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INTRODUCTION

The time-honored modality for assessment of 
hemodynamics of congenital heart disease (CHD) is 
cardiac catheterization. Over the last few decades, with 
the emergence of accurate echocardiography, the routine 
use of cardiac catheterization to assess hemodynamics 
prior to surgery has diminished considerably. In many 
institutions, cardiac catheterization is largely reserved 
for assessment of flows and resistances in single ventricle 
physiology prior to the Fontan operation and selected 
patients with shunt lesions and elevated pulmonary 
vascular resistance who are considered borderline 
candidates for surgical correction. The limitations of 
cardiac catheterization are widely understood. The most 
significant limitation is in its ability to calculate flows with 
accuracy particularly because crucial data are assumed 
(oxygen consumption, pulmonary venous saturations). 
However, it is the only modality that allows us to quantify 
pressure (especially mean pressures) with accuracy.

Cardiac magnetic resonance (CMR) imaging was initially 
introduced to improve anatomic definition of heart and 

great vessels. This has brought about a revolution and 
virtually eliminated the need for invasive angiography to 
define structural alterations in CHD. More recently, it has 
become apparent that CMR has extraordinary potential in 
revealing accurate physiologic information that is often 
not possible through any other available modality. One 
of the most striking advantages of CMR is in its ability 
to precisely quantify flows in any given location in heart 
and major blood vessels. It is possible to perform internal 
validation and ensure that all estimations are accurate.

This case is being presented as an example of how CMR 
can allow us to understand the physiology of a complex 
situation with relative ease. We describe a 12-year-
old boy with single ventricle, pulmonary stenosis, 
interrupted inferior vena cava (IVC), who previously 
underwent a bidirectional glenn shunt (The Kawashima 
operation). Flow across the pulmonary valve was 
preserved (“Pulsatile Glenn”).

CASE SCENARIO

Cardiac diagnosis

The patient was diagnosed to have complex cyanotic CHD 
in infancy – situs inversus, dextrocardia, common atrio-
ventricular (AV) canal defect, large ventricular septal 
defect nearly amounting to single ventricle, double outlet 
right ventricle, L-malposed great arteries, significant 
valvar and subvalvar pulmonary stenosis, interrupted 
IVC with azygous continuation and bilateral superior 
venacava (SVC). Pulmonary venous drainage was normal. 
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Aortic arch was right sided.

Past surgical intervention

Bilateral bidirectional Glenn shunt (Kawashima 
operation[1]) at 1 year age was done, thereby directing 
the flows from both the SVCs and the azygous vein into 
the pulmonary arteries. The hepatic veins continued 
to drain into the left-sided morphological right atrium.

Clinical status

Patient has been clinically well following the surgery (New 
York Heart Association functional class I), with oxygen 
saturations ranging from 85 to 90%. He underwent 
periodic reassessments by echocardiography and was 
found to have unobstructed Glenn shunts, demonstrable 
forward flows across the stenosed native pulmonary 
valve, moderate regurgitation of the AV valves, and 
normal ventricular functions.

He was re-evaluated for suitability for Fontan completion.

Apart from anatomical suitability [especially pulmonary 
artery (PA) anatomy and arborization patterns, IVC 
position, aorto-pulmonary and venous collaterals], 
critical hemodynamic data required for determining 
suitability for Fontan surgery included estimation of the 
shunt (Qp/Qs), mean PA pressures, calculated indexed 
pulmonary vascular resistance (PVRi), ventricular 
functions (systolic function and diastolic), and the 
quantum of AV valve regurgitation.

Transthoracic echocardiogram provides good anatomic 
assessment of the cardiac anatomy (subject to adequate 
ultrasound windows). It also provides a semi-quantitative 
estimate of the common AV valve regurgitation. 
Assessment of the ventricular function is challenging 
in view of the large ventricular septal defect (VSD), 
functional single ventricle and the abnormal cardiac 
situs and axis in this situation. Though theoretically 
possible, estimation of Qp/Qs ratio on echocardiography 
is cumbersome and fraught with assumptions of outflow 
anatomy and geometry. Additionally, in this particular 
case, there were three sources of pulmonary blood flow, 
making it virtually impossible to calculate pulmonary 
blood flows.

Cardiac catheterization is the “gold standard” for 
assessing absolute PA pressures, PVRi and ventricular 
end-diastolic pressure (EDP), and also provides critical 
anatomical information especially of the extra-cardiac 
structures – sizes of the branch pulmonary arteries, 
decompressing venous collaterals, aortic arch anatomy, 
aorto-pulmonary collaterals, etc.[2] Limited intra-cardiac 
anatomic details may also be obtained by angiography. 
However, there are definite drawbacks to assessment 
of the flow dynamics by catheterization using the 
Fick’s principle. First and foremost is the fact that the 
calculations are based on assumed oxygen consumptions. 

Secondly, in the presence of antegrade PA flows with a 
bilateral Glenn shunt and a large azygous vein draining 
into the low right superior vena cava (RSVC ), the precise 
site of oximetry sampling for the mixed venous blood and 
the mixed PA blood may directly affect the calculated 
Qp:Qs. The antegrade PA flow that comprises a mixture 
of saturated pulmonary venous return and the hepatic 
venous blood will be expected to have much higher 
oxygen saturation than the returns from vena cava, and 
the PA saturations would be affected by the quantum of 
this flow as well as the streaming patterns. The ideal PA 
sample would need to be a perfect mixture of the blood 
from venacavae and the antegrade PA flow.

The patient underwent cardiac catheterization 
nevertheless and the information obtained is shown in 
Figure 1. What is immediately noticeable is the varying 
SO2 between the RSVC, right pulmonary artery (RPA) and 
the PA confluence, reflecting the fact that obtaining a 
precise mixed PA sample for oximetry is challenging in 
this situation. Consequently, accurate Qp:Qs estimation 
would be difficult, and is dictated by what we assume to 
be the mixed PA SO2.

Cardiac magnetic resonance (CMR) imaging

Magnetic resonance imaging (MRI) is rapidly becoming 
the premier imaging modality in the assessment of form, 
function and flows in CHD. Rather than being a single 
modality, CMR is an amalgamation of several techniques. 
Each of these techniques can not only contribute 

Figure 1: Line diagram representing the basic anatomy and the 
physiological information obtained on cardiac catheterization. 
SPO2 obtained through blood gas analysis at various sites are 
encircled. Mean pressures recorded are shown in rectangular 
blocks (AzV – azygous vein, ED – ventricular end-diastolic 
pressure, LPA – left pulmonary artery, LUPV – left upper pulmonary 
vein, LLPV – left lower pulmonary vein, MPA – main pulmonary 
artery, RA – right atrium, RV – right ventricle, RPA – right pulmonary 
artery, RLPV – right lower pulmonary vein, RUPV – right upper 
pulmonary vein, RHV – right hepatic vein, LHV – left hepatic veins)
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individually to the understanding of anatomy and/or 
physiology, but also complement the other techniques, 
adding to the information obtained, and/or providing 
a mechanism for internal validation.

Let us discuss the application of CMR in the assessment 
of the patient described above.

Anatomical assessment and assessment of 
ventricular function

Cine sequences – Steady-state free precession (SSFP) or 
FIESTA
This technique provides echocardiography-like moving 
images allowing dynamic assessment of the cardiac 
structures including the cardiac contractility, regional 
wall motion, valve functions and blood flows. The views 
can be tailored and customized to provide the specific 
information required.

Moderate degree of regurgitation of the common AV 
valve was observed.

Ventricular short axis views obtained in this patient 
allowed contouring of the endocardial borders of the 
ventricles in end-diastole and end-systole, providing 
the systolic function, stroke volume, and cardiac output. 
• Combined ventricular stroke volume – 110 mL
• Combined cardiac output – 7.8 L/min
• Ventricular ejection fraction – 75% 

Gadolinium-enhanced 3-D angiography
This technique allows “true” 3-dimensional tomography 
and is an excellent imaging modality for the extracardiac 
anatomy.

In the case described, the technique provided detailed 
anatomy of the cardiovascular structures including the 
pulmonary arteries, aortic arch and branching pattern, 

Figure 2: Gadolinium-enhanced 3D MR angiography. (a) Maximum intensity projection showing the bilateral SVC, pulmonary arteries 
and the bilateral Glenn anastamoses. (b) Maximum intensity projection showing the azygous continuation of IVC, draining into the 
RSVC. (c and d) 3-D reconstructions: (c) the orientation of the cardiac mass, great artery relationship, pulmonary arteries and Glenn 
anatomy (coronal plane); (d) is an oblique view from a left-superior perspective, showing the bilateral SVC, the azygous vein, the aorta, 
and their relationship to each other and other cardiac structures
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pulmonary venous anatomy, as well as the Glenn 
and systemic venous anatomy. Unobstructed Glenn 
anastamosis, absence of significant aorto-pulmonary or 
venous collaterals were noted [Figure 2].

Assessment and quantification of blood flows

Phase-encoded velocity mapping (phase contrast or 
phase shift)
This technique is based on the principle that moving 
tissue within a magnetic field changes phase after a 
radiofrequency pulse imparts energy to it [Figure 3].  
It yields a time–flow curve by summing up the flows 
across the vessel in question in all phases of the cardiac 
cycle, integrated area under the curve providing the flow 
during one heart beat [Figure 4]. Multiplying this by the 
heart rate gives the flow across the vessel per minute. 

Figure 4: Time–flow curves obtained using phase-contrast sequences across various vascular structures: (a) aorta; (b) right pulmomonary 
veins; (c) left pulmonary veins; (d) hepatic veins; (e) right and left superior vena cava, azygous vein

Figure 3: (a and b) Phase-contrast images for assessing the flows across the ascending aorta

We assessed flows across the following structures 
[Figure 5]:
1.  Aorta (at the level of the sino-tubular junction).
2.  Main PA [mid main pulmonary artery (MPA) level]. 
3.  RPA (just beyond the RSVC anastamosis).
4.  Left pulmonary artery (LPA; just distal to LSVC 

anastamosis).
5.  Pulmonary veins – right upper, right lower, left 

upper, left lower.
6.  Azygous vein.
7.  Hepatic veins – right sided, left sided.

INTERPRETATION OF HEMODYNAMIC 
DATA

1.  Ventricular volumetric assessment shows the total 
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Figure 5: Line diagram showing the flows (in L/min) obtained 
across various vascular structures using phase-encoded velocity 
mapping. The flow values are encircled (RSVC – right superior vena 
cava AV –  azygous vein, LPA – left pulmonary artery, LUPV – left 
upper pulmonary vein, LLPV – left lower pulmonary vein, MPA 
– main pulmonary artery, RA – right atrium, RV – right ventricle, 
RPA – right pulmonary artery, RLPV – right lower pulmonary vein, 
RUPV – right upper pulmonary vein, RHV – right hepatic vein, LHV 
– left hepatic veins), LSVC – left superior vena cava

Table 1: Comparison of information obtained on cardiac catheterization versus cardiac magnetic 
resonance imaging in the patient
Parameter Data from catheterization Data from MRI Comments
Flow data: Qp Calculated value dependent on assumed 

O2 consumption and also on the SO2 of 
pulmonary blood considered; unreliable

5.6 L/min MRI gave accurate numbers 
that withstood internal 
validation

Flow data: Qs 3.3 L/min; not validated 4 L/min MRI numbers withstood 
internal validation

Flows in individual vessels Did not allow accurate estimation of  
flows, e.g. in individual systemic veins or  
pulmonary veins

Accurate flows  
determined

Individual flow estimations 
allow internal cross-validation 
of the flow information

Pressure data – absolute pressures in the 
pulmonary artery and veins, atrium, ventricles, 
aorta (required for calculating PVRi, SVRI)

Accurate data obtained Not obtained Current limitation of 
hemodynamic assessment by 
CMRI

collaterals to pulmonary veins, Qs can alternatively 
be calculated from the sum total of the systemic 
venous return (RSVC + LSVC + hemiazygous vein + 
hepatic veins) – 3.8 L/min.

6.  Total pulmonary venous return would reflect the 
total pulmonary blood flow (Qp) = 1.1 + 1.4 + 1.1 + 
2 = 5.6 L/min.

7.  Pulmonary blood flow would be equal to RPA + LPA 
flows = 2.3 + 3.4 = 5.7 L/min.

8.  Pulmonary blood flow (Qp) would also be the sum 
total of the flows across the RSVC, LSVC, hemiazygous 
vein and the antegrade PA flows = 2.8 + 2.5 = 5.3 L/
min.

9.  Since all the systemic venous return with the 
exception of hepatic veins and coronary veins 
contributes to the pulmonary blood flow, Qp can 
also be derived if we just consider the aortic outflow 
and the hepatic venous return (Qp = aortic outflow 
– hepatic venous return + antegrade PA flows = 4 – 1 
+ 2.5 = 5.5 L/min).

10. Flow studies show the hepatic venous contribution 
to systemic venous return to be 25%.

11. Thus, Qp: Qs = 5.6/4 = 1.4:1.
12.  RPA: LPA flow ratio is 0.7.

•  As we see above, flow assessment by phase-contrast 
MRI gives accurate assessment of hemodynamics 
even in complex anatomical and physiological 
situations, with excellent reproducibility. 

•  It also allows for internal validation of the information 
obtained through direct calculations, or derivations, 
from different data sets. 

•  Combination of phase-contrast and volumetric data 
also provides insight into the hemodynamics (AV 
valve regurgitant volume and fraction in this case) 
and also a means for internal cross-validation. 

•  Differential pulmonary blood flows obtained through 
CMR bear excellent correlation with flow ratios 
obtained through nuclear medicine scans.

CMR imaging  is not only a powerful imaging tool, but 
also an excellent tool for hemodynamic assessment, 
especially in complex physiological conditions. It has 
the ability to provide a unique insight into complex 

cardiac output (diastolic volume minus systolic 
volume, multiplied by the heart rate) to be 7.8 L/min.

2.  Phase-contrast studies show the antegrade flows into 
the aorta and the stenotic main PA to be 4 L/min 
and 2.5 L/min, respectively.

3.  Subtracting the sum total of the actual cardiac 
output (aortic + MPA flows) from the cardiac output 
calculated from ventricular volume indirectly gives 
the AV valve regurgitant volume, viz., 1.3 L/min, or 
a regurgitant fraction of 17%.

4.  Systemic flow (Qs) equals the aortic outflow (in the 
absence of significant aorto-pulmonary collaterals) 
= 4 L/min.

5.  In the absence of significant decompressing venous 
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uncorrected or partially corrected heart diseases in older 
children and adults where echocardiography falls short. 
Non-invasive, and devoid of ionizing radiation, it is a 
safe modality suited to serial evaluations and response 
to surgical/pharmacological management. Currently, the 
most important limitation of CMRI relates to accurate 
estimation of pressures. Indices are being developed to 
predict PA pressures and PVRi using MRI, which may 
circumvent these limitations in the future.[3-5] It has the 
potential to replace cardiac catheterization for most 
diagnostic cardiovascular indications. It also can prove 
to be a valuable research tool in understanding CHD and 
its ramifications.
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