagnostic performance of V/Q-SPECT and CT in pulmonary 

embolism 

This is to our knowledge the first prospective study (I) on simulta-

neously obtained V/Q-SPECT and pulmonary MDCT angiography. 

We found that a V/Q-SPECT had a sensitivity of 97% and a speci-

ficity of 88%. When adding the information of a low-dose CT scan, 

the sensitivity was still 97% but the specificity increased to 100%. 

A MDCT angiography alone had in our study a sensitivity of 68% 

and a specificity of 100%. 

We found good agreement with regard to sensitivity, specificity 

and accuracy to a previous retrospective study that had values of 

97%, 91%, and 94%, respectively for V/Q-SPECT alone and values 

of 86%, 98%, and 93%, respectively for MDCT
145

. 

The use of SPECT technique in our study showed to have a much 

lower frequency of equivocal tests than is known from traditional 

planar lung scans which in previous studies have been reported to 

have up to 73% non-conclusive exmaniations
146

. This is in accor-

dance with previous studies which demonstrated that the use of 

SPECT in V/Q scintigraphy reduced the frequency of equivocal 

tests markedly
135;147;148

.  

The addition of low-dose CT without a contrast agent to the V/Q-

SPECT resulted in an even higher confidence of the reading with a 

reduction of inconclusive studies from 5% with SPECT alone to 0% 

with SPECT + low-dose CT. In addition, the specificity was im-

proved with fewer false positive interpretations (from 18% to 

0%). This was mainly due to findings on the low-dose CT scan that 

gave alternative explanations for subtle perfusion defects that 

else would have been interpreted as PE on SPECT alone. Although 

a low dose CT scan without a contrast agent is inherently
 
inferior 

to those acquired by a diagnostic CT scan with a contrast agent, 

the low dose CT scan provided satisfactorily relevant diagnostic 

information to determine the origin of the V/Q-SPECT lesions. 

When assessing the V/Q-SPECT datasets alone, six patients ob-

tained a false positive PE diagnose, three patients had mis-

matched defects on the V/Q-SPECT scans due to interlobar fis-

sures, and three patients with COPD had mismatched defects 

because of paraseptal emphysema, pneumonic infiltration, 

atelectasis, and pleural fluid. These lesions were all demonstrated 

on the low-dose CT. 

We reported all mismatched defects (> 0.5 segment) on the V/Q-

SPECT as PE. Alternative reasons for mismatched V/Q defects 

include non-embolic diseases such as pulmonary vasculitis and 

extrinsic vascular compression, such as vessel stenosis, lung can-

cer, nodal enlargement, and therapeutic interventions such as 

radiation therapy
127;149

. However, such differential diagnoses 

could be excluded herein by follow-up, history, blood samples, 

and, most importantly, findings on the head-to-head comparison 

with pulmonary MDCT angiography, so that the risk of an incor-

rect conclusion was further reduced. 

The fact that we did not have an independent gold standard for 

establishing the PE diagnosis produced difficulties for the evalua-

tion and comparison of the diagnostic accuracy of different mo-

dalities in PE. In order to compare the diagnostic performance of 

the tested modalities, we used a combination of composite and 

head-to-head consensus reading as criterion standard. The use of 

this combined method which includes all tested modalities to 

classify PE patients raises methodological and conceptual prob-

lems and is controversial. It is important to keep in mind the 

possibility that some patients may be incorrectly assigned to a 

disease category by the examination that are being studied giving 

exaggerated or underestimated accuracies. This concern was also 

commented on in an invited perspective with reference to our 

study
150

 published in the Journal of Nuclear Medicine
151

. However 

we believe that our approach can be justified and as long as the 

results are viewed in that respect we believe it was the best avail-

able criterion standard.  

 

Plasma levels of biomarkers in relation to right ventricular dys-

function 

We demonstrated that the plasma levels of BNP, pro-ANP, and D-

dimer can be used in discriminating between RVD and no RVD in 

PE patients (II). 

To the best of our knowledge this is the first study in which sig-

nificant differences are shown in pro-ANP plasma levels in PE 

patients with and without RVD. At a cut-off value of pro-ANP of 

6.0 nmol/L, the sensitivity, specificity, positive predictive value, 

and negative predictive value were 71%, 86%, 63%, and 91%, 

respectively for discrimination of RVD. The high negative predic-

tive value indicates that pro-ANP might be a valuable tool to 

exclude patients from having RVD.  

In animals with chronic RV
 
dysfunction ANP plasma level is corre-

lated to RVEF
152

. In patients with RV overload due to atrial septal 

defect and primary or thromboembolic pulmonary hypertension, 

ANP plasma level is correlated with mean pulmonary arterial 

pressure, RA pressure, RVEF, RV end-diastolic pressure, cardiac 

output, and total pulmonary resistance
153;154

. However, in the 

present study we did not find a correlation between RVEF as a 

continuous variable and pro-ANP. However we found that pro-

ANP was predictive of RVD in patients with PE in the logistic re-

gression analysis. 

 

We also demonstrated that patients with acute PE and RVD had 

significantly higher plasma BNP concentration than patients with 

PE and no RVD. We determined that plasma BNP at a cut-off 
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value of 103 pg/mL had a sensitivity, specificity, positive predic-

tive value, and negative predictive value for detecting RVD which 

was comparable to previous PE studies. Previous studies have 

shown that a BNP cut-off value of 90 pg/mL had a sensitivity and 

specificity of 94% and 92%, respectively
155

 and of 65% and 94%, 

respectively
156

 in patients with PE and RVD. These results support 

the potential use of plasma BNP as a rule-out-test of RVD in PE 

patients. 

High concentrations of BNP can distinguish PE patients at high risk 

of complicated in-hospital course and death from those with 

lower risk. BNP has been shown to have a high negative predic-

tive value (97-99%) for adverse outcomes in normotensive pa-

tients with PE. However, the positive predictive value of adverse 

outcomes of an elevated BNP level is low
157;158

 and augmented 

BNP alone does not seem to justify more invasive treatment 

regimes
159

. Furthermore, the rationale behind thrombolysis for 

submassive PE has been challenged
160

. However, it has been 

suggested that thrombolysis should be considered in patients 

with high natriuretic peptide level to prevent clinical deteriora-

tion in submassive PE
161

, This approach is inadvisable because of 

the low positive predictive values. Hence, the role of natriuretic 

peptides in the assessment of RVD in PE seems to associate to the 

excellent negative predictive value. 

Plasma BNP is known to correlate with LV dysfunction in LV heart 

failure
162

. In isolated chronic RVD, BNP level is elevated and corre-

lates positively with mean pulmonary pressure and RV end-

diastolic pressure and negatively with cardiac output and 

RVEF
163;164

. This is in accordance with our study where we dem-

onstrated that RVEF and not LVEF was associated in the regres-

sion analysis with BNP plasma level. 

An association has been demonstrated between BNP plasma 

level, PE severity, and degree of RVD on echocardiography
165;166

. 

BNP plasma concentration has been shown to have prognostic 

information in PE patients
167

. In our study, difference in BNP 

plasma levels was seen between RVD and no RVD in PE patients. 

However, no difference was seen in BNP levels between patients 

with PE and no PE. This may indicate that the prognostic informa-

tion of BNP in PE patients may relate to the involvement of the 

RV. 

 

Additionally we did not find an association between venous plas-

ma levels of ET-1 and PE and RVD. This is in accordance with an 

earlier study which demonstrated that plasma ET-1 concentration 

assessed on venous blood was not elevated in patients with acute 

PE as compared to control subjects, concluding that plasma ET-1 

does not have an important role in the acute phase of PE
168

. 

However it has been reported that a net increase in ET-1 assessed 

on arterial plasma in PE patients was significantly elevated in PE 

patients as compared to control subjects
169-171

. In experimental PE 

models both the expression of the ET-1 gene and the expression 

of ET-related genes were augmented in the lung tissue after the 

introduction of PE, demonstrating an activation of the ET-1 sys-

tem in acute PE
172;173

. However, the clinical significance of ET-1 

abnormalities in PE needs to be established. 

 

We showed that at the cut-off value of D-dimer of 7.0 mg/L, the 

sensitivity was 71% and the specificity was 91% for detection of 

RVD in patients with PE. D-dimer is currently used to rule out PE 

due to its high negative predictive value. As D-dimer is a degrada-

tion product of fibrin, the degree of elevation of D-dimer could be 

associated with the extent of thrombus burden. It is hypothesized 

that a larger thrombus will augment the RV afterload and the RVD 

due to the increased pulmonary vascular occlusion
174

. A previous 

study demonstrated that high D-dimer levels at admission was 

associated with increased risk of mortality in patients with PE
175

. 

Therefore D-dimer seems to be a promising tool to classify PE 

patients in RVD, however further studies need to be done. 

 

We did not find an association between TnI and RVD and PE. 

Elevation of cardiac TnI levels in plasma is a reliable indicator of 

myocardial injury
176 

and correlates significantly with ECG
 
and 

echocardiography assessment of RV pressure
 
overload and myo-

cardial dysfunction in PE patients
93;177;178

. However detection of a 

subtle troponin elevation in PE is only possible during a short 

diagnostic window with a maximum plasma level TnI within 4 

hours
179

. Others have stated that the dynamics of cardiac TnI 

release in acute PE in patients who present with symptoms of less 

than 72 hours duration could be different from those who pre-

sent with longer duration of symptoms. Therefore, the use of 

cardiac TnI in risk stratification of PE might be limited to the pa-

tients presenting within 72 hours from the onset of symptoms
180

. 

This probably resembles the kinetics of TnI in patients with unsta-

ble angina pectoris, however with a release of shorter duration
181

. 

The time interval between symptom onset and diagnostic imaging 

and biomarker testing in our study may possibly have been too 

long. We obtained blood sampling at scan time, not at the hospi-

tal admission and therefore may have underestimated the signifi-

cance of TnI elevation in the present study. 

Limitations of the study include the small sample size (29 patients 

with PE and 9 with RVD) which caused the statistical power to 

decrease and therefore the findings in this study should be con-

firmed in a large multi-centred study design. 

 

Methodological difficulties are introduced when using ECG-gated 

cardiac CT in assessing RV function. The technique provides an 

excellent spatial resolution with an advantageous signal-to-noise 

ratio; however the temporal resolution of current MDCT technol-

ogy is still inadequate. In the present study (II) the patients 

scanned had a relatively high heart rate (mean 85 beats per min-

ute). Because of the relatively limited temporal resolution in CT 

technology, images obtained in patients with higher heart rate 

are of lower quality and impair delineation of endocardial contour 

which can underestimate EF
182;183

. In coronary CT-angiography, 

beta-blockade is given to reduce the heart rate in order to reduce 

artifacts in the coronary arteries. Artificially reduced heart rate or 

contractility of the myocardium with a beta-blocker may underes-

timate the cardiac function; especially the stroke volume and 

cardiac output
184

. We did not want to alter the cardiac function of 

the patients; therefore beta-blockade was not an option in our 

study. 

 

Gene expression in the cardiac chambers of biomarkers in pul-

monary embolism 

In this study, we found that gene expression of ANP and BNP 

were strongly and dose dependently up-regulated in the RV dur-

ing PE. 

We demonstrated that in the control group, the highest level of 

BNP expression was in the RA followed by the LV, LA, and RV and 

is in accordance with previous  studies
185;186

. In PE, the BNP gene 

expression is increased in the RV and decreased in the LV thereby 

making the contribution of BNP secretion from the RV relatively 

more important. Taking the weight of the different chambers into 

account, 70% of all circulating plasma BNP derives from the ven-

tricles under normal conditions and up to 88% under pathophysi-

ological conditions
187;188

. 
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Plasma hormone levels of BNP were dose-dependently increased 

in the PE model. However plasma BNP decreased significantly at 

PE 1.95 which corresponded to the decrease of BNP gene expres-

sion in the RV. This also supports the idea that RV is the dominant 

chamber in the secretion of BNP in PE. 

 

This study is to our knowledge the first that investigates regula-

tion of gene expression using QPCR in both atria in an animal 

model of acute PE. It has previous been shown that ANP gene 

expression in the RV is increased in an animal model of chronic 

pulmonary hypertension and RV hypertrophy
189;190

. Our results 

showed that ANP was dose-dependently up-regulated on the 

right side of the heart in rats with PE. 

In the control group and during PE we found that the ANP gene 

expression was higher in the atria than in the ventricles. Previous 

studies on tissue specific expression of the ANP gene have shown 

high-level expression in the RA and virtually undetectable 

amounts of ANP mRNA and peptides in the LV of healthy adult 

mammals
191

. Over 90% of ANP released from the normal adult 

heart originates from the atria
192

. Despite the increase of ANP 

expression, pro-ANP hormone plasma level was unaffected in our 

study of experimental PE. The acute response to atrial stretch 

results in enhanced temporary secretion of the ANP in the 

atria
193

. The depletable nature of the ANP pool and the relatively 

low weight of the atrias in rats might explain the lack of a signifi-

cant increase of ANP secretion during PE
194

. Due to the dynamic 

nature of the release of these hormones into the plasma it seems 

essential to study different time points during pulmonary embo-

lism. However, the aim of our study was not to study the fluctua-

tions of the hormone plasma concentration. 

This supports the idea that ANP is a very rapidly responding hor-

mone and BNP may be a backup hormone only activated after 

extended cardiac strain. 

 

PE did not systematically affect the gene expression of ET-1 in the 

heart probably because ET-1 is mainly synthesized and secreted 

from the pulmonary endothelial cells
195

. However, ET-1 plasma 

hormone levels were dose-dependently increased in our PE mod-

el. We collected blood from the large vessels after decapitation of 

the rats, which means that the blood sampled was a mixture of 

venous and arterial blood. This could explain why ET-1 plasma 

level was significantly increased in rats and not in the clinical 

study (II). 

 

Contrary to the clinical study (I) plasma hormone levels of TnI 

were dose-dependently increased in the PE model (study III). One 

explanation could be that we collected blood early (16 hours) 

after PE induction in contrary to the clinical study. Another expla-

nation could be that the rat hearts were under more hypoxic 

stress and therefore had a higher TnI plasma concentration. Un-

fortunately, we did not measure oxygen saturation and analyze 

myocardial damage in the rat heart in order to speculate about 

the origin of the plasma TnI. 

 

The animal model used to induce PE in rats is an established 

experimental PE model
196-201

. However, RV function (EF, cardiac 

output, etc.) has never been studied in this model. With precise 

measurement of pressure and function of RA, LA, RV, and LV, we 

could have established the degree of RVD and correlated the 

degree of pulmonary obstruction with gene expression in the 

different heart chambers. Regrettably, this was not done. In the 

moderate and mild PE model, RV generated pressures were in-

creased without altering the LV pressure. But in our rats we actu-

ally do not know the precise function of the heart - neither in the 

PE group, nor in the controls. 

CONCLUSIONS 

Based on the results of this thesis, it can be concluded that V/Q-

SPECT in combination with a low dose CT scan has a high sensitiv-

ity and specificity and outperforms MDCT angiography in the 

diagnosis of PE. Hence, the superiority of MDCT over planar lung 

scintigraphy does not apply when 3-D scintigraphy is used and 

low dose CT scan information is added. With use of combined 

scanners, V/Q-SPECT in combination with low-dose CT without 

contrast enhancement can “revitalize” lung scintigraphy and 

should probably be considered first-line imaging test in diagnos-

ing PE. 

The present thesis also supports the idea of natriuretic peptides 

as biomarkers of RVD in PE and it can be concluded that the 

plasma levels of BNP, pro-ANP, and D-dimer can be used in dis-

criminating between RVD and no RVD in PE patients. Since meas-

urements of cardiac biomarkers are inexpensive and easily ob-

tained they may prove useful in the clinical diagnosis of RVD. 

At last, it can be concluded that there is a close correlation be-

tween PE degree and gene expression of ANP and BNP in the 

cardiac chambers with a selective increase in the right chambers 

of the heart in an experimental PE model. This supports our hy-

pothesis that the origin of ANP and BNP in PE patients is the right 

side of the heart. 

 

Perspectives and future directions 

The present thesis also raises several important questions. Is low-

dose CT in fact necessary in combination with V/Q-SPECT or is it 

enough to perform an x-ray of the chest? Does the higher diag-

nostic accuracy for V/Q-SPECT also account for decrease in short 

term and long term morbidity and mortality? The findings of small 

emboli located in segmental and subsegmental vessels needs also 

to be discussed; the clinical or prognostic significance of these 

small mismatched defects is far from clear. 

Does a biomarker approach have an influence on short and long 

term mortality and morbidity? Further studies with greater power 

are necessary before definite conclusions can be drawn concern-

ing the added value of natriuretic peptides with regard to risk 

stratifying patients suspected of PE? Randomized studies with 

extended follow-up time should be carried out in order to estab-

lish whether aggressive therapeutic intervention such as throm-

bolysis or admittance to a cardiology emergency unit can de-

crease the mortality rate and be beneficial for patients with RVD 

and PE?  

There is no consensus regarding the cut-off values for the investi-

gated plasma markers and an important question is which cut-off 

value facilitates precise discrimination between patients with PE 

and without PE or RVD or no RVD? It seems that the biomarkers 

described are rule out tests, but what about rule-in tests? Meas-

urement of biomarkers in patients with PE might in the future be 

standard when risk stratifying patients suspected of RVD and 

useful when choosing the method of intervention. However, the 

right algorithm still needs to be established. 
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