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Learning Objec8ves

Upon	comple<on	of	this	ac<vity,	par<cipants	should	be	able	to:	
• Describe	the	impact	of	congenital	heart	disease	on	pulmonary	
func<on	
• Recognize	and	treat	abnormal	congenital	heart	disease-associate	
pulmonary	dysfunc<on	encountered	in	the	neonatal	period	
• Discuss	advances	in	neonatal	care	of	pa<ents	with	congenital	heart	
disease-associated	lung	pathology	



The Heart and The Lungs

+	 ≠	

“But	the	gods,	foreknowing	that	the	palpita<on	of	the	heart	in	the	
expecta<on	of	danger	and	the	swelling...of	passion	was	caused	by	fire,	
formed...as	a	supporter	to	the	heart	the	lung...as	a	soR	spring,	that,	when	
passion	was	rife	within,	the	heart,	bea<ng	against	a	yielding	body,	might	
be	cooled	and	suffer	less,	and	might...join	with	passion	in	the	service	of	
reason.”		
—Timaeus,	Plato	
	



Congenital heart disease and the lung

• CHD	is	common	(7-9	infants	out	of	1000	births)	
• CHD	profoundly	influences	airway,	lung	and	thoracic	anatomy	
• CHD	profoundly	influences	airway,	lung	and	thoracic	func<on	



From the neonatologist’s viewpoint…

Wren	et	al	(1999)	Arch	Dis	Child	Fetal	Neonatal	Ed	



Lakshminrusimha	(2012)	Clin	Perinatol	



From LUNGS’ viewpoint…

• Airway	Problems	
•  Cardiac	compression	
•  Vascular	compression	
•  Abnormal	anatomy	
•  Abnormal	reac<vity	

• Abnormal	Lung	Anatomy	
•  Orienta<on	
•  Segmenta<on	
•  Parenchyma	
•  Cilia<on	

• Δ Pulmonary	Blood	Flow	
• éPBF	
• êPBF	

• Δ Pulmonary	Vasculature	
•  Arterial	disease	
•  Venous	disease	
•  Abnormal	lympha<c	drainage	

• Dysregula<on	of	Ven<la<on	
•  Infec<ons	and	Bleeding	
• Postopera<ve	Problems`	

CHD	be	associated	with:	
	

ORen,	several	pathophysiological	paradigms	coexist	



Airway and lung compression by the heart

Effects	of	L	àR	shunt	
• Pulmonary		
•  Increased	total	PBF	
•  Normal	or	decreased	effec<ve	PBF	
•  Edema	

• Cardiac	
•  LA	enlargement	
•  LV	diastolic	dysfunc<on	(pulmonary	venous	hypertension)	
•  LA	hypertension	(pulmonary	venous	hypertension)	
•  Cardiomegaly	(direct	parenchymal	compression)	

• Airway	
•  Bronchial	compression	(by	heart	and	vessels)	
•  Atelectasis	(especially	LLL)	

VSD	 Arterial	Trunk	



Tetralogy of Fallot and other RVOTO lesions 
Effects of congenital abnormal pulmonary valve

• Abnormal	pulmonary	vessels	(most	common	in	ToF	APV)	
•  Abnormal	lung	lobula<on	
•  Abnormal	–	OBSTRUCTED	–	airways	

•  May	need	rescue	maneuvers	to	ven?late	EVEN	WHEN	INTUBATED	

NB1:	Valve	(or	RVOT)	always	steno<c	BUT	
ALSO	oRen	regurgitant	

NB2:	If	you	cannot	ven<late	infant	with	ToF	
APV	–	PUT	HIM	ON	HIS	BELLY!	

Abnormal,	engorged	pulmonary	vessels	move	off	airway	due	to	gravity	



Bronchoscopy in children with congenital heart 
disease and respiratory symptoms 
Extremely valuable

Chapohe	(1998)	J	Cardiothorac	Vasc	Anesth	
Lee	(2002)	Pediatr	Pulmon	

•  50-92%	of	children	with	CDH	who	underwent	bronchoscopy	due	to	
respiratory	symptoms	had	defini<ve	airway	anomalies	
•  6-10%	of	children	had	upper	and	lower	airway	anomalies	



Aberrant leK pulmonary artery

when one is found, the other should be specifically sought,23

although both long segment stenosis and bridging bronchus
occur in the absence of LPAS.16 The length and degree of steno-
sis is variable, it can involve the entire trachea or shorter airway
segment and can extend into the proximal main stem bronchi
(Fig. 8B), right more than left.23,24

A more complex variant of LPAS, a partial pulmonary sling
has also been described, where there is a normal LPA supplying
the left upper lobe and low type II LPAS supplying the lower left
lung (Figs. 9C and D). As in other type II slings, this variant also
is strongly associated with tracheal stenosis.16,25 Like complete
anomalous LPA, a partial anomalous LPA that passes anterior to
the trachea can occur, this is a relatively harmless anatomic
variant.7 It is crucial that the anterior (benign) or posterior
(LPAS) course of the LPA be assessed by imaging.7

Other lung abnormalities are associated with the type II
LPAS and may confound the picture and even mask the pres-

ence of a pulmonary sling. These include right-sided pulmo-
nary hypoplasia and agenesis (Figs. 4, 7, 9, and 10) (22% of
type II LPAS) with a small or absent RPA.4,8,6,11,26 Thus, both
bilateral hyperinflation (Fig. 5) or decreased right lung vol-
ume (Figs. 4, 7, 9, and 10) are characteristic findings in type
II LPAS. Occasional reports of LPAS with left lung hypoplasia
have been published.6,27

Variable tracheobronchomalacia or other vascular airway
compression may also be a component of airway problems in
patients with LPAS, especially in the presence of right lung
hypoplasia or agenesis with secondary dextroposition of the
heart and distortion of the great vessels with the horizontally
oriented aortic arch passing immediately anterior to the tra-
chea (Fig. 10).26,28

LPAS has been considered part of an expanded spectrum
of bronchopulmonary malformations which include various
elements of foregut malformations, airway anomalies, lung
parenchymal abnormalities, and vascular anomalies.16 Many
of these features have been described in association with
LPAS, especially type II, including the aforementioned air-
way and lung anomalies as well as Scimitar Syndrome and its
features, hypoplastic right lung, and pulmonary artery; ipsi-
lateral anomalous pulmonary venous return; pulmonary se-
questration and horseshoe lung (Fig. 9).16,29 There may be
stenosis of the origin of the anomalous LPA, in addition pe-
ripheral LPA stenoses have been described in conjunction
with left lung hypoplasia.30

Pulmonary slings are associated with numerous other or-
gan anomalies, including those of the VACTERL spectrum
(vertebral anomalies, imperforate anus, cardiac anomalies,
tracheoesophageal fistula, renal and limb anomalies).3,20,24

The most common associations are cardiovascular anomalies
(40%-60%), including left superior vena cava (may be un-
roofed), aberrant right subclavian artery (Fig. 4), aortic co-
arctation, PDA, partial anomalous pulmonary venous return,
atrial septal defect, ventricular septal defect, Tetralogy of Fal-
lot (Fig. 6), and more complex anomalies with single ventri-
cle physiology.2,8,11,13,14,20-24 Even other vascular rings, such
as double aortic arch can be associated with LPAS.29 Gastro-
intestinal anomalies, including imperforate anus (Fig. 6), bil-
iary atresia, absent gallbladder, Meckel’s diverticulum, and
Hirschsprung’s disease also coexist with LPAS.6,14,24

Imaging
Chest Radiographs
There are several radiographic findings that, while not defin-
itive, can suggest a possible pulmonary sling. In type I, a
characteristic radiographic finding is right-sided hyperinfla-
tion due to partial obstruction and right bronchomalacia;
occasionally left-sided hyperinflation is seen.1,2,16 In the early
newborn period, the abnormally ventilated right lung may be
fluid filled and appear more solid due to prolonged retention
of fetal lung fluid.1 Occasionally, a right sided tracheal bron-
chus above the carina may be evident radiographically. The
enlarged RPA may produce a rounded right sided soft tissue
density indenting the carina and right main stem bronchus.

Figure 3 Type IA LPAS. Five- and half-year-old F with cough and fever,
no stridor. A, MR of chest obtained because of outside chest radiograph
(not available) suggesting possible right aortic arch/vascular ring. Axial
T1 weighted image demonstrates a normal left arch but a prominent
RPA giving rise to the LPA (arrow) passing between the trachea at the
carina (*) and the esophgus (arrowhead). Note the normal caliber air-
way. B, Type 1 A LPAS, viewed from above. Note LPA arising from
proximal RPA and passing between the normal caliber trachea (t) and
esophagus (e) en route to the left lung. MPA ! main pulmonary artery;
LMSB ! left main stem bronchus. Reprinted with kind permission
from Springer Science " Business Media.21 (Color version of figure is
available online.)

160 B. Newman and Y. ah ChoType	1	–	“simple”	
•  Right-sided	tracheobronchomalacia	
•  Right	lung	hyperinfla<on	(vs.	CLE)	
•  No	associa<on	with	complete	tracheal	
rings	or	CHD	
•  Easy	repair	with	very	low	mortality	
	
Type	2	–	“not	simple”	
•  Tracheal	stenosis	and	complete	
tracheal	rings	–	awful	intuba<on	
•  Right	lung	hypoplasia	
•  Right	pulmonary	artery	hypoplasia	
•  Pulmonary	sequestra<ons	
•  VACTERAL	spectrum	disorders	
•  CHD:	ToF,	TAPVR	(20-30%	incidence)	
•  Difficult	repair	with	8-20%	mortality	

tracheal and right-sided bronchomalacia that may cause air
trapping and hyperinflation of the right lung.6,14,16 The air
trapping may be marked enough to resemble congenital lo-
bar hyperinflation both pre- and postnatally.17,18 A tracheal
bronchus may be present but the trachea is usually otherwise
normal, although there are occasional reports of tracheal ste-
nosis associated with the type I LPAS.14 Type I pulmonary
sling has been divided into 2 subtypes depending on the
absence (type IA) (Figs. 2 and 3) or presence (type IB) of a
tracheal bronchus.6

The type II LPAS is more common, especially type IIB
(Fig. 1).6,14 The sling is more inferiorly located (T5-6) in the
chest adjacent to a low T-shaped carina, somewhat leftward
in location. There is usually abnormal bronchial branching,
typically a bridging right bronchus (Figs. 6B, 7D, and 8B).
There are 2 subtypes, type IIA (Figs. 4H, 5B, 6B, and 7D)
with a supernumerary, usually right, tracheal type bronchus
(or diverticulum) at the expected location of the normal ca-
rina, and type IIB (Figs. 8B, 9C, and 10E) with a long trachea
and low carina with an increased angle of the bronchi (T-
shaped carina and bridging right bronchus).6,14,16,19,20 The
most important abnormality associated with all variants of type
II LPAS is long segment tracheal stenosis with complete cartilag-
enous rings (Figs. 4-10), typically extending from the usual level
of the carina (location of tracheal bronchus, when present) to the
abnormally low carina seen in this entity.6,21,22 This segment has
been variably termed trachea or intermediate left bronchus, the
airway whereas veering slightly to the left remains in the medi-
astinum until it bifurcates at the inverted T carina. The associa-
tion of congenital airway stenosis and LPAS is so strong that

Figure 1 Classification of anatomic types of pulmonary sling—solid
circle denotes left pulmonary artery (LPA) origin. Type I—PA sling
at T4-5 level just above carina. I A without and I B with right tracheal
bronchus. Type II—PA sling at T6-7 level just above low horizontal
carina. IIA right upper lobe “tracheal” bronchus at usual site of
carina, distal airway stenosis, bridging right bronchus. II B—Same
as A except no separate right upper lobe bronchus. Reprinted with
permission from Wells TR, Gwinn JL, Landing BH, et al. J Pediatr
Surg 23:892-898, 1988.6

Figure 2 Type IA left pulmonary artery sling (LPAS)!15-year-old girl
with seizure disorder and fever. A, Chest radiograph. The central pul-
monary vasculature appears prominent (known ASD), the lungs are
symmetrically aerated with no specific abnormality evident. B and C,
axial cuts from a chest computed tomography (CT) obtained for pos-
sible pneumonia with incidental finding of type IA LPAS. Note high
level of sling (black arrow) just below the aortic arch and normal trachea
and carina. Right pulmonary artery (RPA—white arrows in B and C).

Left pulmonary artery sling 159

Newman,	Cho	(2010)	Semin	Ultrasound	CT	MRI	
Hraska	et	al	(2009)	MulHmed	Man	Cardiothorac	Surg	



Pulmonary edema 
…more complex than it may seem

respiratory distress, apnoeic or cyanotic spells and atelectasis, which
can all be due to underlying tracheobronchomalacia. The aetiology
of airway obstruction can be divided into two groups:

Cardiac

This can occur in the setting of either cyanotic or acyanotic CHD.
Lesions that permit communication between the systemic and
pulmonary circulation and cause a large left-to-right shunt are the
most frequent congenital cardiac anomalies. These include ven-
tricular septal defect (VSD), patent ductus arteriosus (PDA), and
atrioseptal defect (ASD) as well as defects with similar pathophy-
siologic consequences but more complex anatomy, such as single
ventricle, aortopulmonary window, or truncus arteriosus. These
lesions are characterized by the recirculation of oxygenated blood
through the lungs and pulmonary vascular congestion. The shunt
produces excessive pulmonary blood flow and increased return of
pulmonary venous blood. Long-term complications then include left
ventricular diastolic dysfunction and dilated cardiomyopathy
causing airway compression. Enlargement of the left atrium, which
lies just below the carina can result in widening of the angle of
tracheal bifurcation with or without compression of the mainstem
bronchi. Large left-to- right shunts or mitral valve stenosis or
regurgitation may cause atrial enlargement. Combined enlargement
of the pulmonary arteries and left atrium is likely to result in left
bronchial compression.2 Massive cardiomegaly from underlying
cardiac disease can also compress the left main bronchus and in
some cases the left lower lobe of the lung itself can be compressed, a
common cause of left lower lobe bronchiectasis.

Vascular

These account for 1-1.6% of all CHD and include abnormalities
of the aortic arch, pulmonary artery slings, anomalous innominate
artery, and congenital absence of the pulmonary valve.3 These
lesions lead to compression of the airway by a pulsatile artery and
subsequent malacia of that airway. Although the clinical mani-
festations are usually the same, the possible combinations of
vascular abnormalities that can cause respiratory difficulty from
airway compression are virtually unlimited. Symptoms of airway
compression may be mild until a concurrent respiratory tract
infection exacerbates symptoms and prompts investigation. In
some instances, the diagnosis is not considered until there is
difficulty in extubating the child in the postoperative period.

A vascular ring is diagnosed when the trachea and oesophagus
are completely surrounded by an anomalous vascular structure
derived from the aortic arch. In pulmonary artery slings, the left
pulmonary artery arises from the right pulmonary artery and then
passes leftward between the trachea and esophagus. This can result
in compression of the right mainstem bronchus and distal trachea.
Complete tracheal rings can also be present in up to 50% of patients
with pulmonary artery slings. Other associated pulmonary mal-
formations include tracheomalacia, abnormal pulmonary lobulation
and bronchus suis.4 The clinical combination of pulmonary artery
sling, complete tracheal rings, and bridging bronchus is well
documented.5 In years past, the first approach to diagnosis was
the use of a barium oesophagogram. Although magnetic resonance
imaging is replacing that approach, the barium oesophagogram still
has an important role in the initial evaluation of infants and children
suspected of having airway compression by an anomalous vessel.

Pulmonary artery regurgitation during fetal life, owing to
congenital absence of the pulmonary valve, results in massive
enlargement of the pulmonary arteries and severe compression of
the trachea and main stem bronchi, causing lobar collapse or lobar
emphysema and severe respiratory distress. This lesion usually
occurs in association with tetralogy of Fallot.

Treatment of cardiovascular compression of the airways

Secondary malacia of the infant airway due to cartilage
destruction from extrinsic compression has been shown to occur
very early in infancy and resolve slowly.6 Early correction allows for
more normal tracheobronchial growth.2 In cases where compression
is due to associated CHD, simultaneous surgeries to repair the
cardiac anomaly and to relieve airway obstruction may be necessary.
Surgical repair is indicated in all patients with symptomatic vascular
rings and slings. Local stenosis of the trachea may be managed by
resection and reanastomosis or, in cases with longer segment
narrowing, a tracheoplasty may be required.

PULMONARY OEDEMA

Pathophysiology

Pulmonary oedema is caused by disturbance of the Starling
forces (hydrostatic and oncotic pressures) that dictate the flow of
water between capillaries and alveoli. Elevated hydrostatic forces
within the pulmonary capillaries increase the driving pressure of
fluid moving out of the capillary. This pressure disrupts the
integrity of the alveolar-capillary membrane causing capillary
stress fracture, which is visible on electron microscopy.7 As a
result, water starts to accumulate in the interstitium and alveoli,
causing pulmonary oedema.

Pulmonary oedema renders the alveoli unstable and it makes
the lungs stiff (decreases lung compliance), thereby increasing the
work of breathing to maintain adequate ventilation. There is
usually compression of small intraparenchymal airways by
engorged peribronchial vessels or by bronchial wall or peribron-
chial oedema (‘cuffing’) with wheezing (‘cardiac asthma’). Pul-
monary oedema, and the mechanical disturbances that it produces,
also impairs gas exchange resulting in hypoxemia.

Pulmonary oedema is a complication of many types of primary
cardiovascular disease that can be categorized as noted in Table 1.
Obstruction of pulmonary venous drainage increases capillary
pressure and results in transudation of fluid. Disease states that lead
to an increased right atrial pressure impair drainage of pulmonary
lymphatics resulting in fluid retention and often, pleural effusions
(right more than left). Left-to-right shunts increase pulmonary blood
flow leading to water retention in the lungs.

Table 1
Cardiovascular Diseases leading to Pulmonary Oedema

1. Pulmonary venous hypertension due to:
- Pulmonary veno-occlusive disease or

pulmonary vein stenosis
- Cor triatriatum
- Supra mitral ring
- Left ventricular dysfunction
- Transposition of the great arteries or

hypoplastic left heart with intact atrial septum
2. Decreased lymphatic flow:

- Lymphangiectasia
- Superior venacaval syndrome
- Single ventricle physiology
- Tricuspid valve stenosis
- Failing or stiff right ventricle
- Right ventricular outflow tract obstruction

3. Left-to-right heart shunts including:
- VSD
- ASD
- PDA
- Partial anomalous pulmonary venous

connection
- Systemic arteriovenous malformations
- Aorto-pulmonary connections including

surgical shunts

F. Healy et al. / Paediatric Respiratory Reviews xxx (2011) xxx–xxx2
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Pulmonary	
edema	

Restric<on	 Obstruc<on	 ⬇DLco

Healy	et	al	(2012)	Paed	Resp	Rev	
This	is	cardiac	asthma	
And	it	responds	to	bronchodilators	



Effects of increased and decreased PBF on lung 
mechanics 
…there is nothing new under the sun

undergoing repair of coarctation of the aorta and found
that infants with left-to-right shunts had increased respi-
ratory resistance and a prolonged recovery period.

Other authors have also found alterations in respi-
ratory mechanics among patients with increased PBF
(2,16–20). Most studies have been performed in se-
dated, spontaneously breathing children and have
used cardiac catheterization, echocardiography, or
chest radiography to determine PBF, PAP, or pulmo-
nary vascular engorgement. One study (2) found no

correlation between lung compliance and PBF; how-
ever, most studies document decreased lung compli-
ance and increased respiratory resistance. These
changes in lung mechanics have been attributed to
changes in PBF (19), pulmonary hypertension
(18,20,21), or a combination of increased PBF and PAP
(16,17). Yau et al. (1) used echocardiography to deter-
mine the ratio of the diameter of the right pulmonary

Table 3. Factors Affecting Changes in Pulmonary Mechanics

Factor
Dynamic compliance

(P value)
Total respiratory resistance

(P value)

Age !0.001 !0.001
Change in pulmonary blood flow !0.001 0.002
Preoperative mechanical ventilation 0.02 0.01
Pulmonary infiltrate on CXR 0.40 0.27
Duration of CPB 0.08 0.14
Duration of aortic cross-clamp 0.02 0.08
Duration of DHCA 0.22 0.92
Use of steroids 0.39 0.55
Ultrafiltrate volume removed 0.19 0.99

CXR " chest radiograph; CPB " cardiopulmonary bypass; DHCA " deep hypothermic circulatory arrest.

Figure 1. Effects of age on changes in respiratory mechanics, pre-
sented as mean # sd. –!– " infants from 1 to 12 mo old; –}– "
neonatal patients; ICU " intensive care unit. *P ! 0.05 versus before
surgery.

Figure 2. Effects of pulmonary blood flow on changes in respiratory
mechanics, presented as mean # sd. –!– " patients with increased
pulmonary blood flow before surgery that was corrected by sur-
gery; –Œ– " patients with normal or decreased pulmonary blood
flow before surgery and whose pulmonary blood flow was not
affected by surgery. ICU " intensive care unit.

52 PEDIATRIC ANESTHESIA STAYER ET AL. ANESTH ANALG
RESPIRATORY MECHANICS AND INFANT HEART SURGERY 2004;98:49–55

Stayer	et	al	(2004)	Anaesth	Analg	
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Fig. 1. Values of dynamic and specific lung compliance in infants 
with increased and decreased pulmonary blood flow. 
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Fig. 2. Relation between mean pulmonary artery pressure and 
specific lung compliance in infants with increased pulmonary 
blood flow. (One infants with VSD and PS is not included 
because the pulmonary artery was not entered during cardiac 
catheterization.) 

R E S U L T S  

The physical characteristics of the patients studied were 
similar in both groups. The mean age in infants with 
increased PBF was 3.8 months (15 days to 9 months) as 
compared to 2.1 months (3 days to 7 months) in those 
patients with decreased PBF. The weight at the time of the 
study was also similar in both groups (4,081 + 334 gm 
versus 3,930 -2-_ 371 gm). 

The respiratory rate was higher in infants with 
increased PBF (64 versus 45; P < 0.05), whereas the tidal 
volume was similar in the two groups. 

Catheterization data and the results of the pulmonary 
mechanics in the two groups are shown in Table I. 
Functional residual capacity was similar in both groups, 
and dynamic compliance was significantly lower in the 
group with increased PBF (4.94 versus 8.94 ml/cm H..O: 
P < 0.02). The difference in C,, was therefore due to 
changes in the elastic properties of the lung and not to 
differences in lung volume. When dynamic compliance 
was corrected to one liter of FRC to obtain specific 
compliance, the difference between the two groups 
remained significant. 

Two infants with increased PBF (Cases 7 and 11) had 
associated mild pulmonic stenosis; they were the only 
patients in this group who had a specific compliance 
greater than 60 ml/cm H~O/L-FRC. If these two patients 
are not included in the statistical analysis, the difference 
in compliance is even greater (Fig. 1). 

Total pulmonary resistance was higher in infants with 
increased PBF; during inspiration this difference reached 
statistical significance (57.5 versus 26.8 cm H~O/L/sec: 
P < 0.05). 

No correlation was found between specific compliance 
and left atrial pressure in seven patients in whom LAP 
was measured. Likewise no correlation was found 
between specific compliance and the magnitude of the 
left-to-right shunt in infants in whom PBF was shown to 
be increased. However, a significant correlation was 
obtained between specific compliance and mean pulmo- 
nary artery pressure in these patients (r = 0.798: 
P < 0.01) (Fig. 2). 

D I S C U S S I O N  

The results of compliance and FRC obtained in the 
present study in infants with decreased PBF are similar to 
those previously reported in normal infants." : it appears, 
therefore, that a diminished PBF does not alter the 
mechanical properties of the lung. 

The finding of a decreased dynamic lung compliance in 
patients with increased PBF has been reported previously 
in infants and adults with intracardiac left-to-right 
shunts/ ' The mechanism for this change, however, is not 
clear, since many hemodynamic factors can influence the 
mechanical properties of the lung. An increase in left 
atrial and pulmonary venous pressure is known to 
produce a decrease in lung compliance in experimental 
animals,'" but in the present study no significant correla- 
tion was found between these two measurements. This 
may be explained by the fact that all of our patients had 
relatively low left atrial pressures, because infants with 
heart failure were excluded from the study. 

Both cardiomegaly and an increase in intrathoracic 
blood volume may displace the effective lung volume. 

Clinical Studies 

Pulmonary Compliance in Patients with 
Cardiac Disease* 

N. R. FRANK, M.D., H. A. LYONS, M.D., A. A. SIEBENS, M.D. and T. F. NEALON, M.D. 

Boston, Massachusetts 

I N 1934 Christie and Meakins showed that 
there is stiffening of the lungs in patients who 

have severe cardiac disease [7]. They attributed 
much of the dyspnea of circulatory failure and 
the associated decrease of vital capacity to this 
change in mechanical behavior. In their study 
intrapleural pressure was used as an index of the 
force exerted by the respiratory muscles on the 
lungs. Subsequent investigators have used intra- 
esophageal pressure because of the greater safety 
in its measurement. There is evidence that the 
two pressures may be used interchangeably 
when measured with the subject upright [2,3], 
but that intraesophageal pressure is a less reli- 
able index of intrapleural pressure with the sub- 
ject in the supine position [3,&j. 

In general the studies made with intraeso- 
phageal pressure, both at rest [5-71 and during 
exercise [7-101, have confirmed the results of 
Christie and Meakins. The purpose of this paper 
is to extend such observations in patients at rest 
by the use of a simple modification of the 
volume-step method [77], and to relate the 
changes in elastic behavior to certain of the 
clinical findings and to measurements of cardio- 
respiratory function. 

METHODS AND MATERIALS 

The elastic behavior of the lungs may be stated in 
terms of compliance, an expression which relates 
changes in volume to changes in transpulmonary 
pressures when there is no flow of air: 

Pulmonary compliance = 
A volume, L. t 

A pressure, cm. Hz0 

t The inverse of this ratio describes the coefficient of 
elastic resistance of the lung [S]. 

By convention, in human subjects the ratio is deter- 
mined from the end-expiratory relaxation volume 
(functional residual capacity). From this point the 
ratio is nearly constant over a range of about 1.0 to 
1.5 L.; it is in thisvolume range that the values of com- 
pliance were taken. All measurements were made 
during inspiration while the patient was seated. 

The technic, described in a previous report [72], 
was similar to that used by Stead et al. [73]. After the 
tip of the balloon had been passed into the lower 
third of the esophagus, the patient was told to breathe 
as naturally as possible for a short time and then to 
inspire deeply. Inspiration was interrupted stepwise 
every 250 ml.; during these periods of no dr flow, the 
differences between intrapulmonary and intraeso- 
phageal pressures were measured.$ When the cor- 
responding volume and pressure changes are plotted 
on a graph, the slope of a line drawn through these 
points indicates the compliance of the lungs. (Fig. 1.) 

The vital capacity was measured with the patients 
in both the upright and the supine positions; in each 
instance the largest value was used after two or three 
successive efforts showed no further increase. The 
functional residual capacity (FRC) was measured 
with the open-circuit oxygen method [74] while the 
patients lay supine. The total lung capacity, body 
temperature, ambient pressure, saturated, was based 
on values obtained in the supine position. The regres- 
sion equations of Baldwin et al. 1741 were used to 
estimate predicted values for the vital capacity. 

$ Early in inspiration the equilibration of pressure was 
practically instantaneous so that several points represent- 
ing true “static” pressures could be obtained. After 750 to 
1,000 ml. had been inspired, up to a few seconds were 
necessary before equilibration occurred. At these higher 
lung volumes each of the values chosen was an average 
of the initial and linal pressures during the period of 
interruption. This average pressure represented the force 
exerted during spontaneous breathing in maintaining a 
given instantaneous lung volume. 

* From the Department of Physiology, Harvard School of Public Health, Boston, Massachusetts. Departments of 
Medicine and Physiology, State University Medical Center, Brooklyn, New York and the Department of Thoracic 
Surgery, Jefferson Medical College, Philadelphia, Pennsylvania. This work was aided by a contract between the Office 
of Naval Research, Department of the Navy, and the State University of New York, NR105 051. 
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Effects of increased PBF on infant breathing 
paPerns

• Due	to	decreased	compliance,	
these	infants	should	favor	
decreased	VT	and	increased	RR	
• Due	to	increased	resistance,	
these	infants	should	favor	
exactly	the	opposite	
• Breathing	in	“overcircula<ng”	
infants	extremely	inefficient	
•  	and	systemic	cardiac	output	is	
abnormal	

•  Low	threshold	for	intuba<on	
• Careful	ahen<on	to	QP:QS		

Their	paradigm	is	not	one	of	these	



Abnormal ven8latory drive

•  Edelman	et	al	(1970)	NEJM:	
Cyano<c	pa<ents	have	blunted	
ven<latory	response	to	
hypoxemia	
• Blesa	et	al	(1997)	NEJM:	This	
response	normalizes	soon	aRer	
repair	
• Georgiadou	et	al	(2004)	Heart:	
Periodic	breathing	in	ADULTS	
aRer	ToF	repair	is	associated	
with	RV	failure	



Postopera8ve problems 
Pulmonary hypertension

•  Common	problem	
•  Affects	evalua<on	and	

periopera<ve	management	
•  Affected	by	type	of	CHD,	CBP,	

etc	
•  Influences	long-term	morbidity	

and	mortality	

CPB	

Endothelial	
injury	and	
dysfunc<on	

“Cytokine	
storm”	

Pulmonary	
edema	and	

vascular	lability	

Surfactant	
inac<va<on	

Alveolar	
collapse	

Increased	PVR	



Preven8on and Treatment of PHTN in Children 
with CHD

ENCOURAGE	
•  Adequate	FiO2	
•  Normal	FRC	
•  Vasodilators	
•  Seda<on	and	anesthesia	
•  Anatomic	inves<ga<on	

AVOID	
•  Alveolar	hypoxia**	
•  Atelectasis	
•  Overdistension**	
•  Vasoconstrictors		
•  S<mula<on	and	agita<on	
•  Acidosis**	
•  Polycythemia	

Whihenberger	et	al.	(1960)	J	Appl	Phys	



Postopera8ve problems 
Surgical trauma

• CHD	repair	leading	cause	of	
chylothorax	in	ter<ary	hospitals	
•  Incidence:	3.8%	

•  Incidence	of	phrenic	injury	and	
diaphragma<c	paralysis	up	to	10%		

dietary changes in chylothorax or plication of diaphragmatic
paralysis in univentricular cases.21

PULMONARY FUNCTION TESTING

Restrictive lung function appears to be a prominent finding in
many types of CHD both pre and post surgical repair.33–35 In
addition, both obstructive and diffusion defects can also be seen
depending on the underlying pathophysiology (Table 4). A study of
52 patients post Fontan procedure at a median follow up of 10
years demonstrated restrictive lung function with reduced forced
vital capacity (FVC), forced expiratory volume in one second (FEV1)
and FEV1/FVC in 58% of patients.34 These abnormalities may be
intrinsic to the underlying CHD but may also in part be sequelae of
therapies including surgery. Potential iatrogenic causes include
diaphragmatic paralysis, restrictive thoracic cage from sternot-
omy, CPB, and respiratory muscle weakness. In a study of 46
children undergoing ASD repair, FVC and expiratory reserve
volume were lower in those that had a sternotomy with CPB
compared to those that had percutaneous device closure.36 This
suggests that interventions themselves may have an unexpected
negative impact on lung function and all potential therapies should
be carefully considered. However, in cases of pulmonary over-
circulation, e.g., VSD and ASD, surgical correction of excessive flow
has been shown to improve the mechanical properties of the lungs
including resistance of the respiratory system.37–39 Earlier repair of
CHD has been associated with improved lung function and exercise
capacity.34,36,40 Gaultier et al demonstrated a significant decrease
in vital capacity (VC) and lung compliance in groups of children
with tetralogy of Fallot repaired at mean ages of 4 and 5 years
compared to those repaired at a mean age of one year.40 This

suggests that earlier repair during the period of active postnatal
lung growth in the first few years of life may have less of an impact
on alveolar growth.

PATHOPHYSIOLOGY OF RESPIRATORY MANIFESTATIONS

From a clinician’s point of view, respiratory complications of
cardiovascular anomalies are characterized by the physical
findings. Frequently there is an increase in the amount of work
the respiratory system must do to maintain adequate ventilation.
The mechanisms responsible for the increase in the work of
breathing vary depending on the mechanical alterations caused by
each cardiovascular anomaly.

Most patients with a large-to-left right shunt or a left
ventricular obstruction will develop pulmonary oedema. As a
result, there is an increase in the amount of force that the
respiratory muscles have to generate to overcome the elastic recoil
of the lungs. Under these circumstances, intercostal and subcostal
retractions develop and the respiratory pattern tends to become
rapid and shallow. Moreover, the patient frequently attempts to
preserve lung volume by closing the glottis at the end of expiration.
In the face of severe pulmonary oedema, inflammation or infection
there can be the additional findings of nasal flaring and grunting.

When airway obstruction is the predominant respiratory
symptom, the obstruction is almost always intrathoracic and as
such is exacerbated during exhalation. Therefore, in children with
direct compression of the trachea and large bronchi by enlarged
vessels or heart chambers, or by narrowing of the small airways by
oedema the respiratory pattern tends to be slower and deeper, and
the physical examination reveals prolonged expiration, wheezing,
and pulmonary hyper-inflation. When the airway compression by
an anomalous vessel is severe, inspiratory stridor is also present,
indicating the relatively fixed nature of the obstruction.

CONCLUSION

To completely assess the clinical impact of CHD one must
consider the effect on pulmonary physiology. Disruption of the
Starling forces within the vascular system will disturb pulmonary
vascular physiology with resultant abnormalities in lung function.
Earlier repair of CHD during the period of active postnatal lung
growth in the first few years of life may have less of an impact on
alveolar growth and function. As the number and age of patients
surviving post CHD repair increases, the incidence of pulmonary
complications is increasing and presents a unique cohort in both
the paediatric and adult clinics. Ongoing studies are needed to
define the approach to management of the complex pulmonary
complications in this population.
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Table 3
Surgical Trauma to the Respiratory System

Pulmonary Complication Aetiology

Chylothorax Direct injury to the thoracic
duct or smaller vessels
High central venous pressures
Central vein thrombosis

Recurrent laryngeal nerve injury Surgery involving the ductus
arteriosus, descending aorta
or left pulmonary artery
Manipulation of right common
carotid artery or internal jugular
vein for ECMO

Diaphragmatic paralysis Direct trauma (section of the
phrenic nerve)
Stretching of the phrenic nerve
Disruption of blood supply to
the phrenic nerve

Subglottic stenosis Direct compression by the
endotracheal tube or cuff causing
oedema and ischaemia

Table 4
Lung Function Abnormalities in Congenital Heart Disease

Lung function abnormality Pathophysiology

Obstructive lung disease Peribronchial cuffing
Airway compression
Vocal cord paralysis
Infection (bronchiolitis)

Restrictive lung disease Chest wall deformity
Impaired lung growth
Reduced lung compliance
Diaphragmatic paralysis

Diffusion impairment Reduced pulmonary vascular bed
Atelectasis
Pulmonary oedema

RESEARCH DIRECTIONS

! Approach to the management of atelectasis in the patient
with congenital heart disease.
! Effect of different types of congenital cardiac lesions (hypo

versus hyperperfusion of the lungs) on lung function in
both the pre and postoperative phase.
! Guidelines on the management of postoperative pulmon-

ary complications in paediatric patients with CHD
including diaphragmatic paralysis and recurrent laryngeal
nerve injury.
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Postopera8ve problems 
Diaphragm

Head	 Foot	

US	diagnosis	of	abnormal	diaphragma<c		
mo<on	by	PCICU	physicians	as	good	as	
by	fluoroscopy	–	and	faster	

Sanchez	de	Toledo	et	al	(2010)	Cong	Heart	Dis	
			



Late lung func8on abnormali8es in congenital 
lung disease

dietary changes in chylothorax or plication of diaphragmatic
paralysis in univentricular cases.21

PULMONARY FUNCTION TESTING

Restrictive lung function appears to be a prominent finding in
many types of CHD both pre and post surgical repair.33–35 In
addition, both obstructive and diffusion defects can also be seen
depending on the underlying pathophysiology (Table 4). A study of
52 patients post Fontan procedure at a median follow up of 10
years demonstrated restrictive lung function with reduced forced
vital capacity (FVC), forced expiratory volume in one second (FEV1)
and FEV1/FVC in 58% of patients.34 These abnormalities may be
intrinsic to the underlying CHD but may also in part be sequelae of
therapies including surgery. Potential iatrogenic causes include
diaphragmatic paralysis, restrictive thoracic cage from sternot-
omy, CPB, and respiratory muscle weakness. In a study of 46
children undergoing ASD repair, FVC and expiratory reserve
volume were lower in those that had a sternotomy with CPB
compared to those that had percutaneous device closure.36 This
suggests that interventions themselves may have an unexpected
negative impact on lung function and all potential therapies should
be carefully considered. However, in cases of pulmonary over-
circulation, e.g., VSD and ASD, surgical correction of excessive flow
has been shown to improve the mechanical properties of the lungs
including resistance of the respiratory system.37–39 Earlier repair of
CHD has been associated with improved lung function and exercise
capacity.34,36,40 Gaultier et al demonstrated a significant decrease
in vital capacity (VC) and lung compliance in groups of children
with tetralogy of Fallot repaired at mean ages of 4 and 5 years
compared to those repaired at a mean age of one year.40 This

suggests that earlier repair during the period of active postnatal
lung growth in the first few years of life may have less of an impact
on alveolar growth.

PATHOPHYSIOLOGY OF RESPIRATORY MANIFESTATIONS

From a clinician’s point of view, respiratory complications of
cardiovascular anomalies are characterized by the physical
findings. Frequently there is an increase in the amount of work
the respiratory system must do to maintain adequate ventilation.
The mechanisms responsible for the increase in the work of
breathing vary depending on the mechanical alterations caused by
each cardiovascular anomaly.

Most patients with a large-to-left right shunt or a left
ventricular obstruction will develop pulmonary oedema. As a
result, there is an increase in the amount of force that the
respiratory muscles have to generate to overcome the elastic recoil
of the lungs. Under these circumstances, intercostal and subcostal
retractions develop and the respiratory pattern tends to become
rapid and shallow. Moreover, the patient frequently attempts to
preserve lung volume by closing the glottis at the end of expiration.
In the face of severe pulmonary oedema, inflammation or infection
there can be the additional findings of nasal flaring and grunting.

When airway obstruction is the predominant respiratory
symptom, the obstruction is almost always intrathoracic and as
such is exacerbated during exhalation. Therefore, in children with
direct compression of the trachea and large bronchi by enlarged
vessels or heart chambers, or by narrowing of the small airways by
oedema the respiratory pattern tends to be slower and deeper, and
the physical examination reveals prolonged expiration, wheezing,
and pulmonary hyper-inflation. When the airway compression by
an anomalous vessel is severe, inspiratory stridor is also present,
indicating the relatively fixed nature of the obstruction.

CONCLUSION

To completely assess the clinical impact of CHD one must
consider the effect on pulmonary physiology. Disruption of the
Starling forces within the vascular system will disturb pulmonary
vascular physiology with resultant abnormalities in lung function.
Earlier repair of CHD during the period of active postnatal lung
growth in the first few years of life may have less of an impact on
alveolar growth and function. As the number and age of patients
surviving post CHD repair increases, the incidence of pulmonary
complications is increasing and presents a unique cohort in both
the paediatric and adult clinics. Ongoing studies are needed to
define the approach to management of the complex pulmonary
complications in this population.
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The Single Ventricle and the Lung



Periopera8ve “single ventricle physiology” 
Balancing the circula@ons 

Control	of	pulmonary	blood	flow	
• Conduit			
• Drainage	
• pH	
• pCO2	
• pO2	
•  SVR	(MAP)	
• MAWP	

Parallel	circula<ons:	
•  Systemic	(coronary)	
•  Pulmonary	

Conduits:	
•  Arterial	duct	
•  Blalock-Taussig	shunt	
•  Sano	(RV-PA)	shunt	



Postopera8ve single ventricle – Glenn 
The unusual coupling of ven@la@on and oxygena@on 

Control	of	pulmonary	blood	flow	
• Conduit			
• pH	
• pCO2	
• pO2	
• MAWP	



Postopera8ve single ventricle – Glenn 
Roles of “hepa@c factor” and pulsa@lity

Figure 1. 
Role of the liver in the development of pulmonary arteriovenous malformations (PAVMs) 
after superior cavopulmonary connection (SCPC): Isolation of the lungs from hepatic 
venous return results in a reduced exposure to angiogenesis inhibitors, increased expression 
of pro-angiogenic substances and PAVM development. VEGF: Vascular endothelial growth 
factor, which is an angiogenic factor.
“Reprintedfrom: Pulmonary arteriovenous malformations after cavopulmonary anastomosis, 
Vol 76, Author(s): Brian W. Duncan, MD, Shailesh Desai, PhD, Pages No.1759-1766, 
Copyright (2003), with permission from Elsevier: License number 2845581266282, date: 
Feb 10, 2012.
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Figure 2. 
Schematic comparing hepatic venous flow before and after the superior cavopulmonary 
connection (Glenn shunt). A. In the normal circulation, deoxygenated venous return (blue 
lines) from the superior vena cava (SVC) and the inferior vena cava (IVC, which contains 
hepatic effluent – indicated as green “stars”) mix in the right heart before being pumped 
through to both lungs. The oxygenated blood (red lines) is then returned to the left heart for 
systemic distribution. B. As depicted schematically for a unidirectional Glenn shunt, venous 
return from the SVC is redirected to the right lung, bypassing the right heart. This diversion 
of flow causes the right lung to receive steady (non-pulsatile) flow that is devoid of the 
hepatic effluent. Initially, normal oxygenation of blood occurs. C. However, with the 
development of PAVMs as late sequelae to the Glenn, where venous blood is shunted 
through low resistance conduits and does not get oxygenated, cyanosis can become manifest 
(purple line).
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Postopera8ve single ventricle – Fontan 
Slow, non-pulsa8le, vein-to-artery flow 

•  Lung	hypoplasia	–	e<ology?	
• Vascular	anomalies	
•  AVMs	(non-pulsa<le,	hepa<c	
factor)	
•  PE	(slow,	PLE)	

• Pulmonary	edema	(collaterals,	
RV	systolic,	diastolic,	or	
combined	failure)	
•  Insufficient	PBF	
• Plas<c	bronchi<s	
•  Type	1	
•  Type	2	



Summary

• Heart	and	lungs	are	interdependent	in	structure	and	func<on	–	and	
congenital	heart	diseases	emphasize	that	interdependence	
• Congenital	heart	diseases	influence	the	lung	in	a	predictable	way	
• NB	for	the	neonatologist:	
•  Airway	anomalies	in	aberrant	LPA	
•  Airway	anomalies	and	the	value	of	prone	ven<la<on	in	ToF	APV	
•  Effects	of	cardiopulmonary	bypass	on	pulmonary	vasculature	and	lung	
mechanics	
•  Management	of	PH	
•  Management	of	PBF	in	single-ventricle	circula<ons	
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