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ABBREVIATIONS 

 

MRI -  Magnetic resonance imaging 

PC MRI -  Phase contrast MRI/Phase contrast cine MRI 

Qp/PBF -  Pulmonary blood flow 

Qs/SBF -  Systemic blood flow 

Qep/EBF -  Effective pulmonary blood flow 

PA -  Pulmonary artery 

VO2 -   Oxygen consumption 

PvO2 -  Pulmonary venous oxygen saturation 

PaO2 -   Pulmonary artery oxygen saturation 

SaO2 -  Systemic arterial oxygen saturation 

MvO2 -  Mixed venous oxygen saturation 

VENC -  Velocity encoding 

CSA -  Cross sectional area 

VTI -  Time velocity integral 

LVOT -  Left ventricular outflow tract 

RVOT -  Right ventricular outflow tract 

PLAX -   Parasternal long axis view 

(i) 



PSAX -  Parasternal short axis view 

AO -  Aorta 

SVC/IVC -  Superior vena cava 

IVC -  Inferior vena cava 

RA -  Right atrium 

RV -  Right ventricle 

LV -  Left ventricle 

ctO2 -  Oxygen content 

%FO2Hb -  Fractional oxyhaemoglobin saturation 

VSD -  Ventricular septal defect 

OP/OS/SV ASD  -  Ostium primum/ostium secundum/sinus venosus 

   atrial septal defect 

PDA -  Patent ductus arteriosus 

MPAP -  Mean pulmonary artery pressure 

RSOV -  Ruptured sinus of Valsalva aneurysm 

ROI -  Region of interest 

SSFP -  Steady-state free precession 

TRUFISP -  True fast imaging with SSFP 

ABG -  Arterial blood gas 

(ii) 
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INTRODUCTION 

 

 Quantification of shunt volumes and accurate 

measurement of the ratio of pulmonary to systemic flow (Qp/Qs) and 

assessment of cardiac dilatation as a consequence of volume overload are 

crucial in the management of patients with left to right shunts (1).  

Asymptomatic patients with a Qp/Qs of <1.5 are managed conservatively, 

whereas patients with a Qp/Qs ratio of ≥1.5 whose pulmonary vascular 

resistance is not markedly elevated usually are referred for corrective 

surgery or interventional closure (2).  

 The shunt volumes can be determined either by invasive 

techniques like oximetry (3,4) and indicator dilution technique (5,6) or 

noninvasively by radionuclide scintigraphy (7,8), doppler 

echocardiography (9,10) and MRI (11-18).   

 Cardiac catheterisation and Oximetry remain the gold 

standard for shunt quantification (2-4). Using Fick’s principle, cardiac 

shunt volumes are estimated based on measurements of blood oxygenation.  

The most significant limitation of oximetry is in its ability to calculate 

flows with accuracy because crucial data like oxygen consumption, 

pulmonary venous saturations are assumed (19,20).  Moreover, the 

procedure is invasive and is associated with radiation exposure (3,4).  
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Although radionuclide scintigraphy and doppler echocardiography are non-

invasive techniques, the former requires the injection of a radionuclide and 

the latter may be technically difficult or impossible to perform in some 

patients and the reliability is low as it is highly observer dependent (21,22). 

 MRI is a non-invasive method by which the 

cardiovascular system can be imaged with high spatial resolution (23). 

Additionally, blood flow can be quantified by Phase contrast MRI (PC 

MRI) thus adding functional information to a morphological cardiac 

investigation (32,33).  This method is based on the principle that hydrogen 

nuclei moving through a magnetic field gradient accumulate a phase shift 

proportional to their velocity. A two-dimensional map of velocities can 

thus be constructed with the phase information.  Volume of flow is the 

result of the product of average spatial velocity and cross-sectional area of 

the vascular structure of interest. Hence MRI based flow measurements of 

the aorta, pulmonary arteries, systemic veins, pulmonary veins can be 

obtained in a quick, reliable and non-invasive manner thereby enabling 

determination of shunt volumes.  

 Very good agreement of shunt quantification by PC-MRI 

and oximetry has been previously demonstrated(24-30).  We aimed to 

validate these findings in our patient cohort comprising adult patients with 

left to right shunt lesions.  We wanted to determine the level of agreement 
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between the pulmonary flow, systemic flow and Qp/Qs assessed by PC 

MRI and oximetry, thereby exploring the possibility of replacing invasive 

oximetry with PC-MRI as a shunt assessment tool.   
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AIMS AND OBJECTIVES 

 

➢ To determine whether Phase contrast MRI can reliably and 

accurately assess the magnitude of left to right shunt in comparison 

with oximetry by cardiac catheterisation in adult patients with shunt 

lesions. 

➢ To determine the level of agreement between Qp/Qs determined by 

Phase contrast MRI with that of oximetry. 
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REVIEW OF LITERATURE 

 

   In the normal heart, septation of the right-sided and left-

sided cardiac chambers separate the pulmonary circulation from the 

systemic circulation. The systemic and pulmonary circulations operate in 

series, and thus normally their output is the same. A shunt is an abnormal 

communication between the systemic and pulmonary circulation.  Such an 

abnormal communication can occur either at the atrial, ventricular, or great 

vessel level.  Rarely shunt lesions can occur between the systemic vessels 

and the right sided heart chambers as in the case of coronary cameral fistula 

and ruptured sinus of Valsalva.  

   Shunt lesions can occur in isolation or rarely they may 

be a component of a more complex cardiac anatomy.  Isolated shunt lesions 

comprise much of the de novo congenital heart disease diagnosed in adults 

and children.  Differences in ventricular compliance and vascular resistance 

of the systemic and pulmonary circulations generally result in left-to-right 

shunting, which allows oxygenated blood to be recirculated through the 

pulmonary circulation. If the shunt volume is significant, this inefficient 

recirculation of blood causes an excessive volume load on the ventricles and 

transmits a combination of volume and pressure to the pulmonary vascular 
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bed leading to a wide range of pathophysiological consequences 

necessitating correction.  

   Shunt volumes are generally estimated by measuring the 

pulmonary (Qp) and systemic (Qs) blood flows.  In most patients, the 

volume of shunted blood is directly proportional to the symptoms 

experienced. A Qp/Qs ratio of 1:1 is normal and indicates a balanced 

circulation without shunting. A Qp/Qs ratio greater than 1 indicates a left-

to-right shunt with excessive pulmonary blood flow. A Qp/Qs ratio of less 

than 1 indicates a net right-to-left shunt. Shunt quantification and assessment 

of cardiac dilatation as a consequence of volume overload are vital in the 

management of patients with left to right shunts (1).  Asymptomatic patients 

with a with a Qp/Qs ratio of <1.5 are managed conservatively, whereas 

patients with a Qp/Qs ratio of ≥1.5 whose pulmonary vascular resistance is 

not markedly elevated is referred for corrective surgery or interventional 

closure. The methods available for quantification of shunts include 

1. Oximetry (3,4) 

2. Indicator dilution techniques (5,6) 

3. Radionuclide scintigraphy (7,8) 

4. Doppler Echocardiography (9,10) 

5. Phase contrast MRI (11,18) 
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Indicator dilution techniques and radionuclide scintigraphy are seldom used 

in current clinical practice. The methods presently in use are discussed 

below. 

Oximetry: 

   Right-sided cardiac catheterization with oximetry run 

procedure is the most commonly used method for the quantification of left-

to-right shunts in all age populations. It has been dubbed as the gold standard 

in most studies.  During the oximetry run, oxygen content (ctO2) and 

fractional oxyhaemoglobin saturation (%FO2Hb) are measured in blood 

samples drawn sequentially from the pulmonary artery (PA), right ventricle 

(RV), right atrium (RA), superior vena cava (SVC), and inferior vena cava 

(IVC). A left-to-right shunt may be detected and localized if a sudden, 

discontinuous change or step-up in blood oxygenation is identified in one of 

the right heart sites assessed. A significant step-up is defined as an increase 

in blood oxygen content or saturation that exceeds the normal variability that 

might be observed if multiple samples were drawn from that cardiac 

chamber or great vessel (1).  The oximetry run procedure was established by 

studies that were originally performed by Dexter and his associates in 1947 

(47). Oxygen content was measured using Van Slyke and Neill’s volumetric 

technology and pressures were recorded by Hamilton’s optical manometer. 

Their results concluded that repeated specimens drawn from the RA could 
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vary in ctO2 by as much as 2 volumes percent (vol%), variation within the 

RV and PA were found to be 1 vol% and 0.5 vol% respectively. From these 

observations, Dexter concluded that a significant step-up is present at the 

atrial level when the highest ctO2 in blood samples drawn from the RA 

exceeds the highest content in the vena cava by 2 vol%, at the ventricular 

level if the highest RV sample is 1 vol% higher than the highest RA sample, 

and at the level of the pulmonary artery if the PA ctO2 is more than 0.5 vol% 

greater than the highest RV sample. The studies performed by Dexter 

derived the acceptable variability of ctO2 in the right heart utilizing a 

laboratory based analytical method. In 1980, Antman correlated ctO2 with 

oxygen saturation during oximetry run procedures in patients receiving 

right-heart catheterizations for non-shunt related pathologies (4).   

   Screening for a left-to-right shunt is commonly 

performed by measuring the %FO2Hb from samples drawn from the SVC 

and PA. If the difference in %FO2Hb between these samples is ≥8%, a left-

to-right shunt may be present at the atrial, ventricular, or great vessel level, 

and a full oximetry run is often conducted. A full oximetry run to detect a 

left-to-right shunt typically includes collecting samples from the following 

anatomic locations and measuring the %FO2Hb and ctO2(1). 

 1. Left and/or right pulmonary artery  

2. Main pulmonary artery  
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3. Right ventricle, outflow tract  

4. Right ventricle, mid  

5. Right ventricle, tricuspid valve or apex  

6. Right atrium, low or near tricuspid valve 

7. Right atrium, mid  

8. Right atrium, high  

9. Superior vena cava, low (near junction with right atrium)  

10. Superior vena cava, high (near junction with brachiocephalic vein) 

11. Inferior vena cava, high (just at or below diaphragm)  

12. Inferior vena cava, low (at lower lumbar vertebra) 

   Interpretation of the oximetry run and step-up 

differences relative to left-to-right shunts, are often modelled on the 

guidelines published by Grossman, whereby criteria developed by Antman 

compared both the mean %FO2Hb of the distal chambers and the highest 

%FO2Hb in the proximal chambers for significant step-up findings (Table 

3.1).  To determine a right-to-left shunt, blood specimens need to be sampled 

from the left heart, i.e., pulmonary vein, left atrium, left ventricle, and aorta. 

The pulmonary venous blood of patients with arterial hypoxemia caused by 

an intracardiac right-to left shunt is fully saturated with oxygen. Therefore, 

the site of a right-to-left shunt may be localized by noting which left heart 

site is the first to show desaturation (i.e., a step-down in oxygen 

concentration). If the left atrial %FO2Hb is normal but desaturation is 
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present in the left ventricle and in the systemic circulation, the right-to-left 

shunt is across a ventricular septal defect. A major disadvantage of this 

technique is that a pulmonary vein and the left atrium must be entered. This 

is not as easy in adults as it is in children, where access to the left atrium 

may be entered through the foramen ovale. If the oximetry run reveals that 

a significant step-up is present, the pulmonary blood flow (QP), systemic 

blood flow (QS), and magnitude of left-to-right or right-to-left shunts may 

be calculated based on the Fick principle. 

Table 3.1: Detection of left to right shunt by oximetry(1) 

      

   Though widely accepted, Oximetry is not a fool proof 

method as it is based on multiple assumptions. The first assumption is that 

the patient is at steady state. While this may be true if the patient is asleep 

or resting quietly, as conditions change during the measurements, errors may 

be introduced. Therefore, it is best to obtain all samples as rapidly and safely 
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possible to minimize perturbations in patient steady state. The second 

assumption is that an oxygen saturation sample is an accurate representation 

of the chamber or vessel. This is often the case, but oxygenation sampling is 

fraught with difficulty; scattered areas of pulmonary parenchymal disease or 

atelectasis may lead to inhomogeneous oxygenation of pulmonary artery 

flow. Similarly, the right atrium is a difficult site for obtaining a 

representative sample because of streaming from the highly saturated renal 

vein, the less saturated hepatic vein, and the very low saturated coronary 

sinus. Inferior vena cava saturation is usually higher at rest than the SVC 

saturation, but during general anaesthesia, the SVC saturation may be 

higher. The third assumption is that all blood entering a chamber does so in 

an anterograde fashion, and, therefore, the sample is not “contaminated” by 

blood from a distal chamber. Certainly, this is not the case when there is 

atrioventricular or semilunar valve regurgitation. For example, right 

ventricle saturation may be falsely elevated when there is pulmonary 

regurgitation and a patent ductus arteriosus. The fourth assumption is that 

the patient’s hemodynamic state in the catheterisation lab represents the 

baseline hemodynamic state. This is probably the most difficult assumption 

to support.  At one end of the spectrum, inadequate sedation results in a 

terrified or combative child, while at the other end of the spectrum is general 

anaesthesia. Neither condition represents a normal, “physiologic” state. The 

best an operator can do is to establish the conditions of the cardiac 
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catheterization, then maintain these same conditions in a “steady state” until 

a complete set of measurements has been obtained. 

Shunt calculations: 

   To quantify the extent of a shunt, pulmonary blood flow 

(PBF/Qp) and systemic blood flow (SBF/Qs) need to be calculated, which 

is simply oxygen consumption divided by the difference in oxygen content 

across the pulmonary or systemic bed according to the Fick principle. The 

effective blood flow (EBF/Qep) is the fraction of mixed venous return 

received by the lungs without contamination by shunt flow. Under normal 

conditions, PBF, SBF, and EBF are equal. The equations are as follows: 

 

 

 

VO2(Oxygen consumption) may be measured or assumed. In the current era, 

it is most common to use the assumed values for purposes of calculations 

because the actual measurement of VO2 is quite cumbersome. Assumed 

values that are most often used for calculations are based on the formulas of 

Lafarge and Meittinen (48) and are derived from measurements made in 879 

patients using the Douglas bag method. PvO2, PaO2, SaO2, and MvO2 are 

oxygen saturation of pulmonary venous, pulmonary arterial, systemic 
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arterial, and mixed venous blood, respectively. MvO2 is calculated by the 

Flamm formula: 

 

Systemic arterial oxygen saturation may be substituted for pulmonary 

venous sampling, if it is at least 95%.  Otherwise, in the absence of a right-

to-left shunt, systemic arterial oxygen content is used. If a right-to-left shunt 

is present, pulmonary venous oxygen content is calculated as 98% of the 

oxygen capacity. The size of an isolated left-to-right shunt is: 

 

If an additional right-to-left shunt is present (bidirectional shunt), the 

approximate size of the left-to-right shunt is: 

 

And the approximate size of the right-to-left shunt is: 

 

Clinically, the ratio of PBF to SBF (or Qp/Qs) is often used to express shunt 

significance. A ratio less than 1.5 indicates a small left-to-right shunt, a ratio 

of 1.5 to 2.0 a moderate-sized shunt, and a ratio 

greater than 2.0 a large left-to-right shunt. A flow ratio less than 1.0 indicates 

a net right-to-left shunt.  If oxygen consumption is not measured, the 

PBF/SBF ratio may be calculated as follows: 
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where SaO2, MvO2, PvO2, and PaO2 are systemic arterial, mixed venous, 

pulmonary venous, and pulmonary arterial blood oxygen saturation, 

respectively. 

Doppler Echocardiography: 

   Two-dimensional echocardiography and doppler are the 

most widely used methods to detect and quantify intracardiac shunts. 

Echocardiographic shunt quantification: 

   In the case of atrial and ventricular septal defects, the 

cross-sectional area of the right ventricular outflow tract (RVOT) is first 

determined during early to mid-ventricular systole.  The diameter of the 

RVOT should be measured from inner edge to inner edge at the base of the 

pulmonary valve leaflet in the parasternal short axis view (Figure 3.1).  

Figure 3.1: RVOT diameter(PSAX) 

 

The cross-sectional area is then calculated as:  
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CSARVOT= 0.785 x RVOT diameter² 

The next step is to obtain the VTI (Velocity time integral) of the right 

ventricular outflow tract using pulse wave doppler.  The sample volume is 

to be placed at the level of the RVOT to obtain this measurement (Figure 

3.2).  

Figure 3.2: RVOT VTI(PSAX) 

 

The RVOT stroke volume is then calculated as: 

SVRVOT = CSARVOT  x VTIRVOT 

Following this the cross-sectional area of the LVOT is measured in early to 

mid-systole in the parasternal long axis view in the same way as described 

above(Figure 3.3).  The cross-sectional area is then calculated as: 

CSALVOT = 0.785 x LVOT diameter² 



[19] 
 

Figure 3.3: LVOT diameter(PLAX) 

 

Then, LVOT VTI is obtained by pulse doppler by placing the sample volume 

at the level of LVOT(Figure 3.4).   

Figure 3.4: LVOT VTI (apical 5 chamber view or 3 chamber view) 

 

The LVOT stroke volume is then calculated as: 

SVLVOT = CSALVOT  x VTILVOT 
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The Qp/Qs is thereby calculated as: 

SVRVOT / SVLVOT 

In the case of PDA, there is a very important difference in the calculations.  

Here,  

SVLVOT =  Qp 

SVRVOT =  Qs 

Qp:Qs = SVLVOT / SVRVOT 

These calculations are based on the assumptions that flow occurs in a rigid 

tube at a constant velocity and that the outflow tract is cylindrical in shape 

with a constant cross-sectional area throughout the cardiac cycle; these 

assumptions may not always be true.  Additional limitations include errors 

in measurement from inappropriate beam alignment and errors in outflow 

diameter measurements.  Shunt fraction can also be determined as the ratio 

of RV stroke volume/LV stroke volume.  This method however is not 

accurate in patients with valvular regurgitation or with ventricular septal 

defects.     
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MRI based flow analysis: 

   Quantitative and qualitative assessment of blood flow is 

frequently used in functional MR evaluation of congenital and acquired 

paediatric heart disease (49). Qualitative evaluation of abnormal flow 

patterns is used to visualized turbulent flow jets related to stenotic or 

regurgitant valves or abnormal communications between cardiac chambers 

or blood vessels (e.g., septal defects, patent ductus arteriosus, systemic-to-

pulmonary shunts). Site-specific quantification of flow rate, flow velocity, 

stroke volume, and minute flow can, in principal, be measured across any 

blood vessel within the central cardiovascular system. 

Technique: 

An ECG-gated VEC MRI sequence, a type of gradient echo sequence, can 

be used to measure blood flow velocity and quantify blood flow rate (49,50). 

The VEC MRI (or PC MRI) technique is based on the principle that the 

signal from hydrogen nuclei (such as those in blood) flowing through 

specially designed magnetic field gradients accumulates a predictable phase 

shift that is proportional to its velocity. Multiple phase images are 

constructed across the cardiac cycle in which the signal amplitude (intensity) 

of each voxel is proportional to mean flow velocity within that voxel. Using 

specialized software, regions of interest around a vessel are defined, and the 
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flow rate is automatically calculated as the product of the mean velocity and 

the cross-sectional area (Figure 3.5). 

   In practice, an imaging plane is prescribed perpendicular 

to the vessel of interest and two sets of multiphase images are reconstructed 

following a PC MRI acquisition: A set of magnitude images that provide 

anatomic information and a set of phase images in which the velocity 

information is encoded. For each acquisition, the operator prescribes the 

field of view, matrix size, and slice thickness, which, in turn, determine 

spatial resolution. Greil et al. (51), in an in vitro study using a pulsatile flow 

model, found that spatial resolution is important for accurate measurements 

of flow rate by PC MRI with an optimal number of pixels within the cross-

section of the vessel of interest ≥16. Other variables such as the angle 

between the prescribed imaging plane and flow direction, velocity encoding 

range, flip angle, and slice thickness must also be considered. Other known 

caveats of quantitative assessment of blood flow by PC MRI include flow 

aliasing and dephasing secondary to turbulent flow. Aliasing can be avoided 

by prescribing a velocity encoding range higher than the maximal velocity 

within the target vessel. Avoiding dephasing secondary to turbulent blood 

flow can be achieved by shortening the echo time, prescribing a thinner slice 

thickness, or repositioning the imaging slice proximal or distal to the 

turbulent jet.
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Figure 3.5: Phase contrast MRI (A:Schematic representation of phase velocity encoding.  Left panel:A magnetic field gradient (Gx) is briefly applied in the velocity 

encoding direction(x) causing phase variations to develop. Right panel:The gradient is then reversed so that it has equal magnitude and duration but opposite polarity.  In 

stationary tissue, there is no net phase shift because the reversal of the gradient field cancels the effect of initial gradient application.  In contrast, flowing blood in the vessel 

is now in a different location and is therefore exposed to a different gradient strength (shaded region).  Consequently, a net phase shift will result that is proportional to flow 

velocity. B:Typical phase velocity cine MRI pulse sequence diagram (rf, radiofrequency, slice select gradient; Gy, frequency select gradient; Gx,phase encoding gradient; 

DAQ, data acquisition window). C. Transverse(axial) view of phase velocity cine MRI perpendicular to ascending aorta. Top panel:Phase sensitive image.  Bottom 

panel:Magnitude image.  To measure the flow in the ascending aorta, a region of interest(circle) is placed using offline computer software.  D. Flow time curve.  

Instantaneous flow rates are calculated multiple times during the cardiac cycle by integrating the flow velocities across the vessel cross sectional area.  The are under the 

curve represents the stroke volume.  Minute flow is calculated by multiplying the stroke volume by heart rate.) 
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Standard VEC MRI techniques require 2 to 4 minutes of data acquisition in 

each site.  However, developments of faster imaging strategies (e.g., 

segmented k space acquisition and parallel processing) have greatly 

shortened the acquisition time (54-57).  

MRI based Shunt assessment: 

   PC MRI based flow measurements obtained at the level 

of the pulmonary artery (Qp) and aorta (Qs) are commonly employed for 

calculation of Qp/Qs. Depending on the location of the shunt, flows other 

the above can be used as Qp and Qs respectively.  The sum of flow across 

the branch pulmonary arteries or the pulmonary veins can be a substitute for 

pulmonary blood flow.  The sum of flow across the superior and inferior 

vena cava can be a substitute for aortic blood flow. Other less accurate 

methods to assess the shunt magnitude is by utilising flow across the 

tricuspid valve/RV stroke volume as Qp and flow across the mitral valve/LV 

stroke volume as Qs. 

Accuracy of blood flow measurements: 

   PC MRI flow calculations have been shown by in vitro 

and in vivo studies to be accurate and reproducible (25,51,53,58,59). Greil 

et al. (51) demonstrated that the accuracy and reproducibility of in vitro 

pulsatile flow measurements by PC MRI is 0.8 ± 1.5%. Evans et al. (59) 
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found a strong correlation (r2 = 0.99) with a 95% confidence interval of 

±0.07 L/min over a range of flow rates 0.125 to 1.9 L/min. Powell et al. (53), 

in a phantom model that mimics flow condition in the aorta of a child (flow 

rates 1.25 to 3.5 L/min), found a similarly strong correlation, a close 

agreement (bias = −0.045 L/min), and 95% limits of agreement of −0.19 to 

0.1 L/min. 

  The accuracy of in vivo PC MRI measurements of blood flow 

has been demonstrated by numerous studies. Investigators have used 

ventricular stroke volume, thermodilution, Fick principle, indicator dilution, 

and flow probe measurements as reference standards, showing strong 

correlations with PC MRI (26,11,53,60,61,62). Hundley et al. (26) found 

that ascending aorta flow in 23 adults was within 4% of flow measurements 

by the Fick method and within 5% measured by thermodilution.  Beerbaum 

et al. (25), in a study of 50 children with atrial or ventricular septal defects 

(VSDs) who underwent concomitant cardiac catheterization, reported a 

mean difference between PC MRI and oximetry of 2% (2SD = −20% to 

+26%). Powell et al. (28), in a study of 20 patients with atrial septal defect 

(ASD), found a mean difference between PC MRI and oximetry of 2.3% 

with a reproducibility of repeat PC MRI flow measurements of 1.1 ± 4.2% 

in the main pulmonary artery and 0.7 ± 5.4% in the ascending aorta. 
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MATERIALS & METHODS 

 

STUDY CENTRE: The study was conducted in the Department of 

Cardiology, Sree Chitra Tirunal Institute for Medical Sciences and 

Technology (SCTIMST), Thiruvananthapuram. 

STUDY DESIGN: Prospective and observational study design. 

SAMPLE SIZE ESTIMATION: As per available literature, the level of 

correlation between the Qp/Qs measured by PC-MRI and that of oximetry 

ranged from as low as 0.61 to as high as 0.94.  Hence, assuming a correlation 

coefficient of 0.6, the sample size required for a significance level of 0.05(α) 

and statistical power(β) of 80% would be 19. So, it was decided to enrol 20 

patients into the study. 

STUDY PERIOD: August 2017 to July 2018 

STUDY POPULATION: The study population comprised of 20 

consecutive patients who were diagnosed of having left to right shunt lesions 

clinically and by doppler echocardiography and satisfying the below 

mentioned criteria. 

INCLUSION CRITERIA: 

1. Age > 18 years 
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2. Diagnosis of left to right shunt at single level 

3. Study patient should be able to undergo 30-minute MRI examination 

without the need for sedation 

4. Study patient should be able to undergo cardiac catheterisation and 

oximetry under local anaesthesia 

EXCLUSION CRITERIA: 

1. Presence of aortic or pulmonary stenosis 

2. Presence of severe aortic or pulmonary regurgitation 

3. Subjects with unstable rhythm 

4. Subjects with other standard contraindications for undergoing an MRI 

such as indwelling pacemaker/defibrillator, metallic implants, 

intracranial clips, cochlear or intraocular implants and claustrophobia. 

ETHICAL APPROVAL & INFORMED CONSENT: The study was 

approved by the Institutional Ethics Committee of SCTIMST, 

Thiruvananthapuram (See Appendix).  Informed consent was obtained from 

the study patients after explaining to them in detail about the nature of the 

study. 

CONFLICT OF INTEREST: None 

FINANCIAL SUPPORT: None 
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METHODOLOGY: From among the 20 patients who were enrolled for the 

study, all the relevant clinical data were collected by using a standard data 

collection form (See Appendix).  Shunt assessment was done by both phase 

contrast cine MRI as well as by oximetry (performed during cardiac 

catheterisation), the details of which are described below. It was aimed to 

minimise the time period between both the assessments to as close as 

possible.  During MRI and catheterisation, the patient’s heart rate, blood 

pressure, respiratory rate and saturations were monitored.  The 

catheterisation personnel were blinded to the MR investigators and vice 

versa.  The observations during both the studies were recorded.   

MRI STUDIES: 

1. MR imaging: MR imaging was performed with a 1.5 T whole body 

imaging system (Magnetom Avanto, Siemens AG, Germany) using a 

phased array body coil. Morphological and functional cine sequences 

were acquired using prospective ECG gating under apnoeic 

conditions. In patients with atrial fibrillation, retrospective gating with 

arrhythmia rejection was employed.  To start with, cine images were 

acquired in multiple short axis and long axis view by black blood spin 

echo imaging and true fast imaging with steady state free precession 

(TRUFISP) to identify the cardiac anatomy, localise the left to right 

shunt and assess the cardiac function. In addition, SSFP sequences 
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were performed to generate scout images of the ascending aorta and 

the pulmonary artery in three planes. Through plane PC MRI was then 

performed using a conventional flow sensitive gradient echo pulse 

sequence provided by the manufacturer (Table 4.1). 

                      Table 4.1: PC-MRI parameters 

Parameter Value 

Field of view 240-320 

Matrix size 192 x 256 

Slice thickness mm 5 

Echo time 2.18 

Repetition time 29 

Flip angle 30 

Signal averages 3 

 

Using the SSFP scout images, PC MRI was performed orthogonally 

to the ascending aorta and pulmonary arteries.  For the proximal aorta, 

an oblique slice was positioned from a coronal scout image 

perpendicular to the course of aorta approximately 2-3cm above the 

aortic valve and distal to coronary arterial ostia.  The slice positions 

used for the main pulmonary artery were selected form the coronal 
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scout images approximately 1.5-2cms above the pulmonary valve 

proximal to bifurcation and corresponded to a plane that produced a 

circular appearance of the pulmonary artery to minimise volume 

effects during image acquisition.  In patients with PDA, two flow 

scans, one from right pulmonary artery and another from left 

pulmonary artery (at the level of hilum of the lung just before 

bifurcation into lobar branches) were performed.  The total pulmonary 

blood flow was measured as the sum of the flow calculated in the two 

branches.  Measurements were performed with velocity encoded 

values of 200-300cm/s for aorta, 100-200cm/s for the main pulmonary 

artery and 90-120 cm/s for the branch pulmonary arteries. 

2. Image Analysis: After image acquisition, Fourier reconstruction of 

the velocity encoded data produced two sets of images (Figures 4.1 

and 4.2) 

(a) Magnitude image resembling a normal bright-blood image which 

is used for anatomic orientation 

(b)  Phase image (or velocity image): On the velocity image, the grey 

scale intensity for each pixel encodes for velocity.  Black values 

show flow toward the viewer, whereas white values show flow 

away from the viewer (Note: The image is not standardized to flow 

toward or away from the heart) 
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These images are transformed to an image processing workstation 

equipped with a commercially available flow analysis software 

(Myrian, Intrasense, France) with semiautomatic vessel border 

detection.  For each frame of the cardiac cycle, velocity within the 

vessel is calculated as the average velocity for all the pixels within the 

lumen.  Flow was calculated by multiplying the cross-sectional area 

of the vessel lumen by the mean blood flow velocity for each frame 

sampled in the cardiac cycle.  The cross-sectional area of the vessel 

lumen was defined on the magnitude image of the reference scan by a 

region of interest.  The same ROI was superimposed on the velocity 

image for each corresponding frame of the cardiac cycle and the mean 

velocity was obtained by measuring the average pixel intensity within 

the ROI.  Qp and Qs were calculated by multiplying the heart rate by 

the sum of the flow for all frames of the cardiac cycle in the PA and 

aorta respectively (Figure 4.3).  The Qp/Qs was then mathematically 

calculated. Imaging was completed in 15 to 20 minutes and the offline 

analyses was completed in another 10 to 15 minutes. 
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Figure 4.1: Magnitude and corresponding phase image of the Aorta 

     

Figure 4.2: Magnitude and corresponding phase image of the 

Pulmonary artery 
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Figure 4.3: Time velocity curve 

 

CARDIAC CATHETERISATION:  

  Patients enrolled were already scheduled to undergo 

cardiac catheterisation.  The indications were for assessment of pulmonary 

hypertension, quantification of shunt, knowledge of coronary anatomy prior 

to surgical intervention or prior to planned device closure.  The procedure 

was done under local anaesthesia as per the standard clinical practice at our 

institution.  Femoral venous and arterial accesses were taken and the 

systemic pressures were recorded.  Following this right heart catheterisation 

was done using a 6F/7F Goodale-Lubin catheter and pressures in the right 

atrium, right ventricle, main pulmonary artery, right and left pulmonary 

arteries were recorded.  Following this oximetry run was performed in room 
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air ventilation.  In less than 10 minutes, blood samples were obtained from 

the pulmonary artery, right ventricle, right atrium, low SVC, high SVC, IVC, 

and femoral arteries (In patients having PDA separate samples from the RPA 

and LPA were taken).  Oxygen saturations were measured with an in house 

ABG analyser.  Based on the results of basal analysis oxygen study was done 

if required.  Relevant angiograms for cardiac anatomy, coronary anatomy 

and additional samples for estimation of oxygen saturation (from LA, LV, 

pulmonary veins) were obtained whenever indicated. Qp/Qs was calculated 

using the standard fick equation as follows. 

𝑄𝑝(𝐿/𝑚𝑖𝑛) =
𝑂𝑥𝑦𝑔𝑒𝑛 𝑐𝑜𝑛𝑠𝑢𝑚𝑝𝑡𝑖𝑜𝑛(𝑚𝐿/𝑚𝑖𝑛)

𝑃𝑉 𝑂2 𝑐𝑜𝑛𝑡𝑒𝑛𝑡(𝑚𝐿/𝐿) − 𝑃𝐴 𝑜𝑥𝑦𝑔𝑒𝑛 𝑐𝑜𝑛𝑡𝑒𝑛𝑡(𝑚𝐿/𝐿)
 

 

𝑄𝑠(𝐿/𝑚𝑖𝑛) =
𝑂𝑥𝑦𝑔𝑒𝑛 𝑐𝑜𝑛𝑠𝑢𝑚𝑝𝑡𝑖𝑜𝑛(𝑚𝐿/𝑚𝑖𝑛)

𝑆𝐴 𝑂2 𝑐𝑜𝑛𝑡𝑒𝑛𝑡(𝑚𝐿/𝐿) − 𝑀𝑉 𝑜𝑥𝑦𝑔𝑒𝑛 𝑐𝑜𝑛𝑡𝑒𝑛𝑡(𝑚𝐿/𝐿)
 

 

(Note: PV-Pulmonary vein, PA-Pulmonary artery, SA-Systemic artery, MV-

Mixed venous) 

Mixed venous oxygen content was calculated from the formula suggested by 

Flam et al as follows. 
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𝑀𝑖𝑥𝑒𝑑 𝑣𝑒𝑛𝑜𝑢𝑠 𝑜𝑥𝑦𝑔𝑒𝑛 𝑐𝑜𝑛𝑡𝑒𝑛𝑡(𝑚𝐿/𝐿)

=
3(𝑆𝑉𝐶 𝑂2 𝑐𝑜𝑛𝑡𝑒𝑛𝑡) + 1(𝐼𝑉𝐶 𝑂2 𝑐𝑜𝑛𝑡𝑒𝑛𝑡)

4
 

STATISTICAL ANALYSIS:  

The data obtained from the study was analysed using SPSS software.  

Besides descriptive analysis, correlation and linear regression between 

magnetic resonance-based flow measurement and cardiac catheterisation 

were performed. In addition, the difference between catheterisation and MRI 

measurements of Qp/Qs were compared using the analysis of Bland and 

Altman. Besides these, the students’ t test for paired observations was used 

for comparison of Qp/Qs ratios established by oximetry and PC MRI.  Also, 

the intraclass correlation coefficient was estimated.  A p value of <0.05 was 

considered significant.  
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RESULTS 

 

 20 adult patients (16 females and 4 males) formed the 

study population with age ranging from 18 to 58 years (Mean age-42, 

Median age-46, SD-1.64).  Using doppler echocardiography, ASD was 

diagnosed in 17 patients (Ostium secundum ASD (OS ASD)-15, Ostium 

primum ASD (OP ASD)-1, Sinus venosus ASD (SV ASD)-1), PDA was 

diagnosed in 2 patients and RSOV was diagnosed in one patient.   

Figure 5.1 Sex distribution of the study subjects 
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Table 5.1:Baseline characteristics of the study population 

No. Diagnosis Age 

(Years) 

Gender HR at 

MRI 

(bpm) 

HR at 

Oximetry 

(bpm) 

Time interval 

between 

measurements 

(Days) 

1 OS ASD 52 Female 92 103 44 

2 OS ASD 51 Female 73 71 45 

3 OS ASD 42 Female 90 83 31 

4 OS ASD 55 Female 67 95 37 

5 PDA 27 Female 74 70 66 

6 OS-ASD 48 Female 105 85 15 

7 OS ASD 50 Male 73 71 9 

8 OS ASD 23 Female 88 90 8 

9 OS ASD 49 Female 83 74 5 

10 OS ASD 21 Female 80 73 10 

11 OS ASD 46 Female 78 90 109 

12 OS ASD 38 Female 65 84 263 

13 PDA 38 Female 62 71 86 

14 OS ASD 36 Female 90 97 3 

15 RSOV 35 Female 120 108 3 

16 OS ASD 55 Female 105 89 3 

17 OP ASD 48 Male 87 80 73 

18 SV ASD 58 Female 81 74 3 

19 OS ASD 46 Male 87 80 59 

20 OS ASD 18 Male 85 80 39 
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 MRI and catheterisation studies were well tolerated with 

no significant adverse effects. The average duration for cardiac 

catheterisation was 30 minutes whereas the MRI lasted for 30-40 minutes. 

The average time span between the two examinations was 46 days (SD-

58.51; Range-3 to 263 days).   

 Mean heart rate was at 84bpm (SD-14) at PC-MRI and 

83bpm (SD-11) at oximetry.  The mean heart rate difference between the two 

examinations was 9 beats/min (SD-7; Range 2-28 beats/min).  In 17(85%) 

patients the heart rate varied by </=15% between the two examinations while 

in 3(15%) patients the variation was more than 15%. 19(95%) patients were 

in sinus rhythm while 1(5%) patient was in atrial fibrillation with controlled 

ventricular rate. The patient with AF was scanned with two averaged 

acquisitions thereby lengthening the time of procedure for MRI.  The patient 

characteristics are depicted in Table 5.1  

The mean Qp established by PC MRI was 10.16 L/min (SD-4.29, Range-

1.54 to 19.58), Qs was 4.72 L/min(SD-1.55, Range-1.87-7.63) and Qp/Qs 

was 2.3(SD-1.1, Range-0.59 to 5.37).  Whereas the mean Qp established by 

oximetry was 9.26 L/min (SD-4.71, Range-1.42 to 22.16), Qs was 4.54 

L/min (SD-2.02, Range 2.96 to 10.93) and Qp/Qs was 2.16(SD-1.06, 

Range-0.51 to 5.03).  Mean difference of Qp/Qs ratios between PC MRI 

and oximetry was 24%.  A total of 9 patients (45%) had a mean pulmonary 
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artery pressure of ≥ 25 mm Hg.  Data regarding Qp, Qs, Qp/Qs ratio and 

mean pulmonary artery pressures are described in Table 2. 

 

Table 5.2: Flow data in the study population 

No. PC-MRI Oximetry Mean 

Pulmonary 

artery 

pressure 

(mm Hg) 

Qp 

(L/min) 

Qs 

(L/min) 

Qp/Qs Qp 

(L/min) 

Qs 

(L/min) 

Qp/Qs 

1 7.31 2.83 2.58 3.34 2.06 1.62 51 

2 10.3 2.68 3.84 7.83 3 2.61 34 

3 6.4 3.7 1.73 7.49 5.14 1.46 9 

4 6.81 5.86 1.16 5.22 3.94 1.32 24 

5 6.4 5.46 1.17 5.55 4.25 1.31 20 

11

9

Figure 5.4:Mean pulmonary artery pressures

<25mm of Hg

≥25mm of Hg
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6 8.61 3.71 2.2 14.06 4.37 3.22 37 

7 11.44 5.3 2.16 7.96 3.51 2.27 24 

8 6.67 4.2 1.59 4.82 3.18 1.52 21 

9 10.04 1.87 5.37 11.63 2.31 5.03 36 

10 7.86 4.35 1.81 10.72 3.94 2.72 12 

11 12.46 4.22 2.95 15.52 7.1 2.19 31 

12 6.02 5.13 1.17 4.22 4.09 1.03 13 

13 8.77 6.97 1.26 11.18 10.93 1.02 22 

14 13.39 7.02 1.91 10.82 5.95 1.82 37 

15 16.39 7.63 2.15 22.16 5.91 3.75 36 

16 15.85 4.49 3.53 13.51 4.2 3.22 35 

17 19.58 6.57 2.98 10.68 6.93 1.54 21 

18 13.36 4.33 3.09 9.08 4.54 2 29 

19 14.45 5.4 2.68 7.98 2.69 2.97 16 

20 1.54 2.61 0.59 1.42 2.8 0.51 18 

 

 As per oximetric analysis (which was the standard of 

reference), 6 patients had a Qp/Qs of <1.5 and 14 patients had a Qp/Qs of 

≥1.5.  No significant difference was observed in terms of age, gender and 
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rhythm between the two groups.  Mean pulmonary artery pressure was 

significantly higher in patients with Qp/Qs of ≥1.5. 

Table 5.3: Stratification based on shunt magnitude 

Parameter Qp/Qs <1.5 

(n=6) 

Qp/Qs ≥1.5 

(n=14) 

P value 

Age (Mean±SD) 36.33±11.61 44.14±10.84 0.1650 

Female sex (%) 83.33 78.57 0.8121 

SR (%) 100 92.86 0.5135 

Mean PAP(Mean±SD) 17.61±5.19 29.29±10.3 0.0182 

 

The level of agreement between the two methods of shunt assessment was 

analysed as follows. 

CORRELATION: 

 The correlation coefficient for pulmonary flow(Qp), 

systemic flow(Qs) and that of Qp/Qs were 0.66, 0.64 and 0.77 respectively. 

The distribution of measurement values was more scattered for larger 

shunts(Figures 6.1, 6.2 and 6.3) 
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Figure 6.1: Scatter diagram for correlation between Qp by MRI and 

oximetry. 

 

Figure 6.2 Scatter diagram for correlation between Qs by MRI and 

oximetry. 
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Figure 6.3: Scatter diagram for correlation between Qp/Qs by MRI 

and oximetry. 

 

REGRESSION: 

The regression analysis resulted in a linear regression of the shunt volumes 

in both methods as shown in Figure 6. 4.  The coefficient of determination 

was R2 was 0.59 and p value was 0.0001.  The linear regression for Qp/Qs 

was: 

Qp/Qs by oximetry=0.74(Qp/Qs by PC-MRI)+0.45 
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Figure 6.4: Qp/Qs ratios by MRI and oximetry. 

 

Figure 6.4 shows that in one case there was a difference above or below 

Qp/Qs of 1.5.  Whereas MRI would have suggested significant shunt needing 

intervention, the shunt was borderline by Oximetry.  In all other patients 

Qp/Qs based on PC MRI and oximetry were going together. 

PAIRED T TEST: 

The students’ t test for Qp/Qs ratios between the two methods revealed a 

mean difference of -0.14(95% CI= -0.49 to 0.21, p=0.42).  There was no 

significant difference between the assessment by MRI and oximetry. 
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INTRACLASS CORRELATION COEFFICIENT: 

The intraclass correlation coefficient for pulmonary to systemic flow ratios 

by MRI and oximetry was 0.77(95% CI-0.5-0.9) again suggesting very good 

agreement between the two methods. 

BLAND-ALTMAN PLOT & ANALYSIS: 

In the Bland-Altman analysis both the methods (PC MRI and Oximetry) 

showed acceptable agreement in the assessment of Qp/Qs with a small but 

nonsignificant overestimation by PC MRI(bias equals -0.14).  The dispersion 

plot showed points grouped around the mean with few outlying values. The 

upper and lower limits of agreement (bias +/- 2SD of the difference) were 

1.34(95% CI:0.73 to 1.96) and -1.62(95% CI:-2.23 to -1.00) respectively. 

Figure 6.5: Bland-Altman Plot 
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As shown in Figure 6.5, the two methods were in excellent agreement for 

smaller shunts (<2:1).  In larger shunts (>2:1) shunts the results scattered 

more widely around the mean of the difference of the two methods.  But in 

these large shunts both methods will still have a Qp/Qs of ≥ 1.5 and thus will 

lead to the same therapeutic decisions. 
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DISCUSSION 

 

 

Accurate measurement of the ratio of pulmonary to systemic flow 

(Qp/Qs) is important for making therapeutic decisions and predicting 

prognosis in patients with left to right shunts. Though several methods are 

available for shunt quantification, each technique has advantages and 

limitations (22).  The ideal technique should allow us to localise a shunt with 

high sensitivity, quantify the shunt with high accuracy, should be non-

invasive, with no contraindications or technical problems. Presently 

available methods available to quantify shunt magnitude include oximetry 

(4), indicator dilution techniques (6), radionuclide scintigraphy (8), doppler 

echocardiography (9) and phase contrast cine MRI (15).  

 Oximetry is relatively easy to perform and allows us to determine both 

location and magnitude of the shunt but has several limitations. First, it is 

invasive. Second, the true mixed venous saturation is not measured directly 

but is calculated by sampling from the superior and inferior vena cava.  

Third, crucial data like oxygen consumption and pulmonary venous 

saturations are assumed.  Fourth, it is insensitive for detecting small shunts 

and its estimate of shunt magnitude may be somewhat imprecise in patients 

with large shunts.  Furthermore, changing physiological states, measurement 

error, alterations in circulating haemoglobin and systemic flow contribute to 
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inaccuracies in shunt assessment. Additionally, blood oxygenation is 

influenced by several other factors like sedation, agitation, ventilation 

disorders, hypercapnia, acidosis and more (4, 19, 20, 22, 15, 34-36). The 

sensitivities generally quoted for oximetry-measured Qp/Qs range from 

1.5:1 to 1.9:1 at the atrial level and improve to about 1.3:1 at the level of the 

great vessels (37). While the indicator dilution technique is also invasive its 

sensitivity is only modestly better than oximetry in detecting small shunts 

(5,22).  Although radionuclide scintigraphy and doppler echocardiography 

are non-invasive techniques the former requires injection of a 

radiopharmaceutical and the latter may be technically difficult to perform 

with low reliability and high interobserver variability (21,22). Hence, 

despite all its limitations, oximetry remains the gold standard criterion 

against which any new method must be judged (37). 

 MRI can provide anatomical (38-40) and functional information in a 

single examination.  Qp/Qs ratio can be derived from stroke volumes using 

multi-section gradient-echo imaging (11,15, 42, 43). However, an accurate, 

easy and non-invasive method is the measurement of volume of flow by 

phase contrast cine MRI [11, 44, 45, 46] making it a valuable diagnostic 

method in the evaluation of patients with shunt lesions. It is worthwhile to 

note that PC MRI measurements are not significantly hampered by the 

various factors limiting the accuracy of assessment by oximetry.  However, 

the results of PC MRI are affected by the presence of severe arrhythmias.  In 
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our study we decided to prospectively investigate whether PC-MRI would 

reliably and accurately predict the magnitude of left to right shunt as 

assessed by Qp/Qs in comparison to oximetry (as it is routinely performed 

in these patients at our centre) and study the level of agreement between the 

two methods. 

 Our study has prospectively demonstrated that PC MRI using a 1.5 

Tesla scanner can satisfactorily quantify Qp/QS in adult patients with left to 

right shunts and the measurements correlate closely with that of oximetric 

data obtained during cardiac catheterisation with a small but nonsignificant 

overestimation of Qp/QS by PC-MRI.  Furthermore, it has been shown that 

PC MRI can reliably differentiate those with Qp/Qs of <1.5 to those with a 

Qp/Qs of ≥1.5.   

 The findings of our study are consistent with prior reports both in 

children and adults. Earlier studies by Rebergen et al (11) had compared 

Qp/Qs assessed by PC-MRI (pulmonary and aortic flow) with Qp/Qs values 

as calculated from ventricular stroke volumes acquired by transverse 

multislice-multiphase MRI.  Their total of 12 patients included 6 children.  

Good agreement was demonstrated in all but one of the pediatric patients.  

Arheden et al (63) compared Qp/Qs values by PC-MRI with RNAC in 24 

patients with a cardiac left to right shunt, 6 of whom were children.  The two 

methods differed considerably, by 14%(SD±13%). Subsequently multiple 

authors have studied the level of agreement between Qp/Qs estimated by 
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PC-MRI directly with that of oximetry, the summary of which is given in 

Table 7.1.    

 In comparison to the studies mentioned in Table 7.1, its worthwhile 

mentioning that our study had included all types of left to right shunt lesions 

and had a significant number of patients with PAH. 

 In our study cohort of 20 patients, one patient was having atrial 

fibrillation but the ventricular rates were stable and the Qp/Qs values 

measured by MRI agreed with that of oximetry in that patient.  However, 

this level of agreement may not be demonstrable in patient with unstable 

ventricular rates.  Also, our study has also shown that the level of agreement 

between the two methods was better for smaller shunts when compared to 

larger shunts. 

Table 7.1: Studies on comparison of Qp/Qs by PC-MRI and oximetry. 

Author Year Sample size Population 

characteristics 

Level of 

agreement for 

Qp/Qs(statistic) 

Sieverding 

et al (42) 

1992 6(3ASD, 

1VSD, 1 COA, 

1 Pulmonary 

sling) 

Children 

(3months to 

13.4 years) 

Good 

(r-0.98) 

Brenner et al 

(15) 

1992 11(All ASD) Adults 

(18 to 71 

years) 

Good 

(r-0.91) 
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Hundley et 

al (14) 

1995 21(9 without 

shunt, 7ASD, 

2PFO, 1VSD, 

1ASD+PDA) 

Adults 

(15 to 72 

years) 

Good 

(r-0.94) 

Powell et al 

(49) 

2000 20(no shunts) Adults and 

children 

(7months to 

49 years) 

Good 

(Bland-Altman 

bias-0.09) 

Beerbaum et 

al (25) 

2001 50(40 ASD, 

3PAPVC, 

4SVASD, 

3VSD) 

Children 

(1.1 to 

17.7years) 

Good precision 

and reliability 

(Mean 

difference 

5.3%±4%) 

Powell et al 

(28) 

2003 20(All ASD) Adults and 

children  

(9 to 52 years) 

Good 

(Bland-Altman 

bias-0.06) 

Esmaeli et al 

(24) 

2006 14(All VSD) Children  

(30 days to 15 

years) 

Good 

(r-0.8) 

Debl et al 

(29) 

2007 21(14 ASD, 

5VSD, 2PDA) 

Adults Good 

(r-0.61) 

Hernandez-

Gonzalez 

MA et al 

(30) 

2007 29(7ASD, 14 

VSD, 8AVD) 

Adults and 

children 

(30 days to 18 

years) 

Good 

(r-0.81) 
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 We did not include patients with other significant coexisting cardiac 

anomalies in our study to avoid any accuracies in the comparative 

measurements. 

 No comments on superiority of PC-MRI can be made from our study 

as we did not estimate repeatability, interobserver variability for both PC-

MRI and oximetry. 

 Of note, a potential limitation of PC MRI based calculation of Qp/Qs 

may result from the assessment of the systemic flow in the ascending aorta 

distal to coronary ostia, which would miss coronary blood flow.  This 

technical limitation may result in a small underestimation of Qs values and 

consequently lead to a slight overestimation of Qp/Qs ratios.  As a result, 

underestimation of Qs was probably responsible for a small overestimation 

of shunt volumes by PC-MRI compared to oximetry. Previously Esmaeili et 

al (24) had also demonstrated overestimation of left to right shunting by PC 

MRI when compared to oximetry. 

 One patient in our study who had an OS ASD with predominant left 

to right shunt by doppler echocardiography had a Qp/Qs of <1 by PC MRI.  

Interestingly Qp/Qs derived by oximetry was also <1 implying a net right to 

left shunt. 

 In our study, PC MRI derived Qp/Qs ratios pointed to shunt closure 

in one patient (with ostium secundum ASD) whereas oximetry would have 

favoured a conservatively line of management.  Of note, the Qp/Qs by 



 

[57] 
 

oximetry was 1.45, slightly below the cut off value of 1.5 in this patient.  It 

should be mentioned that Qp/Qs should not be the only criteria for decision 

making in left to right shunting in such borderline cases.  Based on the nature 

of the defect, additional factors have to be considered.  In the case of ASD, 

factors such as right heart dilatation and size of >10mm must be considered 

in management (54).  In the case of VSD, left ventricular volume overload 

or progressive aortic valve disease have to be additionally considered (52).  

Similarly, for a PDA, evidence of left heart enlargement should guide 

management decisions in the asymptomatic patient (31). 

 Several features make PC MRI attractive for evaluating patients with 

left to right shunts.  First, it is non-invasive, safe and can be easily performed 

on an outpatient basis without the need for ionizing radiation. Second, single 

flow measurements can be performed in less than 3 minutes and a complete 

hemodynamic assessment can be performed in 10 minutes.  Third, high 

resolution tomographic imaging for visualising the entire thorax can be 

obtained along with the flow analysis.  Although transthoracic (TTE) and 

transoesophageal echocardiography (TEE) are often adequate to determine 

the nature and size of the defect, they have some limitations.  TTE may be 

limited by poor echo windows and TEE requires lot of patient cooperation 

and has limitations in visualisation of adjacent structures, identifying 

anomalous venous return and more.  MRI can overcome these disadvantages 

as it gives an excellent idea of the cardiac anatomy including associated 
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defects, extracardiac anomalies and even lack of spleen or polysplenia in 

cases of visceral heterotaxia (particularly in complete AV canal defects) 

without any impediments presented by body surface area.  Of mention, ASD 

sizing by MRI has been shown to correlate well with assessments made by 

transoesophageal echocardiography and provides additional information on 

shape of the defect, assessment of rims and associated pulmonary venous 

anomalies (26). Hence PC MRI can provide both anatomic and 

physiological information in a single assessment. 
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LIMITATIONS 

 

 The present study has limitations. First, there was considerable time 

delay between the PC-MRI and oximetric measurements in the study 

patients.  Though the agreement between Qp/Qs by PC MRI and oximetry 

was overall good even with this amount of delay, some improvement might 

have been possible if both the examinations had been performed in a row.   

 Second most of our patients were in sinus rhythm.  None had frequent 

ventricular ectopy and only one had atrial fibrillation, we are uncertain 

whether this technique provide reliable results in patients with irregular 

rhythm.  Also, the difference in heart rates between the two examinations 

>15% in some patients, but no significant bias seems to be introduced as the 

level of agreement did not improve in patient with a heart rate difference 

<15%. 

 Third, we excluded patients with aortic or pulmonary stenosis as they 

were expected to have turbulent high velocity flow jets in the proximal great 

vessels.  As previous investigators had suggested, data acquisition in these 

patients may require careful alignment of the velocity encoded slice parallel 

to the direction of flow and the use of very short echo times.  

 Fourth, this study did not include infants and children.  The accuracy 

of the measurements in infants and children with small vessel size and faster 

heart rates needs to be validated.  However, including them will be 
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technically challenging and the likely requirement of sedation/anaesthesia 

for both the procedures raises ethical concerns. In such age groups, both the 

assessments will have to be done in the same sitting to avoid adverse effects 

of sedation/anaesthesia. 

 Finally, intra-observer and inter-observer variability in the 

quantification of flow by PC MRI was not performed thereby raising 

concerns about the reproducibility of the measurements. 
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CONCLUSIONS 

 

 In conclusion, Velocity encoded phase contrast cine MRI 

measurements of forward flow in the pulmonary artery and the aorta are 

reliable and they can be utilised measure shunt magnitude in adult patients 

with left to right shunts in comparison with oximetry with a good level of 

accuracy.  Apart from providing excellent anatomical details, assessment of 

flow by PC MRI can help guide treatment decisions in such patients. Also, 

as the technique is non-invasive, it can serve as a realistic tool for monitoring 

of shunt volumes over time. 
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