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Cover figure: endothelial surface of the vascular system 
Copyright with permission from Endothelix Inc., Houston, Tx. 
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In the name of God, Most Gracious, Most Merciful

‘Of knowledge is merely a little given to you’ 

From the Holy Quran, the parable of Alisra, verse 85.

Dedicated to: 

My wife Fatima
and

 to all of my children 
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ABBREVIATIONS 

APP  acute phase protein 

ASD  atrial septal defect 

AVSD  atrioventricular septal defect 

CAD  coronary artery disease 

CF   coronary flow 

CFR  coronary flow reserve 

CHD  congenital heart disease 

CPB  cardiopulmonary bypass 

CRP  C-reactive protein 

DM  diabetes mellitus 

FMD  flow mediated dilatation  
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LCA  left coronary artery 
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Factors Affecting Coronary Flow in Children 

Elhadi H. Aburawi,
MD, MSc, FRCPI, FRCPCH 

Division of Paediatric Cardiology, Department of Paediatrics, Lund University, Sweden 

SUMMARY

Background: A number of inborn and exogenous factors influence the flow and function of the 
coronary arteries with possible consequences on the cardiovascular risk. The regulation of the 
coronary flow is partly dependent on the functional integrity of coronary endothelial cells, 
coronary perfusion pressure, and myocardial function.  

Objectives: To investigate the effects of some of the previously suggested cardiovascular risk 
factors on coronary flow and function in children. 

Methods: Blood lipid pattern and concentration of acute phase proteins and their relation to prior 
infections were studied. The effect of preceding airway infections on the endothelium-dependent 
vasomotor function of the brachial artery in healthy and type 1 diabetes mellitus children was 
assessed. Coronary flow was measured with transthoracic Doppler echocardiography before and 
after non-surgical and surgical treatment of congenital heart defects. 

Results: Pro-atherogenic changes consisting of decreased circulating levels of high density 
lipoprotein and albumin were observed in children with past infections. The brachial artery’s 
endothelial vasomotor function was impaired in children with type 1 diabetes, being further 
affected by preceding mild infections in the upper airways. Compared to controls, coronary flow 
was increased in patients with left-to-right shunt and coarctation of aorta, and increased further 
after open heart surgery. In contrast, coronary flow decreased, even if not to normal, after 
coarctectomy and device closure of atrial septal defect. Cardiac output decreased after open heart 
surgery but improved after device closure. The coronary flow velocity and velocity time integral 
decreased with increasing CRP after open heart surgery in particular in those with prolonged aortic 
cross clamping. 

Conclusions: Residual pro-atherogenic disturbances in vascular endothelial function, lipid and 
albumin metabolism may be observed in children with past infections, especially in those with 
chronic cardiovascular risk factors such as diabetes mellitus. Cardiac malformations and open heart 
surgery affect negatively the coronary blood flow and cardiac output. 

Key-words:  coronary flow  transthoracic Doppler echocardiography  cardiopulmonary 
bypass  C-reactive protein  endothelial dysfunction 
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INTRODUICTION

1. Anatomy of the coronary arteries 

Left and right coronary arteries arise from the corresponding sinuses of Valsalva. The left coronary 

artery (LCA) bifurcates into the left anterior descending (LAD) and the left circumflex (LCX)

coronary arteries. LAD passes in the anterior interventricular groove, and it supplies anterior and 

septal walls and the apex of the left ventricle with its diagonal branches.  LCX follows the mitral

ring and divides into left obtuse marginal and left postero-lateral branches. It supplies the lateral 

and inferior sides of the left ventricle. Right coronary artery (RCA) gives off a conus branch, right 

postero-lateral branches and continues usually as a posterior descending coronary artery (PDA).

RCA supplies the sinus node, right ventricle and the posterior and inferior walls of the heart. The

PDA is a continuation of the RCA in up to 70%, but it branches from the left circumflex coronary

artery in about 10% and combination of both in 20%.

Figure 1. Coronary artery anatomy:
SA=sinus artery, LC=left coronary sinus, 
RC=right coronary sinus, 
NC=noncoronary sinus, PDA=posterior 
descending artery, LAD=left anterior 
descending artery, Cx=circumflex artery, 
OA=obtuse artery 

2. Physiology of the coronary flow 

According to Ohm’s law, the coronary flow is largely determined by the pressure gradient across

the myocardium and inversely related to the resistance of coronary microcirculation. The driving 

force of the blood flow in coronary arteries is the pressure gradient. It varies throughout the cardiac 

cycle being greater during diastole than in systole. Resistance is influenced by blood oxygen 

tension and its pH and by factors affecting endothelial cells such as the inflammatory mediator C-

reactive protein (CRP). The coronary arterioles form most of the resistance, being the site of the 

autoregulation, and metabolic and ischaemic vasodilatation (1-3). 
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The adaptation of coronary flow to the myocardial oxygen demand in various conditions is 

regulated via the following mechanisms: 

A. Myocardial oxygen consumption: The myocardium has a high demand for oxygen (8-10 ml 

O2/min/100g). The rate-pressure product, the product of heart rate and mean systolic blood 

pressure, correlates with myocardial oxygen consumption (4). Pressure or volume overload 

in CHD causes an increase in the ventricular pressure and/or diameter. Accordingly, 

myocardial oxygen demand and wall stress increase. This in turn leads to increase of the 

coronary flow in order to avoid ischaemia (5). Elevated resting flow velocities may occur in 

several cardiac and non-cardiac conditions, including tachycardia, anaemia, 

hyperthyroidism, and severe left ventricular hypertrophy. Anxiety which is due to enhanced 

sympathetic drive may also increase baseline coronary flow velocity. -blockers reduce 

myocardial metabolism and consequently baseline coronary flow velocity, mainly by 

decreasing heart rate and blood pressure. Coronary vasodilators such as nitrates or calcium 

antagonists increase the diameter of the epicardial arteries and reduce baseline flow 

velocity.

B. Autoregulation: The heart has an intrinsic ability to maintain a constant blood flow despite 

changes in the perfusion pressure. Autoregulation of coronary blood flow is probably 

coordinated by metabolic factors through the ATP-sensitive K+ channels in vascular smooth 

muscle cells (6). 

C. Metabolic regulation:  The heart requires ATP as a primary energy source for the function 

of membrane transport systems (Na+/K+-ATPase) as well as for sarcomere contraction and 

relaxation, which involve myosin ATPase and ATP-dependent transport of calcium by the 

sarcoplasmic reticulum (7, 8). The increase in the mechanical activity of the heart by 

increasing heart rate and contractility enhances myocardial metabolism and affect coronary 

flow.

D. Myogenic control: Adenosine, prostacyclin (PGI2) and nitric oxide (NO) have been shown 

to increase the coronary flow through relaxation of the smooth muscle cells, while 

endothelin-1 decreases the coronary flow by causing constriction. Ca+2 concentrations in 

smooth muscle cells play a major role in the myogenic regulation of the coronary flow.

E. Endothelial regulation: Endothelium is the largest organ in the body. NO is released 

continuously by endothelial cells (9). Shear stress and hypoxia increase the secretion of NO 

(10). NO relaxes vascular smooth muscle by increasing the cyclic guanosine 

monophosphate (cGMP), with subsequent activation of the Ca2+-sensitive, K+ channels and 

K+
ATP channels. NO, PGI2 and atrial natriuretic peptide are vasodilators and have 

antiproliferative effects as well (11, 12). Endothelin-1, angiotensin II, thromboxane A2 (13), 
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prostaglandin H2 (14) and superoxide (15) are known to cause constriction of coronary 

arteries. These mediators have proliferative effects on the vessel wall (16).  

F. Neurohumoral factors: Autonomic sympathetic and parasympathetic nerve endings in the 

coronary arteries regulate the coronary flow. Sympathetic stimulation increases the heart 

rate, contractility and cardiac output. The increase in heart rate increases the rate-pressure 

product which increases myocardial oxygen consumption and metabolic vasodilatation and 

increases coronary blood flow. Neurotransmitters and humeral factors act via  and 

adrenergic and acetylcholine receptors to regulate coronary microvascular tone (17, 18).   

3. Coronary flow in congenital heart disease 

The determinants of coronary flow in children with congenital heart disease (CHD) are not fully 

understood. CHD may cause several haemodynamic and functional changes that are likely to affect 

coronary blood flow. CHD may be associated with reduced arterial oxygen saturation, myocardial 

hypertrophy, increased heart rate and volume or pressure overload, all of which may affect 

coronary flow by contributing to myocardial oxygen deprivation (19-22). The major determinants 

of the oxygen demand of the myocardium are heart rate, contractility and wall stress. Wall stress is 

related to ventricular pressure, chamber diameter and wall thickness (5). The rate-pressure product, 

the product of heart rate and mean systolic blood pressure describes myocardial oxygen demand 

(3). The maximal ability of coronary circulation to increase in response to increased cardiac 

metabolic demand is referred as coronary flow reserve (CFR). CFR is commonly expressed as the 

ratio of maximal coronary flow (e.g. obtained by an infusion of adenosine) to basal flow (23-25).

Cardiac surgery with the aid of cardiopulmonary bypass (CPB) in children has increased 

significantly during the past few decades. Ischaemia during aortic cross clamping (26), inadequate 

myocardial protection with hypothermia and cardioplegic solutions (27) and reperfusion injury (28, 

29) may all contribute to acute myocytes dysfunction after cardiac surgery. Myocardial 

ischaemia/reperfusion leads to coronary endothelial dysfunction due to decreased endothelium-

dependent relaxation (30). It has been shown in experimental models that endothelial dysfunction 

after ischaemia/reperfusion persists for at least 4-6 weeks (31, 32).

The pathogenic role of surgery on CF is nowadays attributed to combined effects of the 

postsurgical inflammatory response and myocardial ischemia/reperfusion (33). The systemic 

inflammatory response following CPB surgery is thought to result from the contact between blood 

components and the synthetic material of the by-pass equipment. This has been suggested to 

underlie in part the risk of developing arrhythmias, myocardial and pulmonary dysfunction during 

the first few weeks after cardiac surgery (34). Although the prevalence of major cardiovascular 

events during the postoperative course in children is much lower than in adults, aggressive therapy 
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particularly in the intensive care unit is sometimes needed to maintain cardiovascular 

haemodynamics at an acceptable level. 

4. Methods of assessing coronary blood flow 

Several methods have been developed to assess the coronary blood flow, coronary flow reserve 

and myocardial perfusion. Each method has its advantages and disadvantages and the results are 

not entirely comparable.   

A. Non-invasive methods

Transthoracic Doppler echocardiography 

The method is non-invasive, safe, reproducible, widely available, and relatively inexpensive. 

It is accurate with low intra- and inter-observer variability (35). Coronary flow velocity and 

coronary flow reserve assessed by this method correlate well to those obtained with 

intracoronary Doppler guide wire and positron emission tomography (36-38). Also stenoses 

of the coronary arteries can be detected even though the method is not yet standardized for 

clinical use (39).

Positron emission tomography 

The method uses radiolabeled tracers to determine the regional myocardial blood flow related 

to ventricular mass. It correlates well with transthoracic and intracoronary Doppler (35, 38). 

It is a complex, expensive and time consuming method. 

Myocardial scintigraphy 

Single photon emission tomography is used for semi-quantitative evaluation of relative 

regional myocardial blood flow (40, 41). It is performed by injecting technetium-99 or 

thalium-201 isotopes.  

Computed Tomography 

CT angiography either as an electron beam CT or as a multislice spiral CT has achieved a 

reliable non-invasive detection and exclusion of coronary artery stenosis. It is useful 

especially when other non-invasive methods are contraindicated. It requires intravenous 

injection of iodinated contrast agent, which necessitates perfect timing of image acquisition 

to contrast injection (42, 43). 



12

Magnetic resonance imaging

This method can be used to measure both myocardial perfusion and coronary blood flow. 

Gadolinium diethylenetriaminopenta acetic acid is used as contrast agent to improve the 

visualization in perfusion studies. Good correlation has been obtained compared with 

measurements with intracoronary Doppler guide wire (44). 

Transoesophageal echocardiography 

The coronary flow velocity measured by transoesophageal echocardiography correlates well 

with that assessed by intracoronary Doppler guide wire method (37). The main limitation of 

this method is that only visualization of the proximal one third of coronary arteries is possible 

and that the method overestimates the coronary flow (45). 

B. Invasive methods 

Coronary angiography and intracoronary Doppler guide wire

Coronary angiography is the standard method for diagnosing CAD. The left and right 

coronary arteries are selectively approached and imaged using contrast media. The anatomy 

of the coronary arteries can be evaluated and the severity of the stenosis can be graded. It 

involves the risks of the radiation exposure and renal toxicity by the contrast medium. 

Intracoronary Doppler guide wire (IDGW) is considered the golden standard in the 

assessment of coronary flow velocity and coronary flow reserve. The measurement of 

coronary flow velocity by the IDGW has been validated both in vitro and in vivo (46, 47). 

Intravascular ultrasound 

This method is applied to visualize the walls of blood vessels. The ultrasound probe lies on 

the tip of the catheter. It is considered the golden standard for the evaluation of coronary 

artery diameter and wall structure in adults. It provides accurate measures of the thickness 

and amount of coronary plaques (48).  

5. Coronary reactivity 

Fatty meals cause changes in the vasculature that result in both a hypercoagulable and a 

provasoconstrictor state. Ingestion of saturated fat reduces the anti-inflammatory potential of HDL-

cholesterol and impairs arterial endothelial function (49). Endothelial dysfunction increases 

platelets activation and predispose for acute coronary syndrome. Endothelial dysfunction 

contributes to atherosclerosis, which is more pronounced in diabetic patients (50). Infections 

modify the serum lipid pattern by e.g. lowering HDL-cholesterol. Decrease in HDL-cholesterol is 
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an independent risk factor for atherosclerosis (51). Moreover, acute infections are accompanied by 

oxidative modification of LDL-cholesterol (52), which is a risk factor for atherosclerosis (53). 

Infections decrease serum albumin concentration, which has been reported to be associated with an 

increased risk of CAD (54, 55).

It has been hypothesized that changes in arterial endothelial function could be one central link 

between inflammatory disorders and post-inflammatory vascular-related complications (56). 

Impairment of endothelial vasomotor function by systemic inflammation has been documented in 

clinical studies (57, 58). 

Diabetes mellitus predisposes to arterial endothelial injury (59). Endothelial injury occurs during 

respiratory tract infections, which appear more frequent in patients with diabetes (60). Of note, 

diabetic patients have an increased risk for infection-related mortality (61, 62).  

Acute disorders such as viral infections, may promote short-lasting episodes of systemic 

inflammation with mild elevation of inflammatory markers such as CRP, fibrinogen and pro-

inflammatory cytokines. Rise in inflammatory markers precedes the onset of cardiovascular 

ischemic events such as myocardial infarction and stroke (63, 64). Recent findings from 

epidemiological studies suggest that systemic inflammation might also predispose to cardiac 

arrhythmias such as paroxysmal atrial fibrillation (65).

However, the precise temporal relationship between inflammation and cardiovascular diseases 

remains incompletely elucidated. Accumulating evidence suggests that the cardiovascular risk 

posed by certain conditions causing systemic inflammation (e.g. respiratory infections) may remain 

significant for several weeks after their onset (66 - 68). This might be one explanation for the lack 

of association between inflammatory markers and ischemic events in some cardiovascular patients.  

6.  Atherosclerosis 

Atherosclerosis is a chronic inflammatory disease, being characterized at its earliest stage by 

increased adhesiveness of inflammatory cells to activated endothelium. Inflammation is a complex 

process that often develops in response to infection and surgery.

During inflammation, cytokines are released into circulation causing exacerbation of intravascular 

inflammation. Interleukin-6 (IL-6), for instance, stimulates the synthesis of CRP, a hallmark of 

systemic inflammation (69). Inflammation is now recognized as an important contributor to 

atherosclerosis, and is involved in the pathogenesis of acute vascular complications (70).

CRP seems to be an independent predictor of major cardiovascular events, such as heart attack and 

stroke. High sensitivity CRP assay is increasingly becoming a routine biochemical test in 

predicting the cardiovascular risk. Circulating CRP in healthy people is undetectable or very low; 
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elevated levels are strongly associated with inflammation. CRP appears to be an important marker 

of pathology in metabolic disorders such as syndrome X and diabetes mellitus, obesity, 

hypertension, and other cardiovascular diseases (71) 

Inflammation could be the common pathway in atherosclerosis and its clinical manifestations. 

Children with signs of infection at their death presented intimal thickening of coronary arteries 

(72). Infections have been shown to initiate intimal thickening in some experimental series (73). 

Acute respiratory infections have been suggested to initiate an increased risk of acute myocardial 

infarction (74).

Ross and Glomset (75) presented in 1997 their response-to-injury theory that a single damaging hit 

initiates intimal thickening followed by incomplete resolution. Repeating noxious hits could cause 

in a cumulative manner progressive thickening of the arterial intima. This hypothesis is in keeping 

with previous data from serial angiographic studies indicating a stepwise rather than a linear 

progression of atherosclerosis (76). Studies by Liuba et al showed that endothelial dysfunction 

developed after an acute infection with C pneumonia in both mice (73) and piglets (77). Pesonen et 

al (78) showed that elevated viral and Chlamydia infections were associated with increased 

incidence of acute coronary syndromes in an additive manner. These findings are concordant with 

a statistical model suggesting increased risk of developing CAD after repeated short-acting 

damaging factors (79).  

7.  Inflammation after open heart surgery

CRP is an important inflammatory mediator mainly synthesized by the liver in response to pro-

inflammatory cytokines such as IL-6. CRP rises rapidly after surgery reaching a peak 

approximately 24-48 hours after surgery (80). Data from both in vivo and in vitro studies using 

commercial recombinant CRP leading to a wide range of intravascular concentration suggested 

possible dichotomous effects of CRP on the vasomotor tone and reactivity of conduit arteries (81). 

Some possible explanations for such contradictory results might include contamination of the CRP 

extract with other substances such as endotoxin and sodium azide (82). Several studies have found 

an association between CRP and the risk of developing atrial fibrillation or myocardial dysfunction 

after CPB surgery (83). The adverse effects of CRP on the myocardium were demonstrated to 

occur in non-surgery patients as well (84), which lends support to the concept that CRP might be 

an independent mechanism in the pathogenesis of various myocardial diseases (85). The coronary 

microcirculation is the main determinant of myocardial perfusion, but there is no clinical proof of 

the effects of surgery on the coronary microcirculation. 
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AIMS

Study 1 

To elucidate the effects of previous infections on risk factors for CAD in children.

Study 2

To investigate the effects of type 1 diabetes and mild respiratory infection on arterial endothelial 

function.

Studies 3 and 4

To study the effects of CPB surgery (study 3) and device closure of an atrial septal defect (study 4) 

on coronary flow. 

Study 5

To investigate whether CRP relates to the post-surgical changes in coronary flow.
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MATERIALS AND METHODS 

Subjects

Study 1 

In 1983 and again 3 years later, blood samples of 2458 individuals aged 9, 12, 15, 18 and 21 years 

were investigated. In 1986, 106 subjects had symptoms of infection during the past 2 weeks prior 

to their follow-up visit. Their serum albumin and lipid concentrations were compared to those in 

1983 when these individuals probably were healthy. Age- and gender-matched healthy controls 

from the 1986s cohort were chosen for comparison.  

Study 2 

Endothelial vasomotor function of the brachial artery was studied in 26 children with type 1 

diabetes. Of these, 11 children had upper respiratory tract infection (body temperature >38°C and 

flu-like symptoms) during the past 2 months. None of the children who had infection required

antibiotic treatment or hospitalization. Ten age- and weight-matched healthy children served as 

controls.

Studies 3, 4 and 5 

Coronary flow was investigated in children with CHD by TTDE. In study 3, patients (n=18) with 

left-to-right shunt (ventricular and atrioventricular septal defects) were examined before and after 

surgery. Similarly, children (n=12) with coarctation of the aorta were investigated before and after 

the surgery. In study 4, children (n=27) with ASD were compared before and after the surgery via 

CPB or device closure of ASD by cardiac catheter intervention technique. The association of CRP 

with coronary flow in patients after open heart surgery was investigated in study 5. 

Methods

Echocardiography equipment

Endothelial vasomotor function and coronary flow examinations were performed using a high 

resolution ultrasound system (Sequoia™ C512 Acuson Mountain View, CA, USA). A linear 

transducer of 15MHz was used for studying the endothelial function (study 2). In studies 3, 4, and 

5, coronary flow of neonates and older children was visualised with 7-10 MHz and 4-5 MHz 

transducers, respectively. Standard M- and B-mode and Doppler echocardiographic studies were 

performed to determine the anatomy and function of the heart.
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Echocardiography settings 

Study 2: Ultrasound assessment of endothelial vasomotor function 

The methodology is described in details elsewhere (86).  Briefly, longitudinal scans of the brachial 

artery (non-dominant arm) located several centimetres above the antecubital fossa were imaged via 

a 15-MHz linear ultrasound transducer. The ultrasound beam frequency was set at 8 MHz. Once 

the image was obtained, the transducer was positioned throughout the study with aid of a 

transducer arm.                                     

Studies 3, 4 and 5: Ultrasound assessment of coronary blood flow

For coronary blood flow and flow velocity measurements the following adjustments in the 

ultrasound machine were made (35, 87): space-time in high frame rate (T1), wall filter was set at 

two thirds (F2), and the colour gain was adjusted to minimize colour flow signal scatter (gate 3). 

Pulsed Doppler of 4.5 MHz and sweep rate of 100 mm/s were used. Velocity setting of 15-40 cm/s 

before and 30-60 cm/s after surgery was needed. Measurements were corrected for the angle 

between the Doppler beam and the coronary flow direction. True velocity was defined as the 

measured velocity divided by the cosine of the angle between the Doppler beam and the direction 

of blood. 

Assessment of endothelial vasomotor function

ECG-gated end-diastolic scans of the artery were recorded at baseline, and a pressure cuff 

tourniquet placed around the forearm was thereafter inflated to 200 mmHg (minimum 50 mmHg 

over the systolic blood pressure) for 5 minutes. Frames were taken for 15 seconds before and 120 

seconds after cuff deflation. Following a 10-minute recovery period, additional frames were taken 

before and 4 minutes after sublingual administration of 400 μg glycerol trinitrate (GTN spray). The 

latter was used as endothelium-independent vasodilator. All ultrasound frames were transferred to 

a computer via a video frame grabber for offline edge-detection measurements of the brachial 

artery diameter (Data Acquisition and Analysis, Information Integrity 1.51, USA). Flow-mediated 

and GTN-induced brachial artery dilatation were expressed as maximum percent dilatation 

following cuff deflation and GTN administration, respectively.  

Flow measurements

The bifurcation of the left main coronary artery was imaged from the standard parasternal short-

axis view of the great arteries. The internal dimension of the left anterior descending artery (LAD) 

was measured at the R-wave with the callipers applied on the inner borders. Measurements of 
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coronary artery diameter by TTDE correlate well with those obtained by quantitative coronary 

angiography (88, 89). The velocity scale was decreased to the minimum range and then gradually 

increased until colour signals were optimized within the vessel lumen. After obtaining good 

coronary flow signals, the pulsed Doppler sample volume was placed within the LAD artery 2-3 

mm distal to the bifurcation of the left main coronary artery, and the sample volume was adjusted 

to 0.5-1.0 mm. A sample volume that gave the best quality envelope and pure sound throughout the 

cardiac cycle was chosen.

Flow in the proximal half of the PDA running in the posterior interventricular groove was 

registered. An apical 4-chamber view was obtained. The probe was angulated anteriorly and 

rotated anticlockwise until the disappearance of right ventricle from the view. The technique was 

otherwise similar to that used in the registration of the flow in the LAD. Because the PDA was 

almost parallel to the reflecting ultrasound it was impossible to measure its diameter. Therefore the 

internal dimension of the main right coronary artery (RCA) was instead measured.   

All images were saved on a magnetic-optic disc and reviewed in a slow-motion, and single frame 

advance mode for analysis. The diameter of the aortic ring was measured in a long axis view by M-

mode to calculate cardiac output. Left ventricular mass (LVM) was calculated from M-mode in 

accordance to the American Society of Echocardiography’s recommendations (90). Left ventricular 

fractional shortening was computed from the standard formula (91). Arterial blood pressure was 

measured by an automatic sphygmomanometer (Dynamap, Critikon Inc, Tampa, Florida, USA). 

The rate-pressure product was calculated by multiplying heart rate with the mean systolic blood 

pressure (4). The myocardial oxygen consumption was calculated from the pressure-work index, 

which is calculated using an equation that incorporates RPP and left ventricular work divided by 

body weight (92). 

Blood analyses 

Plasma high-sensitivity CRP was measured by an enzyme-immunoassay using polyclonal 

antibodies (Dako, Copenhagen, Denmark), while an electroimmunoassay method (93) was used to 

assess plasma levels of fibrinogen and orosomucoid. The detection level for CRP was 0.2 mg/L. 

Plasma levels of von Willebrand factor antigen (vWF:Ag) was measured by enzyme-linked 

immunosorbent assay from natrium citrate-treated plasma (94). A modified ELISA was used to 

determine anti-oxLDL antibodies, which were expressed as the ratio of binding to oxLDL to 

binding to native LDL (oxLDL: native LDL). Plasma HDL, LDL, and total cholesterol levels were 

analysed by enzymatic methods using a Hitachi Modular-P system (Roche/Hitachi 912, Roche 

Diagnostics).
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Coronary Doppler data analysis and calculation 

The analysis package of the ultrasound unit was used for manual tracing of the spectral envelope. 

The flow velocity measurements across aortic valve were averaged over three consecutive cardiac 

cycles. Diastolic peak flow velocity (PFVd), systolic peak flow velocity (PFVs), diastolic velocity 

time integral (VTId) and systolic velocity time integral (VTIs) were measured. CF was calculated 

according to the following formula: CF=VTI x heart rate x  [diameter/2]2.

Statistical analyses 

Statistical analyses were performed using StatView® for Windows (SAS Inst. Inc. 5.0). A p value < 

0.05 was considered statistically significant. Results are presented as mean ± standard deviation 

unless otherwise specified. Paired student’s t test was used for comparison between the data before 

and after surgery. Simple regression analyses were used to calculate the correlation coefficients (r).  

Ethics

The study protocols were approved by the Ethics Committee for Human Research at the University 

of Lund.
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RESULTS AND DISCUSSION 

Effects of diabetes mellitus and infection on endothelial cell function –Studies 1 and 2 

Study 1 

On basis of the questionnaire, 106 (4.3%) of 2458 subjects had infectious symptoms during the

preceding 2 weeks. All had fever, but 63 of them reported temperatures over 380C. CRP was 

elevated in 22 subjects and orosomucoid in 25 subjects. The cholesterol concentrations of subjects with 

history of infection in 1986 were compared to the concentrations during probably infection free period in

1983, and to those of healthy controls in 1986. The study design is presented in Figure 2. 

Follow-up group Control group

I

II

                                             III                                                IV 

1986
Infected
  (n=106) 

  Infection Hx +

  APPs known 

  APP – (n=59)

  APP + (n=47)

 1986
Healthy controls
 (n=106) 

 Infection Hx –

 APPs known

 APP – (n=94) 

 1983
Probably Healthy 
(n=106)

Infection Hx unknown

APPs unknown

APP unknown (n=59) 

APP unknown (n=47)

Figure 2. Study design: The cholesterol concentrations of subjects with history of infection in 
1986 were compared to the concentrations during probably infection-free period in 1983, and to 
those of healthy controls in 1986. APPs = Acute Phase Proteins, Hx = History, + = 
positive/elevated, – = negative/normal. Roman numbers refer to the analysis steps.

Step 1 of analysis: Symptoms of mild infections were associated with lower levels of HDL-, LDL-, 

total cholesterol and the ratio of HDL/total cholesterol (table 1). These values were lower in 1986 

(positive history of infection) than in 1983 (non infection group) as reported earlier using 

multifactorial analysis (51). When using Z-scores HDL-cholesterol proved to be significantly

decreased (p=0.01) in subjects with a positive history of infection. BMI values were normal in both 

groups and their Z-scores were similar (table 1). The Z-scores of HDL-cholesterol were lower in 

subjects when history of infection was positive as compared to their earlier “not infection

associated values” in 1983. The difference between the values increased with increasing evidence 
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of inflammation. The mechanism behind seems to be inflammation as evidenced by the high 

association of lowered HDL-cholesterol concentration to inflammation markers CRP and

orosomucoid. In addition, serum albumin concentration was lower during the post infection period.

Table 1. Serum cholesterol and concentrations and BMI values in unknown history of infection 
(1983) and in history of infection (1986) groups, the actual values and the Z-score values adjusted 
for age and sex, n=106. Cholesterol values are in mmol/l.

Cholesterol
parameters

Unknown History of 
infection
(1983) n=106

Positive History of
infection
(1986) n=106

Difference (1986-83)

Mean  SD Mean  SD Mean  p-value
Total cholesterol
Z—score

4.90 0.74
-0.17

4.56 0.71
-0.24

0.34   <0.0001
0.07 0.34

LDL—cholesterol
Z—score

2.93 0.63
-0.16

2.81 0.61
-0.18

0.12 0.03
0.02 0.69

HDL—cholesterol
Z—score

1.61 0.34
-0.06

1.36 0.26
-0.27

0.25   <0.0001
0.19 0.01

HDL/total cholesterol 
Z—score

0.33 0.07
0.08

0.30 0.06
-0.07

0.03 0.02
0.14  0.06

BMI
Z—Score

18.8  3.8 
-0.049

20.1  4.0 
-0.110

1.3  <0.0001
0.061 0.29

Step 2 of analysis: In 59 subjects investigated both in 1983 and 1986 and having non elevated 

levels of APPs  (CRP and orosomucoid)  but positive history of infection in 1986 the HDL-

cholesterol Z-scores were significantly lower during infection in 1986 (table 2). There were no 

differences in BMI Z-scores.

Table 2. Cholesterol parameters in 59 subjects with positive history of infection and normal levels 
of APPs compared to their values during probably infection free period (1986 values compared to 
1983 values). APPs were not known. Cholesterol values are in mmol/l.

Cholesterol Parameters 1983
(n=59)

1986
(n=59)

Differences

Mean  SD Mean  SD Mean  p-value
Total Cholesterol
Z-score

4.83 0.73
-0.19

4.56 0.72
-0.16

0.27 0.005
0.03 0.8

LDL-Cholesterol
Z-score

2.87 0.66
-0.22

2.78 0.61
-0.14

0.09 0.2
0.08 0.6

HDL-Cholesterol
Z-score

1.60 0.34
-0.07

1.40 0.23
-0.09

0.20   <0.0001
0.02 0.9

HDL/total Cholesterol
Z-score

0.33 0.07
0.11

0.31 0.06
0.05

0.02 0.002
0.06 0.8

BMI
Z-score

19.3  3.8 
-0.036

20.5  3.7 
-0.145

1.2   <0.0001
0.109  0.15
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Step 3 of analysis: In 47/106 subjects with elevated CRP  5mg/l or orosomucoid  1.1gm/l in 

1986 and 47/106 subjects with probably normal (not measured) values in 1983, the difference in 

HDL Z-score was even higher than that based on the grouping based on the history alone (0.49 

as compared to 0.19). (table 3). Elevated APPs were used as an objective evidence of a past 

infection, if they were elevated the change of the HDL-cholesterol was most significant even if 

all cholesterol values showed a trend for declining. Especially HDL-cholesterol decreased during 

an infection which is demonstrated the ratio of HDL/total cholesterol.

Table 3. Cholesterol parameters in 47 subjects with positive history of infection and elevated APPs 
compared to values during probably infection free period (1986 values compared to 1983 values) 
and APPs not known. CRP 5 mg/l or orosomucoid 1.1 g/l is APPs positive. Cholesterol values
are in mmol/l.

Cholesterol Parameters 1983
(n=47)

1986
(n=47)

Differences

Mean  SD Mean  SD Mean  p-value
Total Cholesterol
Z-score

4.90 0.75
-0.18

4.48 0.70
-0.37

0.42 0.0002
0.19 0.14

LDL-Cholesterol
Z-score

2.92 0.61
-0.14

2.77 0.63
-0.25

0.13 0.12
0.11 0.40

HDL-Cholesterol
Z-score

1.62 0.35
-0.04

1.29 0.27
-0.53

0.33   <0.0001
0.49 0.0007

HDL/total Cholesterol
Z-score

0.33 0.07
0.09

0.29 0.06
-0.25

0.04   <0.0001
0.34 0.01

BMI
Z-score

19.0 3.9
-0.066

20.4 4.5
0.065

1.4   <0.0001
-0.131  0.9

Step 4 in the analysis: In 1986 serum CRP or orosomucoid concentrations were elevated in 47/106 

subjects with positive history of infection and were normal in 94/106 of age-and sex-matched

healthy controls. The Z-score difference of 0.79 (p=0.0001) in serum HDL-cholesterol was

especially high. Even total cholesterol concentration was significantly decreased (Z-score 

difference 0.61, p=0.002). BMI were normal and Z-scores similar between the groups (table 4).

Mean serum albumin concentration was 46 g/l in controls and 42 g/l in infection group in 1986 

(p<0.0001). There was no significant correlation between serum albumin concentration values and 

HDL-cholesterol Z-score values. Theoretically, repeated bouts of infection with temporarily

increased risk factor levels could increase the risk in a cumulative manner for later CAD as 

suggested by Ross and Glomset (75).
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Table 4. Cholesterol and albumin concentrations in 1986 in subjects: A. With positive history of 
infection and elevated APPs, (n=47); B. With positive history of infection, (n=106); C. With no 
history of infection and non elevated APPs, (n=94). Cholesterol values are in mmol/l.

Cholesterol/Albumin 
parameters 

A.
(n=47) 

B.
(n=106) 

C.
(n=94) 

Difference between A and C 

Mean    SD Mean   SD Mean   SD Mean   p-value 

Total cholesterol  
Z-score 

4.48    0.70 
-0.37 

4.56     0.71 
-0.24 

4.88     0.76 
0.24

0.40     0.02 
0.61     0.002 

LDL-cholesterol 
Z-score 

2.79    0.63 
-0.25 

2.8     0.61 
-0.18 

3.03       0.70 
0.18 

0.25     0.10 
0.43     0.03 

HDL-cholesterol 
Z-score 

1.29    0.27 
-0.53 

1.36     0.26 
-0.27 

1.49     0.27 
0.26 

0.21     0.0001 
 0.79    0.0001    

HDL/total cholesterol   
Z-score 

0.29    0.06 
-0.25 

0.30     0.06 
-0.07 

0.31     0.06 
0.08 

0.02     0.04 
 0.32    0.03            

Albumin g/l 43.1     4.5 42.0     3.4 46.7        3.7  3.6      0.002 

BMI
Z-score 

20.37    4.5 
-0.06  

20.1   4.0 
-0.11 

20.43     3.1 
0.05 

0.06     0.9 
-0.11    0.9 

Physiological concentrations of albumin selectively inhibit tumour necrosis factor-  (TNF-alpha) 

induced vascular cell adhesion molecule-1 (VCAM-1) expression, monocyte adhesion and nuclear 

factor-KB (NF-KB) activation in human aortic endothelial cells (95). Low serum albumin is 

reported to be associated with an increased mortality rate among healthy subjects without evidence 

of inflammation (96). Djousse and colleagues found that low levels of serum albumin and serum 

bilirubin are associated with a greater than expected risk of myocardial infarction (97). Increasing 

of serum albumin levels has been suggested as an effective strategy to lower cardiovascular risk 

(95). Disrupted micro-vascular barrier during infection may also lead to albumin leakage (98). 

The proatherogenic changes in lipoproteins may be one link between infection/inflammation and 

atherosclerosis. Lipid alterations may be triggered by the inflammatory response to infection. 

Several cytokines including TNF- , interleukines, and interferon decrease serum HDL-cholesterol 

(99). The susceptibility of LDL to oxidation increases during the acute phase response initiated by 

infection (100). Viral infections may increase the risk for atherosclerotic clinical events by 

decreasing HDL-cholesterol (101). Acute infections in children have been shown to be 

accompanied by oxidative modification of LDL-cholesterol (52). 

Study 2 

No differences in the studied clinical and metabolic variables were noted between the infection and 

noninfection groups of diabetic children with the exception of vWF, which was higher in the 
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diabetic children who had infection (table 5). In the diabetic children, a direct correlation was noted 

between oxidized LDL and CRP (r = 0.5, p = 0.03).

Table 5: Descriptive clinical and metabolic data. NS=non-significant. Data are means ± SD. 
_____________________________________________________________
   Diabetics   Post-infection  p  
                                                                                &diabetic 
_________________________________________________________________________ 
Number   15  11 --  
Age (years)    14 ± 4  14 ± 3 NS 
Weight (kg)   53 ± 19               60 ± 20 NS                                               
Duration of diabetes (years)  5 ± 3  6 ± 4 NS 
Systolic BP (mm Hg)   113 ± 10             107 ± 13 NS 
Diastolic BP (mm Hg)     60 ± 8  61 ± 11 NS 
HBA1c (%)  7.3 ± 2  7 ± 1.1 NS 
3-month HBA1c (%)  7.1 ± 1.9  6.9 ± 1.5  NS 
Albumin (g/l)   42 ± 3  40 ± 3 NS 
Cholesterol (mmol/l)  4.1 ± 0.6  4.7 ± 1 NS 
HDL-cholesterol (mmol/l)  1.7 ± 0.5  2 ± 0.3 NS 
LDL-cholesterol (mmol/l)  2.2 ± 0.6  2.5 ± 1.1 NS 
Oxidized LDL  1.8 ± 1.2  1.9 ± 1.1 NS 
CRP (mg/ml)  2.2 ± 3.7  1.1 ± 2.5 NS 
Orosomucoid (mg/ml)     0.7 ± 0.1   0.6 ± 0.2 NS 
von Willebrand (IE/ml)    1.3 ± 0.4   1.9 ± 0.5 <0.05 
_________________________________________________________________________ 

Infection did not affect the baseline diameter and the GTN-induced dilatory response of brachial 

artery (figure 3, panel A and B). In contrast, diabetic children who had a recent respiratory 

infection had significantly lower FMD than diabetic children without infection (figure 4, panel A 

and B). In the infection group, FMD related inversely to orosomucoid concentration (r = -0.8,

p < 0.05). Overall, diabetic children had lower FMD than healthy children (5.6±2% and 9.1±3%, 

respectively, p<0.01). FMD was inversely correlated with vWF (r = -0.4, p < 0.05), CRP (r = -0.6, 

p = 0.01), and LDL cholesterol (r = -0.6, p < 0.01). 
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Figure 3: Baseline diameter (Panel A) and glyceryl trinitrate (GTN)-induced dilatation (Panel B) 
of the brachial artery in infection (n=11) and non-infection (n=15) diabetic patients. Data are mean
± SD; NS = non-significant. 
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Figure 4: Flow-mediated (endothelium-dependent) dilatation of the brachial artery (Panel A: mean
values; Panel B: scattergram) in the infection (n=11, white-filled circles) and non-infection (n=15, 
grey circles) diabetic patients, and in controls (n=10, black circles). Data are mean ± SEM. 
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Diabetic children have an impaired immunity, being apparently more susceptible to recurrent acute 

respiratory infections (60). Acute respiratory viral infections seemed to aggravate the arterial 

endothelial dysfunction. The vascular dysfunction in type 1 diabetes is likely to be mediated in part 

by a low-grade systemic inflammatory process as suggested by the inverse correlation between 

FMD and CRP. Also, LDL-cholesterol was inversely correlated with FMD. Acute infections could 

cause short-lasting inflammatory response with subsequent endothelial damage, which, depending 

on the frequency of infections and presence of additional cardiovascular risk factors (e.g., 

diabetes), might be critical for the development of atherosclerosis (102). Liuba et al suggested that 

various types of acute infections could elicit proatherogenic changes in arterial structure (52).   

Effects of cardiopulmonary bypass surgery on Coronary flow - Studies 3 and 4 

Study 3 

The study is the first to assess by means of TTDE the effect of CPB surgery on CF. The results 

indicate that LAD flow in children with left-to-right shunt is increased for at least 5 days after CPB 

surgery. Because there is a certain maximal dilatory state that can be reached, an increase in CF 

may lead to impaired CFR (103). Our findings are in keeping with earlier studies by PET and 

IDGW showing a drop in CFR after CPB surgery (104). 

Infants with ventricular left-to-right shunt before surgery 

The mean age of the patients was 6 months and the range was 3 to 18 months. Satisfactory 

coronary flow signals in LAD were obtained in 95% of cases. The mean diameter of LAD in 

patients was 1.7±0.3 mm, and in their age-matched controls 1.5±0.2 mm. VTIs+d was 9±3 cm and 

10±3 cm in controls and PFVd 36±10 cm/s and 38±5 cm/s in controls. Mean CF in LAD was 27±4 

ml/min in patients, and, 17±5 ml/minute in controls.  

Neonates with coarctation of aorta before surgery 

The mean age of patients was 10 days and the range was 2 to 50 days. Coronary flow in LAD was 

obtained in all patients with coarctation. The LAD mean diameter was 1.8±0.1 mm in patients and 

1.2±0.1 mm in controls. VTIs+d was 11±4 cm in patients and 6±2 cm in controls. PFVd was 42±14 

cm/s in patients and 26±8 cm/s in controls. The LAD flow in patients was 44±20 ml/min and in 

age-matched neonates 8±4 ml/minute.  

During the first months of life, the PFVd, VTIs+d and LAD flow increase. These changes are 

related to the rapid normal body growth during this period. The physiological improvement in left 
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ventricular relaxation and compliance occurring during the first months of life could be an 

additional explanatory factor for the increase in coronary flow parameters (105). 

Infants with ventricular left- to-right shunt after CPB surgery 

The mean (range) aortic cross clamp time was 108 (90–193) minutes and CPB time 70 (47–121) 

min. There was no correlation between the change in CF before and after surgery and the duration 

of the CPB. Mean LV mass, LV fractional shortening, cardiac output, rate-pressure product and 

systolic and diastolic blood pressure were similar before and after surgery. Myocardial oxygen 

consumption increased after surgery from 65±23 to 71±27 ml O2/minute per 100 gram, p<0.02. 

There was no correlation between VTId+s or CF and myocardial oxygen consumption. Heart rate 

was significantly greater before surgery (139 versus 129 beats/min, p=0.02; table 6).  

Table 6. Haemodynamic and echocardiographic data before and 5±1 days after surgery with CPB 
in patients with shunt (n=18) and controls (n=19). Data are presented as mean (SD).  
BP=blood pressure, RPP=rate-pressure product, HR=heart rate, CO=cardiac output, FS=fractional 
shortening, CPB=cardiopulmonary bypass, LAD=Left anterior descending artery, VTId+s=velocity time 
integral in diastole, and systole, PFV=peak flow velocity. * Pre-surgery versus after surgery. 

_________________________________________________________________________________
                                             Controls (n=19)                        Patients (n=18)     
                                                                                  Before surgery    After surgery    p*                        
                                               Mean (SD)                 Mean (SD)          Mean (SD) 
 _________________________________________________________________________________
                                                                                    
Age months (range)             6.5 (3 - 16)                 6 (3-18)                6 (3-18)            --   
Systolic BP (mmHg)           89 (7)                         95 (10.0)              98 (5.0)             0.46                 
Diastolic BP (mmHg)         50 (6)                          53 (8.0)                54 (8.0)             0.9   
HR (beats/min.)                  132 (10)                     139 (15)               129 (17)            0.02 
RPP (mmHg/min)                11940 (1690)             13278 (1127)       12672 (1050)    0.25            
CO (ml/min/kg)                    446 (133)                    422 (222)            423 (191.3)       0.9                      
FS (% )                                 36 (4)                          46 (9)                   42 (9)               0.5 
LVM (g)                               21 (5.6)                       25 (10)                 25 (10)              -- 
Aortic cross clamp time         --                                --                          58.9 (23.5)       -- 
(min) 
CPB duration (min)                --                                 --                          98.8 (30.6)      -- 
Hb (gm%)                              --                                12 (1)                   13 (0.9)             0.0001 
LAD diameter (mm)              1.5 (0.2)                     1.7 (0.3)               2.1 (0.4)            0.001  
LAD VTId+s (cm)                 10 (3)                          9 (3.0)                  14 (5.0)             0.05 
LAD PFVd (cm/s)                 38 (5)                         36 (10)                 49 (16)              0.05  
LAD flow (ml/min.)              17 (5)                         27 (4)                   63 (18)              0.004
_________________________________________________________________________________
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CF correlated to rate-pressure product after surgery (r=0.5, p<0.04) (figure 5). 

Figure 5: LAD flow correlates with the rate-pressure product after CPB surgery (r=0.5, p<0.04).

The mean LAD diameter increased from 1.7±0.3 mm to 2.0±0.4 mm (p=0.001). There was no 

correlation between CF and LAD diameter. LAD VTIs+d increased from 9±3 to 14±5 cm (p=0.05) 

and PFVd from 36±10 to 49±16 cm/s (p=0.05). An example of a flow signal taken after CPB

surgery is presented in figure 6.

Figure 6: Pulsed-wave Doppler profile of coronary velocity signal in LAD after surgery with CPB. 
CF increased from 27±4 to 63±11 ml/minute (p=0.0001, figure 7). Haemoglobin concentration was 
higher on 5±1 days postoperatively (12±1 vs. 13±0.9 gm per 100 ml, p<0.0001).
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Figure 7: LAD flow before and after CPB surgery.  The box plot displays the 25th percentile, 
median, and 75th percentile, as well as the 10th and 90th percentiles as horizontal lines outside the 
box.

CPB surgery is associated with several factors that may adversely influence the normal function of 

the arterial endothelial and smooth muscle cells. Complement system is activated, proinflammatory

cytokines are released, oxidative stress and disturbances in calcium homeostasis lead to ischemia-

reperfusion (106). Haemolysis has been suggested to be the main cause of early oxidative stress

(107). TNF-  upregulates inducible nitric oxide synthase (iNOS) with subsequent increased release 

of nitric oxide (NO), which may contribute to the reduction in the intrinsic tone of coronary

microcirculation (108). Prolonged ischemia-reperfusion causes an increase in oxygen-derived free 

radicals such as superoxide anions. Superoxide reacts with NO forming peroxynitrate, which is

highly damaging for endothelial cells (109, 110). All these mechanisms may be important in the 

pathogenesis of coronary vasomotor dysfunction after CPB surgery (111 - 116).

Neonates with coarctation after off-pump surgery 

Mean LV mass, LV fractional shortening, cardiac output and heart rate before and after surgery 

were similar. The systolic and diastolic blood pressures were significantly decreased after surgery 

(102 and 80 mmHg, p=0.0003, and 55 and 42 mmHg, p=0.005 respectively). Rate-pressure product 

was higher before than after surgery (p=0.06; table 7). Myocardial oxygen consumption decreased 

after surgery from 18±4 to 15±3 ml O2/minute per 100gm, p<0.001. There was no correlation 

between CF and VTId+s and myocardial oxygen consumption. Before surgery, there was a weak 

correlation between CF and rate-pressure product (r=0.53, p=0.1).
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Table 7. Haemodynamic and echocardiographic data before and 5±1 days after surgery with non-
CPB in patients with coarctation of aorta (n=12) and in controls (n=55). Data are presented as 
mean (SD). BP=Blood pressure, RPP=rate-pressure product, HR=heart rate, CO=cardiac output, 
FS=fractional shortening, LAD=left anterior descending artery, VTId+s=velocity time integral in
diastole and systole, PFV=peak flow velocity. * Pre-surgery versus after surgery. 
_________________________________________________________________________________

Controls  (n=55)   Patients (n=12)
Before surgery After surgery p * 

 Mean (SD) Mean (SD)  Mean (SD)
_________________________________________________________________________________

Age (days) 5 (0.5-30 days) 10 (2-50 ) 10 (2-50) --
Systolic BP (mmHg)  79 (12) 102 (11) 80 (7.0) 0.0003
Diastolic BP (mmHg) 43 (10) 55 (8.0) 42 (4.0) 0.005
RPP (mmHg/min) 9724 (2042) 14302 (1310) 12045 (1298) 0.06
HR (beats/min) 123(17) 148 (6.5) 147 (10.6) 0.8
CO (ml/min/kg) -- 390 (121) 410 (130) 0.2
FS (%) 37 (5.1) 47 (10.2) 46 (9.5) 0.5
LVM (g) 12 (3) 14 (5.5)   14 (5.5) --
LAD diameter (mm) 1.2 (0.19) 1.8 (0.1) 1.7 (0.1) 0.06
LAD VTId+s (cm) 6 (2.0) 11 (4) 8 (2) 0.05
LAD PFVd (cm/s) 26 (8.0) 42 (14) 30 (10) 0.008
LAD flow (ml/min) 8 (4.0) 44 (20.0) 22 (18.0) 0.001
_________________________________________________________________________________
From Oskarsson et al. Am J Cardiol 90:557-61, 2002. 

LAD mean diameter was smaller after surgery than before surgery (1.7 ±0.1 vs. 1.8±0.1 mm, 

respectively; p=0.06). LAD VTIs+d decreased from 11 to 8±0.2 cm, (p=0.05), PFVd from 42±14

to 30±10 cm/s (p=0.008), and LAD flow from 44±20 to 22±14 ml/minute (p=0.001, figure 8). 

Figure 8: LAD flow before and after coarctectomy (off-pump surgery). The box plot displays the
25th percentile, median, and 75th percentile, as well as the 10th and 90th percentiles as horizontal lines 
outside the box.
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The hypertrophic myocardium due to coarctation implies increased demand of flow. After

coarctectomy, with subsequent decrease in cardiac pressure afterload, the LAD diameter, VTId+s, 

PFVd, CF all decreased but they were still higher on day 5 than in control neonates. This is 

probably due to the persistent myocardial hypertrophy, which is supported by the lack of difference 

in LVM between the time-points. The postoperative decrease of CF could lead to increase in CFR 

in these patients. 

In patients with coarctation of aorta, CF before surgery was higher than in the controls. The 

increase in CF before surgery in coarctation patients is related to coarctation-induced elevation in 

blood pressure and myocardial hypertrophy, which leads to high myocardial oxygen demand and 

consequent increase of coronary flow. The decrease in CF after coarctectomy appears to be related 

to the decrease in cardiac pressure afterload, rendering thus conceivable that off-pump surgery as 

such has little or no impact on coronary flow.  

Previous studies by PET in neonates operated with CPB have shown low CFR values (104). As 

suggested by the present study, a possible explanation could reside in the increased basal coronary 

flow after CPB surgery. Our findings suggest that the type of CHD and use of CPB during cardiac 

surgery are important factors affecting the postoperative resting coronary blood flow in children. 

Study 4 

The success rate for LAD registration was 100% and for PDA 90%. Heart rate and rate-pressure 

product (RPP) did not change significantly after closing atrial septal defects. Blood haemoglobin 

concentration was the same pre- and postoperatively (12.3 ± 0.7 vs. 11.9 ± 0.9 gm per 100 ml, p = 

0.3). Before the device closure, simple regression analysis showed a negative correlation between 

CF in PDA and RVEDP (figure 9) and also Qp/Qs, measured at cardiac catheterization (n=14) with 

(r = -0.61, p = 0.02 and r = 0.52, p = 0.06, respectively).



32

Figure 9: Blood flow in PDA correlates with right ventricular end diastolic pressure (r= -0.61, 
p=0.02).

After the device closure left ventricular fractional shortening increased from 35 ± 4% to 38.5 ± 5% 

and cardiac output from 595 ± 210 to 702 ± 170 ml/min/kg (p = 0.01 and 0.001 respectively) but 

remained the same after the surgery (Table 8). Aorta VTI increased significantly after the device 

closure from 22 ± 5.5 to 26 ± 5 cm (p = 0.001), but was similar before and after surgery. It has 

been shown earlier that longitudinal contractile function of the left ventricle decreases after surgery

for ASD, but not after the device closure supporting the recent findings (117). Left ventricular 

shortening fraction and cardiac output increased after the closure under the interventional cardiac 

catheterization. These features suggest that the device closure is a preferred method for closing 

ASD.

Table 8. Haemodynamic data 1 day before and 5±1 days after surgery and 1 day after device
closure of ASD. Data are presented as mean (standard deviation). BP=blood pressure, RPP=rate-
pressure product, HR=heart rate, CO=cardiac output, FS=fractioning shortening, 
CPB=cardiopulmonary bypass.
__________________________________________________________________________________

Surgery (n=13)    Catheter (n=14)
   Before After  p-value   Before After p

__________________________________________________________________________________
HR (beats/min.) 96 (12) 84(21) 0.18  99 (9) 97 (10) 0.5
Systolic BP (mmHg) 105 (11) 102 (11) 0.02 100 (10) 100 (8) 0.8
Diastolic BP (mmHg) 52 (7) 51 (6) 0.6  59 (7) 57 (5) 0.08
RPP (mmHg/min) 10081(1460) 8743 (2427) 0.08 9970 (1072) 9882  (1026) 0.6
CO (ml/min/kg) 460(140) 420 (160) 0.3 595 (210) 702 (170) 0.001
FS (%) 37 (8) 40 (5) 0.37 35 (4) 38.5 (5) 0.01
Aorta VTI (cm) 18 (3.8) 18 (4) 0.8  22 (5.5) 26 (5) 0.001
__________________________________________________________________________________
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Our study showed that CF in ASD patients was increased before surgery and remained elevated at 

least one to 5 days after the closure of the defect. Compared to the pre-treatment values, CF

decreased after the device closure but increased further after CPB surgery. The increased blood 

flow leads to decreased CFR as already suggested by Donnelly et al because arteries have a certain 

maximal dilatory state they can reach (104). 

After CPB surgery, LAD mean diameter increased from 1.7 ± 0.6 to 2.1 ± 0.4 mm (p=0.03), while 

it remained unchanged following the device closure. Also, after CPB surgery, LAD PFVd 

increased from 48 ± 10 to 70 ± 12 cm/s (p=0.0001), CF from 62 ± 18 to 105 ± 35 ml/minute

(p=0.0001) (figure10) and VTId+s from 18±4 to 24±4 cm (p=0.0003). RCA diameter increased 

from 1.5 ± 0.3 to 1.9 ± 0.2 mm, p=0.0003, and PDA PFVd from 42 ± 10 to 52 ± 8.8 cm/s (p=0.03). 

The estimated PDA flow (RCA diameter used instead of PDA diameter in calculations) increased 

from 36 ± 18 to 74 ± 41 ml/min (p=0.0008), and VTId+s from 13±5 to 25 ± 7 cm (p=0.005).

Figure 10: LAD flow before and after surgical closure of ASD and in controls. The box plot 
displays the 25th percentile, median, and 75th percentile, as well as the 10th and 90th percentiles as 
horizontal lines outside the box. 

All flow measures decreased substantially after the device closure: LAD PFVd from 51 ± 9 to 40 ±

7 cm/s (p=0.0001), CF from 66 ± 22 to 45 ± 18 ml/minute (p<0.0001) (figure 11) and VTId+s from 

20±2 to 16 ± 4.6 cm, p<0.04. The RCA diameter decreased from 1.7 ± 0.24 to 1.6 ± 0.27 mm, 

(p=0.2) and for the PDA PFVd decreased from 46 ± 7 to 30 ± 8 cm/s, (p=0.0001), CF from 40 ± 18 

to 30 ± 14 ml/min, p=0.001 and VTId+s from 14 ± 4 to 12±2 cm, p=0.1.
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Figure 11: LAD flow before and after device closure of ASD and in controls. The box plot displays 
the 25th percentile, median, and 75th percentile, as well as the 10th and 90th percentiles as horizontal 
lines outside the box. 

The coronary blood flow in LAD in the healthy controls was lower than in the patients even after

the device closure of ASD: PFVd 30 ± 11 cm/s, CF 30 ± 8 ml/min and VTId+s 14 ± 5 cm, as 

compared to PFVd 40 ± 7 cm/s, CF 45 ± 18 ml/min and VTId+s 16 ± 5 cm (p=0.0001, p=0.004 

and p=0.0001 respectively). In the PDA, flow parameters were also lower in controls than in the

patients even after the device closure PFVd 20 ± 5 cm/s, CF 20 ± 15 ml/min and VTId+s 10 ± 3 cm

(p=0.0001, p=0.003 and p=0.0001 respectively). The actual flow data are presented in tables 9 and 

10.

Table 9. LAD flow parameters in  after surgical and device closure of ASD and in controls. Data 
are presented as mean (standard deviation). VTId+s=velocity time integral in diastole and systole, 
PFV=peak flow velocity, CF=coronary flow. * Controls versus after device closure. 

___________________________________________________________________________________
Surgery (n=13) Device closure (n=14) Controls (n=14)
 Before After p-value Before After p-value  *p 

___________________________________________________________________________________
Diameter (mm) 1.7 (0.3) 2.1 (0.4) 0.03 1.7 (0.3)  1.6 (0.4) 0.1  1.7 (0.2) 0.09
PFVd (cm/s) 48 (10) 70 (12) 0.0001 51 (9) 40 (7) 0.0001 30 (11) 0.0001
CF (ml/min.) 62 (18) 105 (35) 0.0001 66 (22) 45 (18) 0.0001 30 (8) 0.004
VTId+s (cm) 18 (4) 24 (4) 0.0003 20 (2) 16 (5) 0.04 14 (5) 0.0001
___________________________________________________________________________________
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Table 10: PDA flow parameters before and after surgery and device closure of ASD, and in 
controls. Data are presented as mean (standard deviation). VTId+s=velocity time integral in 
diastole and systole, PFVd=peak flow velocity in diasole. * controls versus after device closure

______________________________________________________________________________________ 
                            Surgery (n=13)                          Device closure (n=14)             Controls (n=14)   
                             Before      After        p value        Before      After        p value                          *p     
______________________________________________________________________________________
Diameter (mm)     1.5 (0.3)    1.9 (0.2)  0.0003       1.7 (0.2)    1.6 (0.3) 0.2            1.6 (0.15)   0.8  
PFVd (cm/s)         42 (10)      52 (9)       0.03           46 (7)        30 (8)       0.0001      20 (5)         0.0001 
CF (ml/min.)        36 (18)      74 (41)     0.0008       40 (18)      30 (14)     0.0001      20 (5)         0.003 
VTId+s (cm)        13 (5)        25 (7)       0.005       14 (4)         12 (2)       0.1            10 (3)         0.0001 
______________________________________________________________________________________ 

There was an increased flow in both main coronary arteries before the closure of ASD. The flow 

decreased after device closure but it did not decline to control values. The mechanism of increased 

coronary flow before intervention could be that the volume overload on the right side of the heart 

leads to increased secretion of atrial natriuretic peptide, which is a potent vasodilator (118). 

Likewise the overflow through the lungs leads to increased shear stress of the endothelial cells of 

the pulmonary arteries, which is a stimulus for the secretion of vasoactive substances such as 

prostacyclin (119).

Effects of C-reactive protein on Coronary flow - Study 5

Before surgery, all children had CRP levels under the detection limit (<0.8 mg/L). CRP increased 

significantly by day 2 (median: 25, range: 4 to 142 mg/L), and remained elevated on day 5 after 

surgery (median 11, range: 3 to 20 mg/L). Compared to the preoperative values, LAD flow, 

VTId+s and PFV in diastole were increased significantly on day 5 (27±8 vs 63±18 ml/minute, 

p=0.0001; 9±3 to 14±5 cm, p=0.05; and 36±10 to 49±16 cm/s, p=0.05 respectively). The post-

surgery VTId+s and PFV in diastole correlated inversely with log CRP (r= -0.6, p<0.01, and r=

-0.6, p<0.01, respectively; figure 12). 
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Figure 12: Left anterior descending coronary artery velocity time integral (LAD VTI) is inversely
correlated with log CRP on day 5 after surgery (r= -0.6, p<0.01). 

When patients were divided in relation to aorta clamping time (mean: 59 min, range: 33-121 min),

these associations remained significant only in those in whom clamping time exceeded 1 hour,

figure 13.

Figure 13: Effect of aorta clamping duration on the association between left anterior descending 
coronary artery velocity time integral in diastole and systole (LAD VTI) and log C-reactive protein 
on the fifth day after surgery. 
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Surgery and CPB are strong stimuli for systemic inflammation in both children and adults being 

characterized by intense and rapid rise of inflammatory cytokines, followed from day 2 by 100-200 

fold increase in CRP levels (115). Importantly, the rise in CRP postoperatively, particularly in 

adult patients, coincides with increased risk for cardiovascular complications such as 

hemodynamic instability, myocardial ischemia, arrhythmias, and even multi-organ failure in severe

cases (81). It has therefore been speculated that the CRP related changes in coronary circulation

could be a pathophysiological substrate for the clinical outcome (116).

The significant inverse association between CRP and coronary flow velocity suggests a role of 

CRP in the impaired vasomotion of coronary circulation. Since the coronary flow velocity but not 

the diameter of the LAD correlated with CRP, we speculate that the possible inhibitory vasomotor

effect of CRP is mainly confined at the microcirculatory level. The possible detrimental effects of

CRP on coronary microcirculation appear to be exacerbated by prolonged aorta clamping during

CPB.

The post-surgery increase in VTI corrected for LVM was significantly lower among those patients

with CRP > 10 mg/L than in the remaining patients (5±2 vs. 2±1, respectively; p<0.05, figure 14).
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Figure 14: Effect of CRP on left anterior descending coronary artery velocity time integral (LAD
VTI) corrected for left ventricular mass on day 5 after surgery (ANOVA).
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On day 5 postoperatively, neither the LAD diameter nor the LAD flow correlated with CRP

(p>0.5). Similarly, CRP showed no association with left ventricle fractional shortening, cardiac 

output, rate-pressure product, and mean arterial blood pressure (p>0.5 for all). After CPB surgery, 

the coronary microcirculatory phenotype is shifted to a highly disturbed state characterized by 

decreased myogenic tone, and impaired ability to dilate in response to physiological or 

pharmacological stimuli (114, 120). The mechanisms underlying the impaired coronary flow 

reserve appear to be manifold, and may include an unbalance between dilating and constricting 

compounds synthesized by the arterioles.  

Importantly, CRP stimulates release from endothelial cells of endothelin-1, which is a powerful 

vasoconstrictor (121). CPB surgery is an important source of endothelin-1 (122). CRP also poses a 

downregulatory action on the constitutive form of nitric oxide synthase via decreased eNOS 

mRNA stability, thereby resulting in decreased amounts of nitric oxide. Although a possible link 

between nitric oxide and CRP has been a focus of numerous studies employing peripheral conduit 

arteries, artery rings or endothelial cell culture, contradictory results have been obtained. In one 

previous study conducted in vitro (123), exposure of coronary arterioles to human recombinant 

CRP at a level comparable to those attained in our study (7 vs. 11 mg/L, respectively) resulted in a 

significant inhibition of the endothelium-dependent nitric oxide-mediated dilatation of the 

arterioles by increasing superoxide production from NAD(P)H oxidase via p38 kinase activation. 

The inhibitory effect of CRP persisted even after inactivation of endotoxin and sodium azide, two 

potent vasoconstritors known to contaminate the recombinant CRP (82).  

The coronary microcirculatory phenotype associated with CRP might be a consequence of the 

surgery-induced disturbances in the adjacent ventricular myocytes, which closely interact with the 

arteriolar smooth muscle cells. Particularly during CPB surgery, the myocardial cells are highly 

susceptible to damage via the inflammatory response and ischemia-reperfusion, with subsequent 

leukocyte infiltration and oedema surrounding the arterioles and, hence, arteriolar compression 

(124). This hypothesis appears however less plausible since neither the myocardium-related 

haemodynamical parameters (heart rate, contractile function, blood pressure) nor the surgical 

parameters (clamping, perfusion, and overall surgery duration) correlated with CRP. 
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Benefits for the health care and future perspectives 

The findings provide additional understanding of how various conditions affect coronary 

endothelial cells and flow. In children with diabetes, even a mild infection might have further 

detrimental effects on the arterial endothelial cells, and future studies should investigate whether 

anti-inflammatory strategies during clinically manifest viral infections could alleviate these effects. 

It is also important to investigate whether the adverse vascular effects of infection in children with 

diabetes may be further inhibited by a good glycaemic control. The alterations in coronary flow 

after CPB may contribute to the haemodynamic instability including arrhythmias and myocardial 

dysfunction.  Serial TTDE studies of coronary flow after CPB surgery are warranted to assess 

prospectively the impact of the described coronary flow changes on the clinical outcome. Serial 

TTDE studies may be extended to other conditions associated with coronary vasculopathy, such as 

Kawasaki disease and cardiac transplantation.
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CONCLUSIONS 

1. Mild infections are associated with decreased blood levels of HDL-cholesterol and 

albumin; both being established risk factors for atherosclerosis and coronary artery disease.

2. Arterial endothelial function is adversely influenced by mild respiratory infection 

particularly in children with cardiovascular risk factors such as type 1 diabetes.

3. The basal coronary flow is increased in patients with shunt lesions (VSD, AVSD, and 

ASD) and with coarctation of aorta. CPB surgery leads to a further increase in coronary 

flow shortly after the surgery. Increase of basal flow might be a possible mechanism of the 

earlier reported decrease of CFR after CPB surgery.

4. After the device closure of ASD, the coronary flow decreases, in contrast to increase of 

flow after CPB surgery. Device closure leads to improved left ventricular function already 

on day one after the procedure.

5. The rise in CRP is inversely associated with coronary flow velocity as assessed by TTDE, 

suggesting possible constrictive effects of CRP on coronary microcirculation. This could be 

one mechanism of the putative adverse effects of inflammation on myocardial physiology 

during the first week after cardiac surgery.
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