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Assessment of Operability of Congenital Cardiac Shunts
With Increased Pulmonary Vascular Resistance

Sangeetha Viswanathan,1 MRCPCH and R. Krishna Kumar,2* DM

Patients with large left to right shunts as a result of congenital heart disease can de-
velop changes in pulmonary vasculature that are initially reversible. It is critical in
these patients to determine whether closure of the defect would reverse some of the
changes in the pulmonary vasculature. A comprehensive clinical and noninvasive eval-
uation often allows classification in the extremes of the spectrum, but for borderline
situations, cardiac catheterization is traditionally undertaken. It is important to obtain
invasive data meticulously and efficiently recognizing that the numbers only offer a
snapshot and may not be representative of the usual physiologic state of the patient.
There are, in addition, several caveats that need to be considered while calculating
flows and resistances in these patients. Currently a holistic approach that combines
clinical, noninvasive, and invasive data may be the only realistic way of making a deci-
sion regarding operability in this challenging group of patients with shunt lesions and
elevated pulmonary vascular resistance. ' 2008 Wiley-Liss, Inc.
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INTRODUCTION

Infants with large post-tricuspid left to right shunts
are often symptomatic with failure to thrive and may
succumb to heart failure and pneumonia if correction
is delayed [1]. A proportion of these infants however
survive infancy without surgery and may even show
transient symptomatic improvement because of an
increase in the pulmonary arteriolar wall thickness and
an associated reduction in pulmonary blood flow. In
the long-term however this process often becomes pro-
gressive leading to the development of pulmonary vas-
cular occlusive disease (PVOD) with right to left
shunting and cyanosis.
For a variable period of time after pulmonary vascu-

lar resistance (PVR) starts to increase, changes in lung
vasculature may still be reversible following correction
of the defect (operable situation). However once irre-
versible PVOD is established, closure of the defect
may actually worsen the natural history (inoperable sit-
uation). The question of operability most commonly
arises in older children and adults with large post-tri-
cuspid shunts [ventricular septal defects (VSD) or pat-
ent ductus arteriosus (PDA)] and selected patients
(mostly adults) with shunts at the atrial level (pretri-
cuspid) who develop increased PVR. The mechanism

and histological changes of PVOD in the setting of
increased pulmonary blood flow have been extensively
described [2]. Exposure to high blood flow results
in impaired endothelium-mediated relaxation and
increased vasomotor tone accompanied by histological
changes in the vessel wall.
The response of the pulmonary vasculature to high

pulmonary blood flow is however not uniform and
does not occur in a predictable fashion [1]. This results
in difficulties in decision-making regarding operability
of these defects particularly in patients who present
beyond infancy and early childhood. There appears to
be a spectrum in the development of pulmonary vascu-
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lar disease with a subset of patients with high PVR
and advanced PVOD in early infancy at one end of
the spectrum [3] and adults who remain operable with
large left to right shunts at the other [4].
The two main factors that affect patient outcome af-

ter closure of large left to right shunts have been iden-
tified as the age at repair and the preoperative PVR
[5]. The rapid evolution of pediatric cardiac surgery
and cardiology in recent decades has lead to early cor-
rective surgery in much of the developed world. How-
ever, progression to inoperability, a feared complica-
tion of large left to right shunts still remains a reality
particularly in the ‘‘developing world.’’
There remains a striking paucity of management

guidelines regarding operability in ‘‘borderline’’ pa-
tients with left to right shunts and pulmonary hyperten-
sion who usually present beyond infancy and early
childhood. Early studies performed in the catheter lab-
oratory were limited by small numbers and limited fol-
low up and failed to establish clear cut-offs for oper-
ability [1,6]. The 1980s saw the advent and rapid
refinement of two dimensional and colour Doppler
echocardiography which allowed clear anatomic defini-
tion of most forms of CHD virtually eliminating the
need for cardiac angiography for anatomic definition
[7]. For the majority of the world’s children, however,
correction of heart defects in early infancy is not real-
istic because of a paucity of resources and deficiencies
in health awareness and infrastructure that do not
allow timely detection of CHD [8]. With improving
human development in many parts of the world, car-
diac surgical centers now have to deal with a large
population of untreated older children with CHD
including several with ‘‘simple’’ shunt lesions and
varying degrees of elevated PVR. There is therefore an
urgent need to evolve management guidelines for these
patients in whom assessment of operability remains a
challenge.
In this review, we propose to provide a framework

for decision-making using clinical, noninvasive, and
invasive investigations by answering typical questions
that are asked while managing a patient with large left
to right shunts.

WHAT IS THE CORRELATION BETWEEN
PREOPERATIVE HEMODYNAMICS AND LUNG
BIOPSY FINDINGS AND CLINICAL OUTCOMES?

Several studies have identified a period of reversibil-
ity of pulmonary hypertension in patients with left to
right shunts before the development of Eisenmenger
syndrome. The quest for a relatively noninvasive index
to help differentiate between reversible and irreversible
pulmonary hypertension has been ongoing since the

1950s with early recognition that higher preoperative
pulmonary/systemic arterial pressure (Pp/Ps) and resist-
ance (PVR/SVR) ratios are associated with more ad-
vanced stages of pulmonary vascular disease on lung
biopsy and a higher incidence of early and late postop-
erative pulmonary hypertension [9]. This relationship
however is neither constant nor predictable and the
degree of individual variability makes it difficult to
apply a single cut-off to determine operability in these
patients. Studies comparing hemodynamic data with
lung biopsy findings as a ‘‘gold standard’’ are further
limited by the questionable reliability of lung biopsy
in determining operability in these situations [10]. This
is especially true for younger patients (<2 years of
age) who are often operable in spite of seemingly
advanced changes on lung biopsy.
Despite these caveats, a PVR index value of 6–8

Woods units (m2) is widely accepted as a cut-off for
operability in children with large VSDs or PDAs. In
addition, corollaries have been proposed using vasodi-
lators including 100% oxygen, tolazoline, and nitric
oxide (NO) [11]. These arbitrary boundaries are how-
ever constantly being challenged with the increasing
use of postoperative pulmonary vasodilators and the
advent of innovative surgical strategies. Although ini-
tial reports related the preoperative hemodynamic data
with postoperative outcomes, recent studies have failed
to demonstrate a significant association between preop-
erative PVR and PVR/SVR ratio and outcomes [12].
Patients with atrial septal defects form a distinct

subgroup and there remains much debate regarding the
nature and underlying etiopathogenesis of pulmonary
hypertension in this context [13]. Studies have demon-
strated poorer outcomes with both medical and surgical
therapy in patients with higher PVR. A total pulmo-
nary resistance greater than 15 Woods units (m2) was
associated with poor outcome following surgery in one
retrospective analysis [14].

WHY IS IT IMPORTANT TO ASSESS
HEMODYNAMICS IN LEFT TO RIGHT SHUNTS?

There are important clinical, radiological, electrocar-
diographic, and echocardiographic correlates of changes
in the pulmonary vasculature that aid the clinician in
decision-making regarding operability. Early in the
course of the disease, when the shunt is still operable,
there is often clear evidence of increased pulmonary
blood flow. With the onset of PVOD, patients develop
clinical cyanosis from shunt reversal (Eisenmenger
syndrome). Notwithstanding the uncertainties surround-
ing the predictive value of preoperative hemodynamics
on postoperative outcomes, accurate hemodynamic as-
sessment is of particular importance in determining

666 Viswanathan and Kumar

Catheterization and Cardiovascular Interventions DOI 10.1002/ccd.
Published on behalf of The Society for Cardiovascular Angiography and Interventions (SCAI).



operability at intermediate levels of elevation in PVR
where clinical signs can be subtle. Decision-making
regarding operability can be critical in some patients
as closure of the defect can cause progression of pul-
monary hypertension and adversely affect the natural
history of a disease that would otherwise allow sur-
vival into the third or fourth decade of life.
In the context of transcatheter closure, hemodynamic

assessment aids in appropriate device selection. The
fenestrated ASD device which has been used in
patients with pulmonary hypertension and in the clo-
sure of ASDs in the elderly with decreased left ven-
tricular compliance can be considered in selected
patients with raised PVR. Similarly, the ASD or VSD
device has been used in patients with PDA and pulmo-
nary hypertension where using an Amplatzer PDA
plug has the potential for embolization to the aorta
because of absence of a retention disc on the pulmo-
nary arterial end.

WHAT IS REQUIRED FOR ACCURATE
HEMODYNAMIC ASSESSMENT IN THE CARDIAC
CATHETERIZATION LABORATORY?

Hemodynamic studies to calculate flows and resis-
tances in the pulmonary and systemic circulations
should be done meticulously and efficiently such that
saturation and pressure measurements are obtained
under more or less identical physiological conditions.
A detailed discussion of hemodynamic calculation is
available in standard textbooks along with oxygen con-
sumption tables adjusted for age, sex, and heart rate
[15]. Several caveats and sources of error need to be
considered (Table I). PVR can be influenced by a
number of conditions which need to be carefully con-
sidered while interpreting the hemodynamic data (Ta-
ble II).

WHAT IS THE ROLE OF REVERSIBILITY TESTING
WITH NITRIC OXIDE OR OXYGEN IN
ASSESSMENT OF OPERABILITY AND
PREDICTION OF POSTOPERATIVE OUTCOME?

Hundred percent of oxygen has been conventionally
used to assess the degree of ‘‘reversibility.’’ Despite
early reports of its usefulness, the role of oxygen in
outcome prediction remains questionable [16]. In addi-
tion, the assumptions regarding oxygen consumption
and oxygen content that are routinely employed in he-
modynamic calculations become inaccurate in 100%
FiO2 (inspired oxygen).
NO is well-established as a short acting pulmonary

vasodilator in the management of patients with severe
postoperative pulmonary hypertension. Its role in pre-
dicting mid to long-term postoperative outcomes in
patients with left to right shunts and pulmonary hyper-
tension is however less certain. Although there is some
data that suggests that the response to NO may aid in
risk stratification and decision-making regarding timing
of lung transplantation in patients with advanced pul-
monary vascular disease [17], this cannot be extrapo-
lated to borderline situations where corrective surgery
is being considered.
A recent multicenter hemodynamic study of patients

with congenital heart disease and pulmonary hyperten-
sion concluded that the overall reliability of preopera-
tive hemodynamic evaluation was limited despite the
use of vasodilators [18].
Studies that examine the role of preoperative testing

with NO are limited by the lack of standardization in
the concentration and duration of administration of
NO. Also, most studies have looked at immediate post-
operative outcomes without any data on long-term sur-
vival and morbidity. This is an important consideration
in a condition that would normally allow survival into
the third or fourth decade of life without any interven-
tion. Thus, vasodilator testing does not seem to add

TABLE I. Sources of Error in Flow and Resistance
Calculations in the Cardiac Catheterization Laboratory

Category Examples

Sampling

errors

Obtaining samples in different physiologic states,

streaming, partial wedging of catheter
(pulmonary artery), nonrepresentative sampling

(pulmonary veins)

Measurement
errors

Diluted samples, air bubble in the syringe, delay
in sending samples, nonstandardized equipment,

using blood gas samples to estimate saturations,

failure to account for dissolved oxygen

Assumptions Oxygen consumption, pulmonary venous
saturation

Approximations Mixed venous samples (e.g., Using superior vena

caval samples alone may amount to an

approximation in measurement of the mixed
venous oxygen content)

TABLE II. Conditions that are known to Elevate Pulmonary
Vascular Resistance

Mechanism Examples

Reduced oxygen content

in inhaled air Chronic exposure to high altitude
Upper airway obstruction Enlarged adenoids, Sedation,

Tracheomalacia

Hypo-ventilation Deep sedation, neuromuscular disorders
Restrictive lung

physiology

Chest wall and spinal deformities,

interstitial lung disease

Lower airway obstruction Bronchiolitis, asthma and similar

conditions
Parenchymal lung

disease

Consolidation, collapse, interstitial

edema (pulmonary venous

hypertension)
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significantly to the baseline hemodynamic data and
also introduces scope for errors in calculation.

HOW USEFUL IS IT TO STUDY THE EFFECTS OF
TEMPORARY SHUNT OCCLUSION?

Direct occlusion of a defect to eliminate the left to
right shunt has been applied during hemodynamic eval-
uation to eliminate flow related pulmonary hyperten-
sion.
Small case series have been published on the use of

this potentially valuable technique in the assessment of
operability particularly in adult patients with sizable
PDA where complete occlusion of the duct is feasible
[19,20]. Occlusion of septal defects particularly VSDs
can however be technically challenging and ensuring
complete occlusion is often difficult. In a recent series
[20] of 29 patients with PDA and pulmonary hyperten-
sion, successful device closure was achieved in 20
patients following trial occlusion. The mean pulmonary
artery (PA) pressures (with range in brackets) before
and after occlusion in these patients were 78 mm Hg
(50–125 mm Hg) and 41 mm Hg (23–77 mm Hg)
respectively. Five out of the remaining nine patients
who were deemed unsuitable for device closure
showed increase in PA pressures and two had worsen-
ing of symptoms.
We analyzed our own series of 21 patients (median

age 6 years) with a large PDA and pulmonary hyper-
tension in whom we performed temporary balloon
occlusion before deciding on suitability for surgical or
catheter based treatment. Patients with definite clinical
evidence of a large left to right shunt or with evidence
of irreversible pulmonary vascular disease (lower limb
saturations <80%) were excluded from this series. We
defined ‘‘responders’’ as having a !25% fall in PA
pressures on balloon occlusion or a !50% fall in the
ratio between pulmonary and aortic diastolic pressures
(Fig. 1).
By this definition we identified 16 responders and 5

nonresponders. All 16 responders underwent either sur-
gical (5) or catheter based (11) treatment of their
PDA. Of the responders two patients continued to have
elevated PA pressures or RV systolic pressure on fol-
low up. Of the nonresponders, one patient was oper-
ated elsewhere despite medical advice against surgery
and on follow up had supra-systemic PA pressures.
The rest of the nonresponders showed definite sympto-
matic worsening over time with further fall in satura-
tions. We noticed that some patients with a high base-
line PVR and low Qp/Qs ratio still responded favor-
ably to balloon occlusion and tolerated duct occlusion
with normalization of PA pressures. The data available
on balloon occlusion as a means of identifying patients

who would benefit from closure of their PDA remains
inconclusive and further clarification by studies with
larger numbers is warranted.

WHAT IS THE ROLE OF CLINICAL EXAMINATION
AND NONINVASIVE ASSESSMENT?

The importance of clinical clues in these borderline
situations cannot be over-emphasised. Serial assess-
ment by multiple experienced clinicians improves the
reliability of clinical examination as a tool in deter-
mining operability. Considerable importance is given
to history, physical examination, chest X-ray (Fig. 2),
arterial blood gas (ABG) estimation, ECG, and echo-
cardiography (Table III). These modalities provide in-
dependent useful information on the status of the pul-
monary vasculature. There are occasions when despite
equivocal cardiac catheterization data, defects have
been successfully corrected based on a comprehensive
clinical and noninvasive evaluation.
The direction of shunting across the defect is a use-

ful tool with predominantly left to right shunting
favouring operability. The ventricular septal configura-
tion in end systole (in patients without a large VSD),
the Doppler flow pattern and gradient across the defect

Fig. 1. The effect of balloon occlusion on pulmonary artery
(PA) pressure in a patient with a large patent arterial duct. The
demonstration of a substantial fall, especially of the PA
diastolic pressure suggests operability.
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give further information about the pulmonary arterial
pressure.
In our experience the presence of clinical cyanosis

or saturations <90% is a strong predictor of inoper-
ability whereas the clear detection of a mid diastolic
murmur on serial assessment strongly favours operabil-
ity. In our institution the majority of our patients who
present beyond infancy with large left to right post-tri-
cuspid shunts are assessed and operability status deter-

mined purely on the basis of clinical examination,
chest X-ray, ECG, and echocardiography. It is only a
small minority that have required cardiac catheteriza-
tion to obtain hemodynamic data.
The role of ABG measurement has not been

adequately investigated in these situations. A decline
in arterial PO2 after exercise may suggest fixed PVR
as the fall in systemic vascular resistance during exer-
cise is not balanced by a corresponding fall in PVR

Fig. 2. Two representative X-rays from older patients with large ventricular septal defects
VSD). The X-ray on the left is from a 17-year-old patient with clinical evidence of a large
shunt and ‘‘operable’’ hemodynamics. This was in spite of kyphoscoliosis of the spine and
restrictive lung physiology. On the right is an X-ray from a 16-year-old boy with VSD and
Eisenmenger syndrome. This X-ray shows a typically reduced lung vasculature, prominent
central pulmonary arteries, and absence of cardiac enlargement.

TABLE III. Clinical Assessment of Hemodynamics in Left to Right Shunts

Modality Clues suggesting operability Clues suggesting inoperability

History Feeding difficulty, failure to thrive, tachypnea and
frequent respiratory infections in infancy

Absence of symptoms or ‘‘improvement’’ in status as
suggested by improved feeding, weight gain, and

resolution of tachypnea.

Physical examination Increased precordial activity, laboured respiratory efforts

(sub-costal and intercostal recession), split second heart
sound (S2), mid-diastolic ‘‘flow’’ murmurs

Visible cyanosis, quiet precordium, loud single S2,

absence of flow murmurs, early diastolic murmur of
pulmonary regurgitation

Oxygen saturationa Normal (>95%) Reduced (<90–95%)

Chest X-ray Cardiac enlargement, increased vascularity suggested by
prominent end-on vessels, visible vascularity in the

peripheral lung fields

Normal heart size, normal or reduced vascularity,
evidence of pruning with dilated hilar pulmonary artery

and rapid decline in vessel size

ECG Prominent left ventricular forces, q waves in lateral

precordial leads

Right ventricular dominance, absence of q waves in

lateral precordial leads

aOxygen saturations cut-offs may not be absolute. For example, patients with ventricular septal defects with significant aortic override may have some

resting desaturation at rest. However, saturations below 90% are seldom compatible with operation in simple shunt lesions. For patent ducts oxygen
saturation should be estimated in the lower limbs.
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allowing for increased right to left shunting across the
defect and increased hypoxia on the blood gas. In
addition, blood gas analysis also allows assessment of
respiratory function and the presence of hypercarbia
should alert the clinician to look for restrictive or ob-
structive pulmonary disease as a contributory factor to
the pulmonary hypertension.

CONCLUSIONS

Determining operability is important in patients with
left to right shunts who present late. Although, a num-
ber of unresolved issues exist with currently available
methods, a comprehensive assessment that incorporates
clinical evaluation, noninvasive investigations and in
selected cases, cardiac catheterization with calculation
of flows and resistances allows classification of the
vast majority of patients. Efforts to evolve clear guide-
lines through careful prospective studies need to be
undertaken as a number of patients with congenital
heart defects in the developing world continue to pres-
ent late with pulmonary hypertension.

ACKNOWLEDGMENTS

The authors thank Prof. Ziyad Hijazi for critically
reviewing the manuscript.

REFERENCES

1. Walker WJ, Garcia-Gonzalez E, Hall R, Czarnecki SW, Franklin
RB, Das SK, Cheitlin MD. Interventricular septal defect: Analy-
sis of 415 catheterised cases, ninety with serial hemodynamic
studies. Circulation 1965;31:54–65.

2. Tynan M, Anderson RH. Ventricular Septal Defect. Paediatric
Cardiology, 2nd ed. Edinburgh, Scotland: Churchill Livingstone;
2002. pp 983–1014.

3. Alt B, Shikes RH. Pulmonary hypertension in congenital heart
disease: irreversible vascular changes in young infants. Pediatr
Pathol 1983;1:423–434.

4. Holzer R, de Giovanni J, Walsh KP, Tometzki A, Goh T, Hakim
F, Zabal C, de Lezo JS, Cao QL, Hijazi ZM. Transcatheter clo-
sure of perimembranous ventricular septal defects using the
Amplatzer membranous VSD occluder: Immediate and midterm
results of an international registry. Catheter Cardiovasc Interv
2006;68:620–628.

5. Bando K, Turrentine MW, Sharp TG, Sekine Y, Aufiero TX,
Sun K, Sekine E, Brown JW. Pulmonary hypertension after
operation for congenital heart disease: Analysis of risk factors
and management. J Thorac Cardiovasc Surg 1996;112:1600–
1609.

6. Momma K, Takao A, Ando M, Nakazawa M, Takamizawa K.
Natural and post operative history of pulmonary vascular

obstruction associated with ventricular septal defect. Jpn Circ J
1981;45:230–237.

7. Sivakumar K, Anil SR, Rao SG, Shivaprakash K, Kumar RK.
Closure of muscular ventricular septal defects guided by en face
reconstruction and pictorial representation. Ann Thorac Surg
2003;76:158–166.

8. Kowalsky RH, Newburger JW, Rand WM, Castañeda AR. Fac-
tors determining access to surgery for children with congenital
cardiac disease in Guatemala, Central America. Cardiol Young
2006;16:385–391.

9. Fried R, Falkovsky G, Newburger J, Gorchakova AI, Rabino-
vitch M, Gordonova MI, Fyler D, Reid L, Burakovsky V. Pul-
monary arterial changes in patients with ventricular septal
defects and severe pulmonary hypertension. Pediatr Cardiol
1986;7:147–154.

10. Frescura C, Thiene G, Giulia Gagliardi M, Mazucco A, Pelle-
grino PA, Daliento L, Biscaglia S, Carminati M, Gallucci V. Is
lung biopsy useful in surgical decision making in congenital
heart disease? Eur J Cardiothorac Surg 1991;5:118–122.

11. Yamaki S, Ogata H, Haneda K, Mohri H. Indications for open
lung biopsy in patients with ventricular septal defect and/or pat-
ent ductus arteriosus and pulmonary hypertension. Heart Vessels
1990;5:166–171.

12. Kannan BR, Sivasankaran S, Tharakan JA, Titus T, Ajith Kumar
VK, Francis B, Krishnamoorthy KM, Harikrishnan S, Padmaku-
mar R, Nair K. Long-term outcome of patients operated for
large ventricular septal defects with increased pulmonary vascu-
lar resistance. Indian Heart J 2003;55:161–166.

13. Therrien J, Rambihar S, Newman B, Siminovitch K, Langleben
D, Webb G, Granton J. Eisenmenger syndrome and atrial septal
defect: Nature or nurture? Can J Cardiol 2006;22:1133–1136.

14. Steele PM, Fuster V, Cohen M, Ritter DG, Mc Goon DC. Iso-
lated atrial septal defect with pulmonary vascular obstructive
disease—Long term follow up and prediction of outcome after
correction. Circulation 1987;76:1037–1042.

15. Keane JF, Lock E. Hemodynamic evaluation of congenital heart
disease. In: Lock JE, Keane JF, Perry SB, editors. Diagnostic
and Interventional Catheterisation in Congenital Heart Disease,
2nd ed. Boston: Kluwer Academic; 2000. pp 37–72.

16. Lock JE, Einzig S, Bass JL, et al. The pulmonary vascular
response to supplemental oxygen and its influence on operative
results in children with ventricular septal defect. Pediatr Cardiol
1982;3:41–46.

17. Post MC, Janssens S, Van de Werf, Budts W. Responsiveness to
inhaled nitric oxide is a predictor of mid term survival in adult
patients with congenital heart defects and pulmonary arterial
hypertension. Eur Heart J 2004;25:1651–1656.

18. Balzer DT, Kort HW, Day RW, Corneli HM, Kovalchin JP,
Cannon BC, Kaine SF, Ivy D, Webber SA, Rothman A, Ross
RD, Aggarwal S, Takahashi M, Waldman JD. Inhaled nitric ox-
ide as a preoperative test (INOP Test I): The INOP Test Study
Group. Circulation 2002;106:76–81.

19. Roy A, Juneja R, Saxena A. Use of Amplatzer ductal occluder
to close severely hypertensive ducts: utility of transient balloon
occlusion. Indian Heart J 2005;57:332–336.

20. Yan C, Zhao S, Jiang S, Xu Z, Huang L, Zheng H, Ling J,
Wang C, Wu W, Hu H, Zhang G, Ye Z, Wang H. Transcatheter
closure of patent ductus arteriosus with severe pulmonary arte-
rial hypertension in adults. Heart 2007;93:514–518.

670 Viswanathan and Kumar

Catheterization and Cardiovascular Interventions DOI 10.1002/ccd.
Published on behalf of The Society for Cardiovascular Angiography and Interventions (SCAI).


