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Abstract

There are several types of abnormalities in the integrated physiology of pulmo-
nary circulation in congenital heart disease. The main pathology of Eisenmenger 
syndrome involves a change in pulmonary resistance and is the most commonly 
observed pathophysiology in pulmonary hypertension. Other diseases also pres-
ent with the main pathophysiological characteristic of reduced pulmonary com-
pliance, such as tetralogy of Fallot and multiple peripheral pulmonary stenosis. 
In addition, the cavo-pulmonary connection has the unique feature of both pul-
monary circulation and regulation. According to the differences in the patho-
physiological features of pulmonary circulation, therapeutic approaches may 
considerably differ between diseases and conditions. Physiology-based clinical 
insights with regard to pulmonary circulation in congenital heart disease will be 
discussed in this chapter.
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15.1  Introduction

This chapter discusses the pathophysiology of pulmonary circulation in congenital 
heart disease. This refers to the macrophysiology of cardiovascular hemodynamics, 
an understanding of which is essential for the treatment of patients with abnormal 
pulmonary circulation and congenital heart disease. We hope this chapter can pro-
vide some hints and insights for use in future research on pulmonary hypertension 
in congenital disease as well as in the fields of physiology and molecular and cel-
lular biology.

We will first discuss how we comprehensively assess integrated pulmonary cir-
culation in congenital heart disease in vivo. Subsequently, using methodology for 
comprehensive assessment, we will discuss the pathophysiological characteristics 
of pulmonary circulation in patients with various types of congenital heart disease.

15.2  Comprehensive Assessment of Integrated Pulmonary 
Circulation

15.2.1  Physiologic Components of Pulmonary Circulation

Pulmonary circulation consists of the following three major components: resistive, 
elastic, and reflective components. The resistive component is described as pulmo-
nary vascular resistance (PVR). PVR acts in opposition to mean or non-pulsatile 
steady flow and is analogous to electric resistance, which acts in opposition to direct 
current in an electronic circuit. Thus, PVR can be calculated as the ratio of mean 
pulmonary flow to mean pulmonary arterial pressure according to Ohm’s law for an 
electric circuit. In other words, PVR only determines mean pulmonary pressure 
according to the amount of pulmonary blood flow. An increase in PVR causes an 
increase in mean pulmonary arterial pressure without a marked change in pulse 
pressure (Fig. 15.1a).

The elastic component is vascular compliance or capacitance. The pulmonary 
artery is not a rigid tube but has elasticity to buffer intermittent pulsatile flow ejected 
by the right ventricle. Pulmonary arterial capacitance is a vascular property in this 
buffering system and is determined by both arterial wall elasticity and vascular size 
or volume. Pulmonary compliance/capacitance is analogous to a capacitor or con-
denser in an electric circuit. An alternating current but not a direct current goes in 
and out of the capacitor. Similarly, only pulsatile flow goes in and out of the pulmo-
nary vascular bed with capacitance and is associated with a change in pulse pres-
sure. When pulmonary capacitance is decreased, in other words, when the pulmonary 
arterial wall is stiff and/or pulmonary vascular bed is small, blood pressure increases 
through an increase in pulse pressure without a change in mean blood pressure 
(Fig. 15.1b).

There is yet another property of the elastic component of the pulmonary vascular 
bed. This is termed characteristic impedance and represents wall stiffness in the 
proximal artery. In an electric circuit, characteristic impedance is described as 
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resistance upstream of the resistor-capacitor parallel circuit. When characteristic 
impedance increases, in other words, when the proximal pulmonary arterial wall 
stiffens, blood pressure increases by an increase in pulse pressure above the dia-
stolic pressure as shown in Fig. 15.1c.

The last major component is a reflective component. The pulmonary vascular 
bed is not an infinite system but has an end at the left atrium. The pulmonary vascu-
lar bed also has many bifurcations with caliber changes. In this type of system, 
blood flow and pressure waves produce reflections at the site of a bifurcation or 
vessel caliber change [1, 2]. Therefore, the measured pressure or flow we observe is 
the sum of forward and reflected waves, and thus augmentation of reflected waves 
causes significant pressure elevation (Fig. 15.1d).

Therefore, abnormalities in each component contribute differently to pressure 
elevation in patients with pulmonary hypertension. Resistance change increases 
pulmonary arterial pressure (PAP) by increasing mean arterial pressure, changes in 
capacitance and characteristic impedance increase arterial pressure by increasing 
pulse pressure, and wave reflection increases PAP by adding reflected pressure. 
Therefore, to better understand the pathophysiology of pulmonary hypertension, it 
is very important to identify to what extent each of these components is abnormal 
and contributes to pressure elevation in pulmonary hypertension.

a b

c d

Fig. 15.1 Effects of changes in resistance (a), compliance (b), characteristic impedance (c), and 
wave reflection (d) on pulmonary artery pressure
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15.2.2  Impedance Analysis

Impedance analysis is an ideal method for this purpose by providing comprehen-
sive information regarding the vascular system, including vascular compliance 
and wave reflection as well as vascular resistance [3, 4]. To briefly explain 
(Fig. 15.2), instantaneously measured pressure and flow data are mathematically 
transformed as the sum of pressure and flow waves at each frequency of the inte-
ger multiple of a fundamental frequency. The fundamental frequency corre-
sponds to the heart rate. The ratio of pressure to flow at each frequency yields 
impedance spectra. Fig. 15.3 shows examples of impedance spectra. Impedance 
at 0 frequency, or zero oscillation, represents pulmonary resistance. Characteristic 
impedance is calculated as the average impedance at higher frequencies. 
Compliance is calculated from lower frequency impedance or the time constant 
of diastolic pressure decay. Wave reflection increases oscillation of the imped-
ance spectra at higher frequencies and is directly calculated using the formula 
described in Fig. 15.3. Thus, all other vascular components, including character-
istic impedance, pulmonary arterial compliance, and wave reflection, are obtained 
from these spectra.
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Fig. 15.2 Fourier transformation of pressure and flow data, yielding impedance spectra in the 
frequency domain
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15.3  Pathophysiological Characteristics of Pulmonary 
Circulation in Congenital Heart Disease

Using impedance analysis, let us discuss the pathophysiological characteristics of 
pulmonary circulation in patients with various types of congenital heart disease.

15.3.1  Abnormal Resistance Is the Main Pathophysiology

In the disease entity of abnormal pulmonary circulation, increased pulmonary resis-
tance is the main pathophysiology. Eisenmenger syndrome due to high pulmonary 
flow and idiopathic pulmonary arterial hypertension (PAH) are examples. Fig. 15.4 
shows an example of PAH due to patent ductus arteriosus in a 1-year-old patient 
with trisomy 21. PAP is 80/40 mmHg. Compared to a control patient with normal 
pulmonary arterial pressure, wave reflection (shown via the dashed lines) is aug-
mented in this patient. Impedance spectra exhibit an upward shift in this patient, 
particularly at 0 frequency or pulmonary resistance. There are also mild abnormali-
ties in characteristic impedance (Zc), compliance (C), and wave reflection. In this 
patient, oral administration of sildenafil markedly reduced PAP as shown by the 
yellow lines. This is mainly the result of reduction of pulmonary vascular resistance, 
with some degree of improvement in vascular compliance and wave reflection.
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Fig. 15.3 Example of impedance spectra, which provide comprehensive measurements of vascu-
lar properties, including pulmonary vascular resistance, characteristic impedance, pulmonary arte-
rial compliance, and wave reflection
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Fig. 15.5 Impedance data before and after oral administration of sildenafil. R, Zc, C, and RF 
represent resistance, characteristic impedance, compliance, and reflection factor

Here is another example of PAH in a 9-year-old girl after repair of transposition 
of the great arteries. PAP is 125/68 mmHg. Impedance spectra in this patient are 
characterized by a further upward shift of the yellow line compared to those in con-
trols and the previous case of PAH, indicating a more advanced stage of PAH 
(Fig. 15.5). Interestingly, oral administration of sildenafil, as shown by the yellow 
line, did not have a marked effect on pulmonary vascular resistance but still reduced 
PAP by 20 mmHg. This was mainly owing to the change in characteristic imped-
ance, which caused the reduction of pulse pressure (Fig. 15.6). These data show that 
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pharmacologic effects and the mechanism of action of pulmonary dilators can be 
different according to the disease stage and condition and that impedance analysis 
enables detailed assessment about where the main lesions of pathologic change are 
and how the vascular bed responds to medications.

In addition to each parameter of impedance, combining resistance and compli-
ance as their product, RC, also provides useful information about the pulmonary 
circulation. RC represents the time required for diastolic pressure decay, and a lon-
ger RC indicates that the blood does not go through the pulmonary vascular bed 
smoothly [5].

Therefore, advanced PAH should be associated with higher RC values. In fact, 
although PVR alone could not clearly distinguish pulmonary hypertension patients 
with irreversible pulmonary vascular disease from those whose PAP normalized 
after ventricular septal defect closure, plots of RC against Qp/Qs clearly distin-
guished the two groups [5].

15.3.2  Right Ventricular Function and Coupling to PA Load

In addition to the precise assessment and understanding of pathophysiological 
changes in the pulmonary vascular bed as shown thus far, an accurate assessment of 
intrinsic right ventricular (RV) contractility and its relation to the pulmonary artery 
(PA) load is essential for refining risk stratification and optimizing treatment in 
pulmonary hypertension because prognosis in PAH is now known to be strongly 
related to RV compensation rather than to the degree of the vascular injury itself as 
reported by many investigators [6–8]. Therefore, we will briefly introduce the 
method of assessing RV-PA interaction or RV-PA coupling.
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The ventricular pressure-volume relationship is the best way to demonstrate 
this [9–11]. An instantaneous plot of ventricular pressure and volume change 
yields a pressure-volume loop [12]. We can further construct successive ventricu-
lar pressure- volume loops during transient preload reduction with inferior vena 
cava occlusion [11, 13, 14]. The slope of the end-systolic pressure-volume rela-
tionship, called end- systolic elastance (Ees), represents ventricular contractility, 
whereas arterial elastance (Ea) represents ventricular afterload and provides 
information on PA impedance [14, 15]. Therefore, the simple ratio of Ees/Ea rep-
resents ventricular- arterial (V-A) coupling status [16]. Figure 15.7a shows the PV 
relationship in the normal left ventricle (LV). Compared to that for the LV, the 
normal RV pressure-volume relationship has, as shown in Fig. 15.7b, a triangular 
shape with a low ventricular contractility corresponding to the low PA impedance 
or low ventricular afterload. With progression of pulmonary hypertension, the RV 
generally adapts to increased afterload by increasing contractility, preserving V-A 
coupling status and, thereby, cardiac output (Fig. 15.8a, b). However, once the RV 
contractile adaptation begins to fail, the RV needs to increase its volume to pre-
serve cardiac output, leading to a course of progressive failure and poor outcome 
as shown in the yellow lines. The PV relationship is also useful to predict treat-
ment response. Because Ees represents ventricular systolic stiffness, it predicts 
pressure variation at a given change in loading condition and, thereby, treatment 
response [17, 18].
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15.3.3  Abnormalities of Compliance Is the Main Pathophysiology

Next, we will discuss another disease entity of abnormal pulmonary circulation in 
which change in arterial compliance is the predominant pathophysiology of pulmo-
nary hypertension. Tetralogy of Fallot (TOF) and multiple peripheral pulmonary ste-
nosis are representative of this group. We measured pulmonary vascular impedance 
in 29 pediatric patients with repaired TOF [19]. Impedance spectra of TOF shifted 
upward compared to those of control patients, and PA exhibited augmented pulse 
pressure with increased wave reflection [19]. As summarized in Fig. 15.9, the abnor-
mality of pulmonary vasculature in TOF is more evident in elastic components than 
in resistive components as shown by the increased characteristic impedance and 
decreased arterial compliance. Wave reflection is also augmented, contributing to the 
change in pulsatile nature of the pulmonary circulation in TOF. These data indicating 
enhanced pulmonary arterial stiffness are consistent with a previous histologic exam-
ination of the pulmonary artery in patients with TOF [20, 21]. Bedard et al. reported 
abnormal elastic tissue configuration and a high proportion of medionecrosis and 
elastic fragmentation [20]. These changes suggest decreased distensibility of the pul-
monary arteries. Importantly, we also found that decreased pulmonary compliance 
was associated with RV dilation independent of the severity of pulmonary regurgita-
tion [19]. Therefore, decreased pulmonary compliance in TOF serves as a pulsatile 
afterload to the RV and contributes to the progression of RV failure.

15.3.4  Non-pulsatile Pulmonary Flow Is the Main 
Pathophysiology

Lastly, cavo-pulmonary connection, as in Fontan or Glenn circulation, is another 
disease entity of abnormal pulmonary circulation in congenital heart disease. 
Although Fontan circulation does not cause apparent pulmonary hypertension, 
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unique pulmonary hemodynamics are characterized by non-pulsatile flow due to 
lack of a pulmonary ventricle [22]. The pulsatile nature of pulmonary blood flow is 
important for shear stress-mediated release of endothelium-derived nitric oxide 
(NO) and lowering of PVR, thereby reducing NO-cGMP-mediated vasodilatory 
capacity [23–25]. In addition, low cardiac output and elevated central venous pres-
sure (CVP) in Fontan circulation can activate vasoconstrictive hormones, including 
endothelin and angiotensin II [22, 26, 27]. Therefore, PVR is generally slightly but 
significantly higher than normal even in good Fontan status. In fact, we can decrease 
PVR using exogenous NO in patients late after Fontan surgery. Redington’s group 
examined NO responsiveness in 15 Fontan patients with a median postoperative 
period of 9 years and demonstrated significant reduction of PVR with inhaled NO. 
[28] Interestingly, the effect was even more evident in patients with total cavo- 
pulmonary connection (TCPC) than in those with atrio-pulmonary connection 
(APC) and some degree of pulmonary flow pulsatility, suggesting the importance of 
pulsatility [28]. Our own data also indicated significant reduction of PAP using 
sildenafil or tadalafil in 26 patients with Glenn circulation (Fig. 15.10).

There are many studies indicating activation of endothelin-1 or the renin- 
angiotensin system in Fontan circulation [29–31]. A significant correlation between 
endothelin-1 and PVR after the Fontan operation was also reported [31]. In addi-
tion, an endothelin receptor antagonist effectively reduced PVR in Fontan patients 
and improved exercise tolerance and quality of life [32]. Therefore, even in good 
Fontan status, pulmonary dilators targeting NO and endothelin pathways may have 
some role in improving Fontan pulmonary circulation and thereby improving the 
long-term outcome.

Let us briefly think about the role of pulmonary compliance or capacitance in the 
Fontan circulation. Theoretically, as we explained earlier, only pulsatile flow goes 
into capacitance, and thus, in the Fontan pulmonary circulation where pulmonary 
flow is basically non-pulsatile, PAP is determined predominantly by the PVR [22]. 
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Nonetheless, pulmonary vascular capacitance still possesses important pathophysi-
ological roles in the Fontan circulation. First, because of the direct connection of 
systemic and pulmonary circulation, pulmonary vascular capacitance serves as part 
of the total vascular impedance from the aorta to the pulmonary vascular bed [22]. 
Total vascular impedance is afterload to the Fontan single ventricle. As shown here, 
total vascular impedance, or ventricular afterload, increases with an increase in pul-
monary vascular capacitance [22]. Second, perhaps more importantly, our computer 
simulation clearly indicated that smaller pulmonary vascular capacitance is related 
to a more marked increase in CVP in response to changes in pulmonary blood vol-
ume, which can occur with exercise and excessive water intake [33, 34]. Therefore, 
CVP variation during daily life should be pronounced in Fontan patients with 
decreased pulmonary capacitance. As in the original “10 Commandments” or indi-
cations for Fontan surgery [35], pulmonary arterial size, which is related to pulmo-
nary capacitance, is important, independent of PVR, for the establishment of stable 
Fontan hemodynamics.

Similar to the effects of pulmonary artery capacitance, systemic venous capaci-
tance is important and is an even more important hemodynamic parameter to estab-
lish lower levels of CVP in the Fontan circulation [34, 36].

Figure 15.11 shows the effects of changes in each vascular parameter in Fontan 
hemodynamics [33]. Each parameter was changed by 50% from the baseline values 
and their effects on CVP were examined by computer simulation. As shown, venous 
capacitance has the strongest influence on the change in CVP, followed by pulmo-
nary capacitance and pulmonary resistance [33]. The importance of venous capaci-
tance is realized by our “super-Fontan” strategy, which is an aggressive venodilation 
therapy with nitrates and angiotensin-converting enzyme (ACE) inhibitors, and pul-
monary dilators if necessary, to achieve supernormal, extremely good Fontan circu-
lation [37]. In fact, this strategy significantly increases venous capacitance as 
measured by the dye-dilution technique [37–39]. As shown in Fig. 15.11, eight con-
secutive patients who received super-Fontan therapy soon after Fontan surgery had 
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significantly lower CVP values than patients without super-Fontan strategy at car-
diac catheterization 1 year after Fontan surgery; however, the cardiac index (CI) was 
comparable in both groups. Six patients who received super-Fontan therapy had 
CVP values of <10 mmHg.

In addition, we newly applied this strategy to 20 patients at an average 7 years 
postoperatively. The venous capacitance measured by the dye-dilution technique 
significantly increased after 6 months of this therapy. Importantly, with this change 
in venous capacitance, CVP again significantly and consistently decreased after the 
therapy without changes in heart rate and cardiac index.

We will close this chapter by presenting a case of protein-losing enteropathy 
(PLE) in which super-Fontan strategy was very effective. The patient was a 
16-year- old boy with asplenia syndrome, major atrio-pulmonary collateral arter-
ies, and atrioventricular valve regurgitation who underwent TCPC at the age of 7 
but developed PLE after the TCPC.  Every possible medication had been pre-
scribed. He was referred to our hospital and underwent the super-Fontan strategy, 
which effectively reduced CVP from 21 to 15  mmHg and, more importantly, 
resolved the PLE.

In summary, comprehensive assessment of changes in the pulmonary vascular 
bed and their coupling to RV function is important. Impedance analysis and deter-
mination of pressure-volume relationships are ideal methods for this purpose. There 
are several disease entities with abnormal pulmonary circulation in congenital heart 
disease characterized by abnormalities of resistance, compliance, and flow pulsatil-
ity. Venous capacitance as well as pulmonary resistance can be an important thera-
peutic target to improve Fontan prognosis.
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