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Abstract
Background: Pulmonary regurgitation is a common and clinically important residual lesion after
repair of tetralogy of Fallot. Cardiovascular magnetic resonance (CMR) phase contrast velocity
mapping is widely used for measurement of pulmonary regurgitant fraction. Breath-hold
acquisitions, usually acquired during held expiration, are more convenient than the non-breath-hold
approach, but we hypothesized that breath-holding might affect the amount of pulmonary
regurgitation.
Methods: Forty-three adult patients with a previous repair of tetralogy of Fallot and residual
pulmonary regurgitation were investigated with CMR. In each, pulmonary regurgitant fraction was
measured from velocity maps transecting the pulmonary trunk, acquired during held expiration,
held inspiration, by non-breath-hold acquisition, and also from the difference of right and left
ventricular stroke volume measurements.
Results: Pulmonary regurgitant fraction was lower when measured by velocity mapping in held
expiration compared with held inspiration, non-breath-hold or stroke volume difference (30.8 vs.
37.0, 35.6, 35.4%, p = 0.00017, 0.0035, 0.026). The regurgitant volume was lower in held expiration
than in held inspiration (41.9 vs. 48.3, p = 0.0018). Pulmonary forward flow volume was larger
during held expiration than during non-breath-hold (132 vs. 124 ml, p = 0.0024).
Conclusion: Pulmonary regurgitant fraction was significantly lower in held expiration compared
with held inspiration, free breathing and stroke volume difference. Altered airway pressure could
be a contributory factor. This information is relevant if breath-hold acquisition is to be substituted
for non-breath-hold in the investigation of patients with a view to re-intervention.

Background
Over the last decades the prognosis in tetralogy of Fallot
has improved dramatically. The long term survival after
surgical repair is excellent [1,2]. There is, however, late
mortality and morbidity related to regurgitation of the
reconstructed right ventricular outflow tract. In this set-

ting, pulmonary regurgitation has been found to predispose to arrhythmia and right ventricular dysfunction [36]. Its association with increased risk of sudden death
makes the assessment of pulmonary regurgitation important in the follow-up and management of this patient
group. Significant pulmonary regurgitation may also be
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found in patients who have undergone pulmonary valvotomy for isolated pulmonary stenosis, and those with congenital absence of the pulmonary valve.
Cardiovascular magnetic resonance (CMR) provides a valuable, arguably the best available tool for quantification
of pulmonary regurgitation. Non-breath-hold velocity
acquisitions during free breathing have been used as a
gold standard for evaluation of pulmonary regurgitation
[7,8]. Faster velocity mapping sequences that can be
acquired during a single breath-hold have been introduced in recent years. It has been shown that the pulmonary regurgitant volume measured by a real time
conductance catheter technique in intubated patients
increases with increased airways pressure, so much so that
"the subtle waxing and waning in mean airway pressure
associated with positive pressure ventilation also led to
significant changes in pulmonary incompetence" [4]. We
hypothesised that the breath-holding used in CMR acquisitions might affect the amount of pulmonary regurgitation. In this study we compared measurements of
pulmonary regurgitant fraction by velocity maps acquired
during free breathing, held inspiration and held expiration, and those calculated from right and left ventricular
stroke volume difference.

Materials and methods
Patients
Forty-three adult patients (18 females) with repaired
tetralogy of Fallot were prospectively recruited from a dedicated Adult Congenital Heart Unit. Inclusion criteria
were previous surgical repair of tetralogy of Fallot and
clinical stability, without any significant residual shunt,
pulmonary regurgitation with a regurgitant fraction > 5%
and no contraindication for CMR. Patients with more
than trivial regurgitation of the atrioventricular or aortic
valves were excluded from the calculation of pulmonary
regurgitant fraction by stroke volume difference. The
mean age of the patients was 30.6 ± 9.5 and the anatomical reconstruction was performed at a mean age of 5.5 ±
5.6 years. All patients gave their written informed consent.
The study was approved by the research ethics committee,
Royal Brompton Hospital.
CMR
All patients were investigated in a 1.5 T Siemens Sonata
MR scanner (Siemens, Erlangen, Germany). The scans
included assessment of anatomy using contiguous stacks
of 7 mm thickness multislice scout images in transaxial,
coronal and sagittal orientations prior to acquisition of
balanced steady state free precession (bSSFP) cine images
and phase contrast velocity maps, as described below.
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Ventricular volumes
A stack of bSSFP cine images was acquired in short axis
planes at 10 mm intervals from the atrio-ventricular junction to the apex, located with respect to two- and fourchamber long axis cines. These cines were acquired during
held expiration. End diastolic and end systolic volumes of
both ventricles were measured by planimetry using Simpson's method using appropriate software (CMRtools, Cardiovascular Imaging Solutions, London, UK). A single
observer (SBN) performed all measurements as previously
described [9].
Pulmonary regurgitation, and stenosis if present
Transaxial scout images were used to locate an oblique
sagittal bSSFP cine aligned with the right ventricular outflow tract as shown in Figure 1 (left), with further oblique
cines showing the pulmonary trunk (Figure 1, centre and
right) aligned relative to this and other preceding images.
Pulmonary regurgitation was quantified by non-breathhold, inspiratory breath-hold and expiratory breath-hold
acquisitions, using retrospectively gated Maxwell corrected phase contrast velocity mapping sequences with
the following parameters. Breath-hold acquisitions used
5–7 segments, echo time 2.2 ms, flip angle 27°, 695 Hz/
pixel, 8 mm slice thickness, 256 image matrix at 65%
phase resolution giving 1.3 × 2.0 mm pixel size. Nonbreath-hold acquisitions were not segmented, flip angle
30°, 235 Hz/pixel, 8 mm slice thickness, 256 image
matrix at 80% phase resolution giving 1.3 × 1.7 mm pixel
size. The acquisition window for each reference and velocity encoded data pair was 49 ms for breath-hold and 28
ms for non-breath-hold. Both types of acquisition were
reconstructed as 20 frames per cardiac cycle according to
the manufacturer's routine post-processing algorithm.

Velocity was encoded through a plane transecting the pulmonary trunk immediately downstream of the expected
pulmonary valve level and proximal to the bifurcation
(Figure 1). This plane was adjusted to the same anatomical level relative to scout cine acquisitions of the right ventricular outflow tract acquired in either held inspiration of
held expiration, as appropriate. The held expiratory scout
was used to locate the non-breath-hold velocity acquisition. A velocity encoding range just sufficient to avoid
aliasing was chosen, typically 2 m/s, but higher, up to 3.5
m/s, if there was a degree of valvular or supravalvular stenosis. The peak systolic velocity through this suprapulmonary plane was measured in the expiratory breath-hold
acquisition, and the pulmonary regurgitant fraction was
calculated as the diastolic regurgitant flow volume
expressed as a percentage of the forward flow volume for
each acquisition [8]. The regurgitant fraction was also calculated, in the absence of other significant heart valve
regurgitation, using the stroke volume difference (right
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lines) outflow tract and the pulmonary trunk show the alignment of the phase velocity mapThe cine images of the right ventricular outflow tract and the pulmonary trunk show the alignment of the
phase velocity mapping plane (indicated by double lines). The sagittal view (left) was acquired at end inspiration as well
as end expiration to be used for alignment of the respective velocity acquisition. The middle image is an oblique transaxial plane
and the right image an oblique inlet and outlet view of the right ventricle.
ventricular stroke volume - left ventricular stroke volume
× 100 ÷ right ventricular stroke volume).
Because of the potential effect of branch stenosis on regurgitation, the multislice scouts were assessed for potential
branch pulmonary artery stenoses, and where stenosis
could not be excluded, bSSFP cines were aligned with the
lumen of any suspected narrow region of the right and left
pulmonary artery for qualitative assessment. Attribution
of mild, moderate (or severe) degrees of branch stenosis
relied on visual assessment of three factors: the degree of
luminal narrowing, the formation and narrowness of a
resulting jet, and the degree of damping of systolic arterial
expansion distally.
Statistics
Data are presented as means and standard deviations. To
compare means a paired t-test was used. As multiple comparisons were performed, the p-value was corrected
according to Bonferroni by multiplying the p-value with
the number of comparisons. Only p-values less than 0.05
were regarded as significant. All calculations were performed using the SPSS 11.5 statistical software (SPSS inc.,
Chicago, IL, USA).

Results
Pulmonary regurgitant fraction
The pulmonary regurgitant fractions calculated by the
four different methods are shown in Figure 2A. Pulmonary regurgitant fraction was lower in held expiration
compared with held inspiration, free breathing and stroke
volume difference (30.8 ± 11.9 vs. 37.0 ± 13.6, 35.6 ±
11.4, 35.4 ± 11.0%, p < 0.00017, 0.0035, 0.026). There
was no significant difference between the pulmonary

regurgitant fraction in held inspiration, free breathing and
stroke volume difference. A typical example of the flow
patterns is shown in Figure 3.
Pulmonary regurgitant volume
The regurgitant volumes obtained by velocity maps and
ventricular stroke volume difference are shown in Figure
2B. The regurgitant volume was lower in held expiration
than in held inspiration (41.9 ± 20.9 vs. 48.3 ± 22.8, p =
0.0018). There was no significant difference between
regurgitant volume in held inspiration, free breathing or
calculated from stroke volume difference.
Pulmonary forward flow volume
The pulmonary forward flow volumes obtained by velocity mapping and planimetric right ventricular (RV) stroke
volumes are shown in Figure 2C. They were larger during
expiratory breath-hold than during non-breath-hold
(132.2 ± 33 vs. 123.6 ± 30 ml, p = 0.0024). There was no
significant difference between the forward flow volumes
measured in held inspiration or during free breathing, or
between either of these and the RV stroke volumes measured by planimetry.
Pulmonary and pulmonary artery branch stenosis
Evidence of no more than mild residual pulmonary stenosis was identified by analysis of velocities through the
suprapulmonary plane indicated in Figure 1. The highest
peak velocity recorded was 2.7 m/s. The mean and SD of
peak recorded velocities was 1.78 ± 0.34 m/s. In the
branch pulmonary arteries, mild left sided stenosis was
found in 7, moderate unilateral left sided stenosis in 1,
bilateral mild stenosis in 3 and bilateral moderate stenosis
in 1.
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graph B) and pulmonary forward flow volume (PFF, graph C) during held inspiration (Insp), held expiration
(Exp), non-breath-hold (NBH) and calculated by planimetric stroke volume difference (SV diff) or planimetric
right ventricular stroke volume (RVSV). In graph A, the regurgitant fraction during held expiration differs significantly
from regurgitant fractions during held inspiration, free breathing and as calculated by the planimetric stroke volume difference.

Discussion
Pulmonary regurgitation is relatively common after surgery for congenital heart disease with RV outflow obstruction, as is a degree of residual pulmonary stenosis. These
are patients in whom serial measurements can inform
decisions on management and the consistency and comparability of measurements is important. More rapid and
convenient breath-hold acquisitions are likely to be used
increasingly for the investigation and follow-up of pulmonary regurgitation. As far as we know, it is common practice for held expiration to be used for breath-hold
acquisitions as this has been considered to give a more
reproducible and sustained diaphragm position than held
inspiration in various imaging situations [10-12]. Children and patients with learning difficulties, however, may
find it easier to hold their breath after inspiration, which
could potentially lead to a change of acquisition technique between initial and a follow-up studies.

We found that a lower regurgitant fraction was measured
when the breath was held at end expiration, and that
increased forward flow volume and decreased regurgitant
volume both appeared to contribute. The underlying
mechanisms remain uncertain, but the marked effect of
pulmonary airway pressure on regurgitation reported by
Redington [4] is likely to be a key factor. It must be
remembered that the pulmonary microvessels are of low
resistance and high compliance [13]. Expiratory or inspiratory breath-holds are not, of course, the same as the processes of expiration or inspiration. According to our usual
clinical practice, we had instructed patients, speaking
slowly, either to 'breathe in and hold' or to 'breathe in and
breathe out and hold' before the respective acquisitions.
Ley et al. investigated the effects of 'large volume inspiratory breath-hold and expiratory breath-hold' velocity
acquisitions on pulmonary and aortic flow parameters in
healthy volunteers, comparing the results to those
acquired during free breathing. They found pulmonary
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3 pulmonary flow curves in a typical case are shown above
The three pulmonary flow curves in a typical case are shown above. In this individual, the pulmonary regurgitant fraction was 57% in held inspiration (left), 38% in held expiration (middle) and 53% during non-breath-hold acquisition (right). Latediastolic forward flow, coinciding with atrial systole, is seen as positive flow at the right hand end of each curve in this case.

blood flow to be reduced during (deep) inspiratory
breath-hold, and less so during expiratory breath-hold,
compared with free breathing [14]. We are not aware that
the effects of breath-holding on alveolar air pressure have
been investigated, however. Held inspiration, if the
mouth and glottis are closed and the diaphragm is
relaxed, might be expected to result in an increase of alveolar air pressure and so increased pulmonary microvascular resistance, while held expiration might have the
opposite effect. If this is the case, the differences of intraalveolar pressure might explain the differences of pulmonary regurgitant fraction measured by the different acquisition techniques.

eters such as the use of segmentation, the flip angle and
the phase resolution might have affected the derived
measurements of pulmonary regurgitation from the
breath-hold and non-breath-hold acquisitions.

The differences between the regurgitant fractions measured by expiratory breath-hold velocity mapping and
those by stroke volume difference, which also used expiratory breath-hold acquisitions, must have a different
explanation, however. The two approaches do not necessarily measure the same thing. While the former is calculated from the pulmonary regurgitant volume expressed
as a percentage of pulmonary forward flow, the latter is
calculated from the stroke volume difference expressed as
a percentage of the RV stroke volume. The stroke volume
difference could be more than the pulmonary regurgitant
volume if there were also undetected tricuspid regurgitation, and the RV stroke volume will be less than the pulmonary forward flow if there is late diastolic forward flow,
which has been referred to as 'restrictive RV physiology'
[15]. As we understand it, this is caused by forward flow
from the right atrium to the pulmonary artery through a
full and conduit-like right ventricle, with no significant
change of RV volume in this phase. These factors may contribute to the higher regurgitant fraction derived by the
volumetric compared with the flow method, although
methodological errors in either type of measurement
could also contribute. For example, differences of param-

Measurements of flow by phase velocity mapping can be
subject to errors, for example due to eddy currents and
uncorrected Maxwell gradients, especially when gradients
are switched rapidly to achieve short echo times for
breath-hold acquisition [16,17]. Such errors are likely to
affect the breath-hold more than the non-breath hold
acquisitions. The relatively poor temporal resolution in
acquisition of the former relative to the latter may also be
relevant. However, the Siemens Sonata system that we
used incorporated software to correct for Maxwell gradients, and both of the breath-hold acquisitions used identical sequences and image orientation, and almost
identical location, moved only minimally according the
respective inspiratory or expiratory position of the pulmonary trunk. It is therefore unlikely that methodological
differences could account for the differences between the
inspiratory and expiratory breath-hold measurements.

Regardless of the underlying mechanisms, the finding that
pulmonary regurgitant fraction measurements may be
lower when measured in held expiration than when measure during held inspiration, free breathing or by stroke
volume difference remains important. For comparative
studies, either serially or between patients, adherence to
one type of acquisition and one type of breathing instruction are likely to be necessary.

In our centre we have used expiratory breath-hold velocity
acquisitions for measurements of pulmonary regurgitation for over five years. Initially this was as an adjunct to
non-breath-hold acquisitions, but subsequently as our
preferred approach, given the advantages of time-saving
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and avoidance of respiratory motion related artefacts.
However, we do not feel that a recommendation can be
made for all centres or CMR systems, except that methodological consistency is important. Users should be aware
of the potential affect on measurements should a transition be made from one method to another. The method
used for a particular measurement of pulmonary regurgitation should be stated when the result is reported.
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