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Calculations of cardiovascular shunts

and regurgitation using magnetic resonance

ventricular volume and aortic and pulmonary

flow measurements

Abstract Background: Cardiovascu-
lar magnetic resonance measurements
of the volumes of the right and left
ventricle and of the flows in the
ascending aorta and main pulmonary
artery contribute to the assessment of
patients with valvular regurgitation or
intracardiac or extracardiac shunts.
Ventricular volumes are measured by
planimetry and summation of end-
diastolic and end-systolic areas mea-
sured in a stack of ventricular short-
axis cines. The volumes of blood
flowing through planes transecting the
great arteries are measured using
phase contrast velocity mapping. The
two approaches are essentially differ-
ent and can be used either for mutual
validation, or separately or in combi-
nation to quantify regurgitation and/or
shunting. In the presence of shunts,
the relations between the stroke
volumes and arterial flows of each
side of the heart vary depending on the
level of shunting (for example, atrial,
ventricular or ductal). Conclusion:
This article aims to explain and

illustrate the technical and theoretical
basis for calculations using volumetric
and flow measurements, providing
formulae and diagrams to facilitate the
interpretation of results.

Keywords MRI . Flow velocity .
Stroke volume . Quantification .
Shunt

Abbreviations CMR:
cardiovascular magnetic resonance .
LV: left ventricle . RV: right ventricle .
SV: stroke volume . V: volume . EDV:
end diastolic volume . ESV: end
systolic volume . Ao: ascending aorta .
MPA: main pulmonary artery . R-R
interval: interval between two
successive R peaks of the
electrocardiogram . RA: right atrium .
QAo: ascending aortic flow volume
(per beat) . QMPA: pulmonary flow
volume (per beat) . QP: pulmonary
flow volume (per beat) . QS: systemic
flow volume (per beat) . VENC:
velocity encoding range

Introduction

Cardiovascular magnetic resonance (CMR), which has the
advantages of freedom from ionizing radiation and unrest-
ricted anatomical access, is a uniquely versatile modality
for the evaluation of congenital and valvular heart disease
in adults. Visualisation of cardiovascular morphology and
connections is complemented by volumetric measurements
of both ventricles, without geometric assumptions, and by
measurements of the volumes of flow through large

vessels. Blood flow is measured using phase contrast
velocity mapping through planes transecting the great
arteries, which allows calculation of the volumes of
forward flow and of diastolic regurgitation. Contrast-
enhanced magnetic resonance angiography also allows the
visualisation of vascular connections and branches, if
required, and late gadolinium enhancement studies can be
used to study scarring and viability of the myocardium [1–
3]. This paper concentrates on the interpretation of CMR
volumetric and flow measurements. The accuracy of such
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measurements depends on the methods of acquisition and
analysis used, and basic information on these is given.
However, our main aim is to explain and illustrate the
rational basis for the interpretation of such measurements,
assuming appropriate methods of acquisition and post-
processing to have been used.

Techniques

Ventricular volume measurements

Steady-state free precession (SSFP) cine images are well
suited for volumetric analysis [4]. Normal values for left
[5] and right [6] ventricular volume are published
elsewhere. From transaxial multislice scout images, a left
ventricular (LV) vertical long-axis cine is aligned, and a
horizontal long-axis acquired orthogonal to it. In relation to
these, a stack of ventricular short axis cines is aligned,
covering the volumes of both ventricles from base to apex.
Oblique four-chamber and three-chamber cines can also be
aligned relative to these if required. The short-axis stack is
typically acquired at 10-mm intervals, for example, as 6-
mm slices with 4-mm gaps. SSFP sequences give excellent
contrast between myocardium and blood, independent of
the direction of inflow. With the use of retrospective ECG
gating, cine frames are acquired throughout the cardiac
cycle, including late diastole, as long as the cardiac rhythm
is regular. For ventricular volume measurement, it is
important to position the most basal short axis slice so that
the most basal part of both right and left ventricles is just
included in the slice at end diastole. Long-axis displace-
ments of the left and right atrio-ventricular junctions during
systole mean that the basal slice includes ventricular blood
volume at end diastole but not necessarily at end systole.
Long axis displacement of the base of the RV is normally
greater than that of the LV, but both have to be accounted
for during ventricular volume analysis, either by manual
endoluminal contour delineation or by automated contour
delineation; cross-sectional correlation with long-axis cine
imaging helps to accurately define the position of the valve
planes relative to the shortaxis images.

Endocardial borders of the free wall and apical regions
of the right ventricle are normally highly trabeculated. This
becomes even more apparent if the RV is hypertrophied [7].
For biventricular volume measurement, the correct phases
must be chosen for the end-diastolic and end-systolic
measurements. RV systole can continue slightly longer
than LV systole, particularly in a volume or pressure loaded
RV. The endocardial borders of most regions of the LV are
also trabeculated, with trabeculations of the apical third
merging into the papillary muscles in the mid third [8].
Most approaches to volumetric analysis trace simplified
‘endocardial’ contours just within the compact myocardial
layers of each ventricle. This means that most trabecula-
tions and the papillary muscles then lie within the

calculated blood volume. Inclusion versus exclusion of
normal papillary muscles and trabeculations makes a
difference in the order of magnitude of 6–8% [9].
Particularly in the presence of hypertrophy, the blood
spaces between trabeculations become obliterated at end
systole, obscuring the boundary between compact and
trabeculated myocardium. An alternative approach to
volumetric analysis, which uses semi-automated signal
threshold analysis, appropriately counts all visible trabe-
culations and papillary muscles as myocardium [10]. This
approach yields slightly smaller and arguably more
accurate, but not necessarily more reproducible measure-
ments of intraventricular blood volume than the simplified,
peri-trabecular method of delineation.

Whichever method is used, consistency of analysis
should be maintained in a particular centre if serial
measurements of ventricular volume are to be compared.
Appropriate training and practice are needed to achieve
internally consistent volumetric measurements (see section
on validation, below). For serial comparison, it is advisable
to archive not only the image datasets, but also the
boundaries traced during volume calculations for future
reference.

Phase contrast velocity mapping

Phase contrast mapping of velocities through planes
transecting the great arteries can potentially provide the
most accurate in vivo measurements available of cardiac
output, shunt flow and aortic or pulmonary regurgitation
[11]. For such measurements, velocity is encoded through
the plane of the image, in the direction of the slice select
gradient. The image plane is oriented perpendicular to the
direction of flow, transecting the axis of the tubular part of
the aorta or main pulmonary artery (MPA) immediately
above each sino-tubular junction at end diastole. While
each velocity acquisition takes only a single breath hold,
preparatory cine images aligned with each great artery are
needed for correct location. Two cine images, perpendi-
cular to each other but aligned with the centre axis of the
vessel in which the flow is to be measured, serve as a basis
for correct perpendicular positioning of the through-plane
velocity encoded acquisition (Fig. 2). Preliminary acqui-
sition of an in-plane encoded velocity map can help to
define the direction of the flow and the velocity encoding
range needed.

However, even when appropriate methods of acquisition
have been used, there may still be inaccuracies of flow
measurement on some CMR systems caused by back-
ground phase errors due to eddy currents or uncorrected
concomitant gradients [12]. Measurements of regurgitant
or shunt flow are particularly sensitive to such errors,
which should be minimised or corrected by appropriate
hardware and software design. If they have not been,
inaccuracies can be detected and corrected by repeating
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identical velocity acquisitions on a static phantom, and
subtracting the corresponding apparent phantom velocities
from those of the clinical acquisition [13]. In addition,
aortic regurgitant volume may be underestimated due to the
upward movement of the aortic root in diastole at the time
when the regurgitant jet is flowing back into the ventricle.
If the aortic root is dilated and mobile, the underestimation
of the regurgitant fraction could be as much as 10 or 15% of
the forward flow volume. A solution to this source of
inaccuracy is the implementation of motion tracking and
heart motion adapted flow measurements as described by
Kozerke and colleagues in 1999 and 2000 [14, 15].
However, the technique has yet to be made available on
most commercial CMR systems.

As with Doppler flow measurement, velocity informa-
tion encoded in phase shifts is subject to aliasing. To avoid
aliasing, an appropriate velocity encoding range (VENC)
should be chosen before acquiring velocity data. An
appropriate VENC exceeds the peak expected velocity by
10–50%. Too high a VENC reduces the sensitivity of
velocity mapping by reducing the amount of velocity-
related phase shifts relative to background noise or other
artefact-related phase shifts.

Grading of regurgitation lesions by ultrasound is a
combination of qualitative and quantitative assessement. In
CMR the morphology of a regurgitant or stenotic jet should
not be used to grade a lesion, because not only lesion
characteristics but also sequence parameters influence jet
morphology. Quantification of peak velocity, regurgitant
volume and fraction, as well as jet area (analogous to
orifice area) in CMR provide the most accurate methods for
valve lesion evaluation [12]. Valve lesion grading by CMR
has been compared with ultrasound for aortic stenosis [16],
aortic regurgitation [17, 18], mitral regurgitation [18] and
pulmonary regurgitation after tetralogy of Fallot (where
CMR was used as the gold standard) [19]. Correlation of
grading was good to very good. Specific cutoff values for
CMR grading of valve lesions have not been defined, but
provisional values based on a combination of our own
experience and previous echocardiographic guidelines
[20–22] are suggested in Table 1.

Validation techniques

There is no gold standard with which to correlate the CMR
measurement of ventricular volume [23]. It is difficult to
compare CMR measured in vivo volumes with post-
mortem measurements because of changed characteristics
of the post-mortem myocardium. Although comparisons
are possible with volume measurements by other imaging
techniques, most alternatives are likely to be less precise as
they are based on assumptions about the geometry of the
ventricle, or, in the case of multidetector computed
tomography, dependent on adequate opacification of both
ventricular cavities.

However, the two sides of the heart function in series
with one another and, in the absence of shunts or
regurgitation, the left and right ventricles should have
equal stroke volumes (SV) and similar outputs. Cross
validation is therefore possible in healthy volunteers and in
patients who can be shown to have neither shunting nor
regurgitation. RVSV should then be equal to LVSV, and
each of these should be equal to the aortic or pulmonary
outflow per beat. In the following, we will represent the net
aortic and main pulmonary artery forward flow per beat as
Qao and Qmpa, respectively. In most but not all cases,
these can be taken as being the same systemic flow (Qp)
and pulmonary flow (Qs) per beat. The most commonly
encountered exception is where there is a patent ductus
arteriosus (PDA) shunting from the systemic to pulmonary
arterial side, distal to the planes of flow measurement.

Clinical application

In this section, formulae for clinically relevant calculations
of regurgitant or shunt lesions from volume and flow
measurements are given. Abbreviations used are defined at
the beginning of the article. The stroke volumes are
measured from planimetry of the short axis cine acquisi-
tions. The flow volumes are measured velocity maps.

Normal, and heart disease without shunting
or regurgitation

LVSV ¼ RVSV ¼ QAo ¼ QMPA (1)

The stroke volumes of the left and right ventricles should
be the same, and each of these should be the same as the net
forward flow per beat in the ascending aorta or the main
pulmonary artery (QAo or QMPA, respectively), with the
relatively minor proviso that coronary flow, which may be
about 5% of the ejected volume, is not included in aortic
flow if it is measured just distal to the sino-tubular junction.
A schematic diagram of a normal heart is shown in Fig. 1a.
The diagrams do not attempt to represent the venous
structures.

Mitral regurgitation

LVSV�mitral regurgitant volume ¼ QAo ¼ RVSV ¼ QMPA

(2)

mitral regurgitant volume ¼ LVSV�RVSV ¼ LVSV�QAo

(3)

regurgitant fraction in % ¼ regurgitant volume� 100� LVSV

(4)
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In isolated mitral insufficiency (Fig. 1b), the contracting
LVejects blood back to the left atrium as well as forward to
the aorta, resulting in volume loading of the left side of the
heart. Aortic and pulmonary velocity mapping should not
show a difference in ejected blood volumes. QAo or QP may
be subtracted from the LVSV to calculate the mitral
regurgitant volume, or either may be used to cross check
the RVSV measurement [18, 24].

It will be apparent that the calculation of mitral
regurgitation from CMR is indirect, depending on at least
three sets of measurements (LVEDV, LVESV and QAo, or
else LVEDV, LVESV, RVEDV and RVESV). For this
reason, rigorous methods of acquisition and measurement
are needed, and even if used, there may still be scope for
error. It is therefore recommended that CMR quantification
of mitral regurgitation is complemented by cine imaging of

Table 1 A provisional guide to the severity of regurgitant heart
valve disease in adults as assessed by CMR, based on a combination
of the authors’ experience and the ranges published in the 2006
ACC/AHA guidelines on the management of valvular heart disease,

the latter of which are based mainly on echocardiographic indices
[20–22]. Orifice area and stream width values in the lower range
should be regarded as estimations rather than accurate measure-
ments, given the limits of spatial resolution of the CMR images

Aortic regurgitation

Mild Moderate Severe

Regurgitant volume (ml per beat) <30 30–60 >60 (body size is relevant, but indexed values
are not available)

Regurgitant fraction <30% 30–50% >50% (CMR flow measurements tend to underestimate
AR, unless corrected for aortic root motion)

Regurgitant orifice area (cm2) <0.1 0.1–0.3 >0.3

Pulmonary regurgitation (assuming near normal pulmonary resistance)

Mild Moderate “Free” or “almost free” (but may be well tolerated)

Regurgitant jet or stream width Narrow, <2 mm Moderate 2–5 mm Unobstructed reversed stream, >6 mm across

Valve leaflet appearances Mobile, coapting Partly coapting Ineffective leaflets with wide failure of coaptation.

Regurgitant volume (ml per beat) <30 30–40 >40 (body size is relevant, but indexed values
are not available)

Regurgitant fraction <25% 20–35% >35%, but modified by up- and downstream factors

Additional features Free PR occurs mainly in the first half of diastole,
typically followed by late diastolic forward flow,
if the right ventricle has been fully distended by
the onset of atrial systole

Mitral regurgitation

Mild Moderate Severe

Regurgitant jet width Narrow, <1.0 mm 1.0–2 mm >2 mm, with extensive jet or swirling flow in left atrium

No visible jet core Narrow jet core Bright jet core >2 mm in width (if cine is suitably located)

Regurgitant volume (ml per beat) <30 30–60 >60 (body size is relevant, but indexed values are
not available)

Regurgitant fraction <30% 30–50% >50%

Regurgitant orifice area (cm2) <0.2 0.2–0.4 >0.4

Additional features Dilated left atrium and pulmonary veins

Systolic flow reversal in pulmonary veins

Tricuspid regurgitation (assuming near normal pulmonary resistance)

Mild Moderate Severe

Regurgitant fraction <30% 30—about 40% (Regurgitant fraction unreliable due to measurement
difficulties and conduit-like function of a distended
right heart)

Regurgitant jet width Narrow, <2 mm 2–6 mm >6×6 mm, measured on a through plane velocity map

Additional features Dilated right atrium and caval veins
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all parts of the valve with a contiguous stack of
appropriately orientated long-axis cines, and in the case
of ischaemic mitral regurgitation, by late gadolinium
assessment of the left ventricular scar and viability [3].

Direct mapping of regurgitant flow through the mitral
valve cannot yet be recommended as it may be prone to
error due to turbulence of the high velocity jet, the
movement of the valve plane during systole and the
possible entrainment of intra-atrial blood by the regur-
gitant jet.

Tricuspid regurgitation

RVSV� tricuspid regurgitant volume ¼ QMPA

¼ LVSV ¼ QAo (5)

tricuspid regurgitant volume
¼ RVSV� LVSV; or RVSV�QMPA (6)

regurgitant fraction in %
¼ regurgitant volume� 100�RVSV (7)

The formulae given are comparable to those for mitral
regurgitation. However, severely regurgitant lesions of the
right heart may not be directly comparable to those of the left.
A grossly dysfunctional right heart can function transiently as
a conduit, with its inflow and outflow valves open simulta-
neously, the forward flowbeingmaintained indirectly bywork
of the left heart. If this is the case, relative volumetric
measurements may not be so informative. Furthermore,
increased amplitude of long-axis movement of the base of the
RVmay make accurate volumetric measurement challenging.
For these reasons, thorough cine imaging of the valve, for
example using a contiguous stack of transaxial cines, is
recommended, followed by through-plane velocity mapping
of the regurgitant jet immediately on the atrial side of the
valve. We do not rely on this velocity acquisition for
volumetric calculation, which may be subject to the errors
listed in the previous section, but rather for delineation of the
cross-sectional area of the jet. If this velocity acquisition
provides clear delineation,we believe that this reflects the size,
shape and hence severity of the tricuspid regurgitant orifice,
although data in support of this have yet to be published.

Aortic and pulmonary regurgitation (Fig. 1c)

Regurgitant volume ¼ diastolic reversed flow volume

(8)

isolatedð Þ aortic regurgitant volume ¼ LVSV�RVSV

(9)

Aortic regurgitant fraction %ð Þ ¼ diastolic reversed

flow volume� 100 � systolic forward flow volume

(10)

Ascending aortic and MPA velocity maps themselves
provide relatively direct data for calculations of the
regurgitant volume (or regurgitant fraction) of the outflow
valves. Most phase contrast analysis software packages
calculate forward and reversed flow volumes, and from
them, the regurgitant fraction. However, it should be borne
in mind that the regurgitant volume calculated is highly
sensitive to possible uncorrected phase offset errors (see
phase velocity mapping section, above), especially if the
vessel studied is dilated. Chatzimavroudis et al. have
measured that with increasing slice distance from the aortic
valve, a decrease in measured regurgitant volume occurs
due to an aortic compliance effect [25].

Free or nearly free pulmonary regurgitation (PR) is not
directly comparable with severe aortic regurgitation. Free
PR, which is relatively common after repair of tetralogy of
Fallot, may be tolerated for decades, and is usually
associated with a regurgitant fraction of about 40%. This
should not necessarily be regarded as ‘severe’. A regurgi-
tant fraction of 50% or more, which would correctly be
regarded as severe, is unusual, and may be attributable to
additional factors such as distal PA branch stenosis or
elevated pulmonary resistance. Wald et al. have argued that
indexed pulmonary regurgitant volume may be preferable
to regurgitant fraction [26], but further research is needed
to establish criteria for severity by this approach.

If only one valve is regurgitant, the difference between
RV and LV stroke volumes should give the regurgitant
volume, but this calculation depends on four sets of tracings
and measurements and may be of questionable accuracy.
Volumetric measurements mostly contribute to evaluation of
effects of the volume load on the respective ventricle.

Atrial septal defect

RVSV ¼ LVSVþASD Shunt volume ¼ QMPA

¼ QAo þASD shunt volume

(11)

Atrial septal defect (ASD) (Fig. 1d) is the commonest
cause of intracardiac shunting. The shunting is typically

"Fig. 1 A schematic diagram is shown, with indication of blood
displacement, of a normal heart (a), an MR (b), an AR (c), an ASD
(d), a VSD (e), a PDA (f), a Gerbode defect (g), an extracardiac
systemic arterial-to-venous shunt (h) and an Eisenmenger complex
(i). The venous structures are not drawn for clarity
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mainly from left to right as pressure tends to be higher in
the left atrium than the right. This results in volume
loading and dilatation of the right ventricle and the
pulmonary arteries. The RV stroke volume, which
delivers QMPA, returns from the lungs to the left atrium
where it delivers both the volume shunted across the
ASD and volume flowing forward to the LV, which is
then ejected as QAo.

An ostium secundum ASD may be visible in an atrial
short-axis cine stack, scanned parallel to the ventricular
short axis, but covering all atrial regions. Through-plane
velocity mapping aligned parallel to the septum, thus
transecting the left to right stream of ASD flow, with the
VENC set at 1 m/s, can be useful for visualising and
delineating the defect(s).

An ostium secundum ASD of about 10–20 mm in
diameter typically results in a pulmonary-systemic flow
ratio (QP:QS) of between 1.5 and 2.5:1.0. The ratio may be
modified, however, by valvular or ventricular disease on
either side, or by the development of pulmonary arterial
hypertension.

Partial anomalous pulmonary venous drainage is
frequently associated with a superior sinus venosus ASD
(Fig. 2), which should be visible in a contiguous stack of
transaxial cine images, apparent as absence of the upper-
most part of the atrial septum, immediately beneath the
SVC. If a full stack of transaxial mediastinal cines are
aquired, they also allow identification of anomalous
pulmonary venous drainage. This can be confirmed and
displayed in 3D using contrast-enhanced CMR angiogra-
phy. The commonest anomaly is a right upper pulmonary
vein draining to the superior vena cava. This adds to the
amount of ‘left’ to ‘right’ shunting. In our experience, a
sinus venosus ASD with a pulmonary vein draining to the
SVC is typically associated with a large pulmonary/
systemic flow ratio (QP:QS), i.e., at least 2.5:1.0. Shunt
volumes of any partial anomalous pulmonary venous
connection should be measured in the same way as an ASD
(Fig. 3).

Ventricular septal defect

LVSV ¼ RVSVþ VSD shunt volume ¼ QMPA

¼ QAo þ VSD shunt volume

(12)

A ventricular septal defect (VSD) (Fig. 1e) allows flow
of blood between the LV and the RV. As pressure is
usually higher in the LV, blood shunts from left to right,
mainly during systole and less, if at all, during diastole.
The shunt is associated with volume loading of the left
but not the right ventricle. It is, however, associated with
increased pulmonary relative to aortic blood flow. This

may seem paradoxical, but it is explained by the VSD
shunt volume passing in and out of the contracting right
ventricle without having added to the RV end diastolic
volume.

With experience, a VSD can usually be identified on
routine CMR cine acquisitions by the appearance of
systolic jet flow on the RV side of the septum. Such jet flow
is most commonly seen in one of the more basal short axis
slices that pass through the region of the membranous
septum.

A large non-restrictive VSD can be associated with so
much left to right shunting that pulmonary vascular disease
and pulmonary hypertension result. When systolic PA
pressure exceeds systemic pressure, a net right-to-left
shunting across the VSD occurs, known as an Eisenmenger
VSD, with resulting cyanosis.

Patent ductus arteriosus

LVSV ¼ QAo ¼ RVSVþ PDA shunt volume

¼ QMPAþPDA shunt volume

¼ QP ¼ QS þ PDA shunt volume

(13)

A patent ductus arteriosus (PDA) (Fig. 1f) allows blood
flow between the descending aortic arch and the bifurca-
tion of the MPA. If the duct is relatively small, it typically
results in continuous jet flow directed anteriorly into the
uppermost part of the MPA. Detection of a PDA by CMR is
initially based on the detection of a jet on cine imaging or
by 3D depiction of the duct by contrast-enhanced CMR
angiography.

A PDA generally causes left ventricular volume
loading and dilatation of the LV, with increased flow to
the distal pulmonary artery branches. However, it is
important to realize that the PDA shunt occurs distal to
the planes of QAo and QMPA measurement, so there is
usually higher flow in the ascending aorta than in the
pulmonary trunk. Therefore, the QMPA/QA ratio is usually

"Fig. 2 A 46-year-old man withsuspected sinus venosus ASD. MR
for evaluation of shunt and pulmonary venous return. Volume
measurement (not shown) resulted in RVSV=193 ml and LVSV=
108 ml. Flow-mapping in the positions indicated by a yellow
straight line resulted in stroke volumes: (a, b, c) for aorta, QAo=
102 ml; (d, e, f) for pulmonary trunk, QMPA=221 ml; (g, h, i) direct
measurement in ASD=121 ml. Angiographic image (j) in orienta-
tion comparable to (g) shows pulmonary vein entering SVC and
SVC overriding the atrial septum; curved arrow indicates sinus
venosus ASD. Still image from cine loop in oblique four-chamber
view (k) shows sinus venosus ASD (curved arrow) QP=QS ¼ 2=1
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the inverse of the QP/QS ratio. The exception to this is
when a large ‘Eisenmenger’ PDA is associated with
pulmonary arterial hypertension and net pulmonary-aortic
shunting.

Gerbode defect

LVSV ¼ QAo þ gerbode shunt volume ¼ RVSV ¼ QMPA

(14)

The tricuspid valve is positioned slightly more apically
than the mitral valve. Therefore, it is normal for part of the
LV to lie adjacent to the right atrium (RA), separated from
the RA by a small part of the membranous ventricular
septum. A congenital defect of this LV/RA septum is
known as a Gerbode defect (Fig. 1g). In 1958, Gerbode was
the first to describe surgical correction in five cases thought
to have been congenital in origin [27]. Comparable defects
can also be acquired, after previous aortic root surgery,
endocarditis, trauma or myocardial infarction. Most
Gerbode defects are small, and diagnosis may be delayed.
With transthoracic ultrasound the systolic jet is easily
mistaken for a tricuspid insufficiency jet. A Gerbode defect
volume loads both the RV and the LV, causing both
ventricles to dilate, but QMPAwill be larger than QAo by the
volume of the shunt.

However, if the defect is large it may lead to
elevated RV filling pressure so that part of the shunted
volume is returned to the LV in diastole rather than
passing on to the RV, effectively adding to the LV
stroke volume.

Extracardiac arterio-venous shunt

LVSV ¼ QAo ¼ RVSV ¼ QMPA but all may be elevatedð Þ
(15)

A shunt connecting arterial to venous branches of the
systemic circulation (Fig. 1h), with local absence of high
resistance microvessels, allows increased cardiac output.
RV and LV stroke volumes should remain equal but
increased. QAo and QMPA, measured proximal to the
abnormal vessels, should also be equal but increased. The
same principle applies to most surgically constructed
systemic-aterial shunts such as a Blalock-Taussig shunt,
except that the shunt may have been placed in a patient who
also had an unrepaired intracardiac shunt.

RV and LV stroke volumes should also remain equal if
there is a pulmonary arterio-venous malformation,

although this may have less effect on cardiac output than
a systemic shunt.

Eisenmenger syndrome

Eisenmenger (Fig. 1i) is the end-stage situation of a left to
right inter-ventricular or inter-arterial shunt where the
increased pulmonary blood flow has led to pulmonary
vascular disease to such a degree that pulmonary arterial
pressures exceed aortic. The net shunting then reverses,
with flow of deoxygenated blood into the systemic arteries
causing cyanosis. Quantification of such a shunt depends
on the underlying defect. The high resistance to flow
through the lungs tends to result in reduced venous return
to the left heart, and abnormally low stroke volume and
output. Thrombo-embolic disease, or the development of
mural thrombus in the dilated and sluggishly flowing
pulmonary arteries, is relatively common in such patients,
and may be identified using contrast-enhanced pulmonary
angiography.

Conclusion

This paper provides descriptions, formulae and illustrations
to support calculations from CMR volumetric and flow
measurements of regurgitant or shunt flow. CMR is
extremely versatile, and through-plane phase contrast
velocity mapping potentially provides the most accurate
measurements available of regurgitant or shunt flow, as
long as potential errors are avoided, or recognised and
corrected. Table 2 provides an overview of the changes
in stroke volume from cine volumetry and ventricular
outflow as measured by phase contrast imaging per
pathology.

We have not attempted to address the numerous possible
combinations of lesions. However, if the principles are
understood and the circulatory abnormalities of a particular
case are thought through carefully, it is usually possible to
calculate the amount of shunting or regurgitation in the
presence of additional lesions. Occasionally, it may be
helpful to make measurements of flow-through planes
transecting additional vessels, for example, the caval veins
or the right and left pulmonary arteries. However, it should
be borne in mind that more complex calculations give
greater scope for cumulative error. In general, the simpler
the calculation, the better.

In all cases it is advisable to acquire complementary visual
evidence of the dimensions and nature of the regurgitant or
shunt flow being measured. In the majority, this will be jet
flow, which can be well visualised on appropriately aligned
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SSFP cine images, or stacks of cine images. In SSFP images,
the shear layers on either side of a jet appear relatively dark
because of signal dephasing. The core of the jet can appear
relatively bright, as long as it is broad and coherent enough,
and appropriately aligned to contain whole voxels. In the
case of broad, relatively low velocity streams, for example,
through an ASD or a severely regurgitant tricuspid or
pulmonary valve, bounding shear layers may not be clearly
apparent. If so, mapping of velocities with appropriately low
VENC through a plane transecting the (regurgitant) stream
immediately ‘downstream’ of its orifice can depict its cross

section, which gives a useful guide to the cross-sectional area
of the orifice.

Quantitative calculations depend on the quality and
expected accuracy of acquisitions and post processing.
Rigorous methods should be maintained, and validation
practiced periodically, either using the intra-study cross
checks outlined above, or using subsequent phantom
correction of suspected flow offset errors [13]. If doubt
remains in a particular clinical case, measurements made
should either not be reported, or qualified by a phrase such
as ‘of questionable accuracy’.

Fig. 3 Severe tricuspid regurgitation. A systolic frame of a four-
chamber cine acquisition aligned with the centres of the inflow
valves (panel a.) shows a dilated right atrium (RA) and right
ventricle (RV) with evidence of a broad tricuspid regurgitant stream
(arrow). The bar indicates the location of a through-plane velocity

acquisition (panel b), VENC set at 250 cm/s. In this case, the well-
defined dark flow area confirms a broad, severely regurgitant
stream, over 10 mm across. In the absence of any shunt, this is
associated with an elevated RV stroke volume relative to that of the
left ventricle, but equal pulmonary and aortic flow volumes

Table 2 Overview of the changes in stroke volume from cine volumetry and ventricular outflow as measured by phase contrast imaging per
pathology

Defect Shunt RVSV LVSV QMPA QAo

Mitral regurgitation None Increased

Tricuspid regurgitation None Increased

ASD LA → RA Increased Increased

VSD LV → RV Increased Increased

PDA Ao arch → distal MPA Increased Increased

Gerbode defect LV → RA Increased Increased Increased

Systemic artery→vein shunt Artery → vein Increased Increased Increased Increased

Eisenmenger VSD RV → LV Decreased Decreased

Eisenmenger PDA Distal MPA → Ao arch Decreased Decreased
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