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AIM: To evaluate the potential of real-time phase-contrast flow magnetic resonance imaging
(MRI) at 40 ms resolution for the simultaneous determination of blood flow in the ascending
aorta (AA) and superior vena cava (SVC) in response to reduced intrathoracic pressure (Mueller
manoeuvre).
MATERIALS AND METHODS: Through-plane flow was assessed in 20 healthy young subjects

using real-time phase-contrast MRI based on highly undersampled radial fast low-angle shot
(FLASH) with image reconstruction by regularized non-linear inversion. Haemodynamic al-
terations (three repetitions per subject ¼ 60 events) were evaluated during normal breathing
(10 s), inhalation with nearly closed epiglottis (10 s), and recovery (20 s).
RESULTS: Relative to normal breathing and despite interindividual differences, reduced

intrathoracic pressure by at least 30 mmHg significantly decreased the initial peak mean ve-
locity (averaged across the lumen) in the AA by �24 � 9% and increased the velocity in the SVC
by þ28 � 25% (p < 0.0001, n ¼ 23 successful events). Respective changes in flow volume per
heartbeat were �25 � 9% in the AA and þ49 � 44% in the SVC (p < 0.0001, n ¼ 23). Flow
parameters returned to baseline during sustained pressure reduction, while the heart rate was
elevated by 10% (p < 0.0001) after the start (n ¼ 24) and end (n ¼ 17) of the manoeuvre.
titute for Diagnostic and
l Centre, Georg-August-
G€ottingen, Germany. Tel.:

gen.de (J. Lotz).

Published by Elsevier Ltd. All rights reserved.

Delta:1_given name
Delta:1_surname
Delta:1_given name
Delta:1_surname
Delta:1_given name
Delta:1_surname
Delta:1_given name
Delta:1_surname
Delta:1_given name
Delta:1_surname
Delta:1_given name
Delta:1_surname
Delta:1_given name
mailto:Joachim.lotz@med.uni-goettingen.de
http://crossmark.crossref.org/dialog/?doi=10.1016/j.crad.2014.06.004&domain=pdf
www.sciencedirect.com/science/journal/00099260
http://www.clinicalradiologyonline.net
http://dx.doi.org/10.1016/j.crad.2014.06.004
http://dx.doi.org/10.1016/j.crad.2014.06.004
http://dx.doi.org/10.1016/j.crad.2014.06.004


M. Fasshauer et al. / Clinical Radiology 69 (2014) 1066e1071 1067
CONCLUSIONS: Real-time flow MRI during low intrathoracic pressure non-invasively
revealed quantitative haemodynamic adjustments in both the AA and SVC.

� 2014 The Royal College of Radiologists. Published by Elsevier Ltd. All rights reserved.
Table 1
Subjects.

Age, years 33.9 � 12.8
Range 22e59
Weight, kg 71.5 � 13.7
Height, m 1.76 � 0.11
Body mass index, kg/m 22.8 � 2.6
Cardiovascular risk factors n ¼ 1a

Gender 12 male, 8 female

a One subject with nicotine abuse.
Introduction

Physiological manoeuvres that alter the intrathoracic
pressure serve as non-invasive tests of cardiac function. In
particular, during reduced intrathoracic pressure, i.e., the
so-called Mueller manoeuvre (MM) with deep inspiration
against the nearly closed epiglottis, echocardiography
demonstrated an increased venous return and higher right
ventricular stroke volume.1,2 A decrease of the intrathoracic
pressure increases the pressure gradient between the
thoracic cavity and the head and neck as well as the
abdominal cavity. These alterations lead to an increase in
systemic venous return and preload of the right ventricle.
As the preload increases, the stroke volume of the right
heart, via the FrankeStarling law, increases as well. Tran-
sient elevation of blood pressure in the pulmonary artery is
a logical consequence. In addition, reduced intrathoracic
pressure also decreases the initial pulmonary flow return to
the left ventricle, which increases the pressure in the pul-
monary artery even more, while momentarily decreasing
the left-ventricular stroke volume.

To this regard, MM mimics some of the alterations
observed during obstructive sleep apnoea (OSA).3,4 OSA is
closely associated with diseases or symptoms such as sud-
den cardiac death,4,5 heart failure,4,6 hypertension,4,7 acute
myocardial infarction,4,8 and arrhythmias.4,9,10 Various
cohort studies have shown that OSA and OSA-associated
symptoms may increase mortality11,12 and incidence of
cardiovascular diseases by up to 50%.12 Pathophysiological
mechanisms involved in OSA are hypoxia due to collapsed
upper airways and recurrent breathing against the closed or
nearly closed oropharynx, which then results in negative
intrathoracic pressure. A characterization of the haemody-
namic changes during reduced intrathoracic pressure may,
therefore, help to understand some of the cardiovascular
consequences of OSA.

Other clinical applications of MM would be diseases
associated with impaired relaxation of the myocardium,
namely restrictive cardiomyopathy, constrictive pericar-
ditis, or diastolic dysfunction. The expected changes in
blood flow largely depend on intact physiological mecha-
nisms involved in the extension of the myocardium and
vessels through increase in venous return. If these mecha-
nisms are damaged, real-time flow magnetic resonance
imaging (MRI) would most likely show a decreased or even
no reaction to the MM.

The purpose of this work was to evaluate the potential of
a previously reported real-time phase-contrast flow MRI
technique at high spatiotemporal resolution13,14 to
dynamically monitor the immediate haemodynamic re-
sponses to the MM simultaneously in the ascending aorta
(AA) and superior vena cava (SVC). Flow parameters for
individual heartbeats, such as peak mean velocity and flow
volume per heartbeat, were obtained continuously during
free breathing, reduced intrathoracic pressure, and
recovery.

Materials and methods

Subjects

Twenty healthy and, on average, young volunteers
participated in the study (Table 1). Subjects had no history
of respiratory or cardiovascular disease and were without
contraindication for MRI. The study was approved by the
institutional review board and written informed consent
was obtained from each subject before MRI. The study was
in consent with the Declaration of Helsinki.

Real-time phase-contrast flow MRI

As demonstrated in Fig 1 blood flowwasmeasured in the
AA and SVC at the same time using a single transverse plane
perpendicular to the AA at the level of the right pulmonary
artery. All studies were performed on a clinical 3 T MRI
system (Tim Trio, Siemens Healthcare, Erlangen, Germany).

Flow evaluations in real time were accomplished with
the use of a highly undersampled radial fast low-angle shot
(FLASH) sequence with image reconstruction by regularized
non-linear inversion (NLINV).15,16 The NLINV method was
modified for phase-contrast flow MRI to yield phase-
sensitive reconstructions of two series of differently flow-
encoded images, while the subsequent calculation of
velocity-encoded phase-contrast maps was performed
without any temporal filter.13,14 Magnitude images and
phase-contrast maps were obtained online using a server
with 2 � 4 graphics processing units (sysGen/TYAN
Octuple-GPU, 2x Intel Westmere E5620 processor, 48 GB
RAM, Sysgen, Bremen, Germany) which was fully integrated
into the reconstruction pipeline of the commercial MRI
system.17,18

Two sequential images with and without a bipolar
velocity-encoding gradient (VENC ¼ 200 cm/s) were



Figure 1 (Left) Section orientation and (right) segmented AA and SVC in a systolic real-time magnitude image (top) and phase-contrast flow
map (bottom) in an angulated transverse view.

M. Fasshauer et al. / Clinical Radiology 69 (2014) 1066e10711068
obtained from only seven spokes within an acquisition time
of 20 ms each.14 Experimental parameters were: repetition
time (TR)¼ 2.86ms, echo time (TE)¼ 1.93ms,10� flip angle,
192 � 192 mm2

field of view, and 144 � 144 acquisition
matrix (no aliasing because of radial acquisitions and
twofold oversampling), 1.33 � 1.33 mm2 nominal in-plane
resolution, and 6 mm section thickness. Although not
required for data acquisition, the electrocardiography (ECG)
was co-registered to facilitate the post-acquisition flow
analysis using preliminary experimental software that
allowed for treatment of multiple cardiac cycles (Qflow 5.4,
MEDIS, Leiden, The Netherlands). Segmentations of the AA
and SVC employed a semi-automatic finding of contours
(compare Fig 1) with manual corrections if necessary.

MM and pressure measurement

In order to reduce the intrathoracic pressure, subjects
were asked to inhale against a nearly closed epiglottis after
low expiration. They had to maintain a negative pressure of
at least 30 mmHg for a period of 10 s. Former studies
defined this value as effective to induce haemodynamic
changes in the cardiac outflow tract.19,20 Before the exam-
ination, each subject had to practice the MM outside the
MRI machine. The pressure was measured by a digital
manometer (GMSD 2 BR, Greisinger electronic GmbH,
Regenstauf, Germany) at a sampling rate of 1 kHz. It was
placed outside the magnet room and connected with a long
flexible tube to a mouthpiece mounted on a tubus (Oxford
Tracheal Tube 7.0, closed system). Previous work confirmed
a high positive correlation between intra-oral and intra-
pleural pressure levels during periods of increased or
decreased intrathoracic pressure.21 The protocol for real-
time flow MRI of the MM was repeated three times per
subject and comprised normal breathing (10 s), reduced
intrathoracic pressure (10 s), and normal breathing during
recovery (20 s). During the examinations, subjects wore LCD
glasses and received real-time visual feedback about the
temporal progress of the protocol and the actually achieved
pressure level. For later analysis and correlation of MM
phases with serial phase-contrast flow maps, the elapsed
time between the start of the manoeuvre and the recorded
pressure curve, was used as real-time flowMRI acquisitions
and pressure measurements were simultaneously started.

Statistical analysis

Functional evaluations of flow in the AA and SVC
involved vessel areas, mean flow velocities spatially aver-
aged over the vessel lumen (in particular, its peak value per
heartbeat), flow volumes per heartbeat, and heart rate.
Values are given as mean with standard deviation (SD)
where appropriate. The analysis (AA and SVC) of each
dataset (40 s duration ¼ 1000 images and phase-contrast
maps, respectively) took approximately 30 min. For statis-
tical analyses of individual haemodynamic adjustments, the
datasets were subdivided into five parts: baseline with
normal breathing (10 heartbeats), early strain of reduced
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intrathoracic pressure (first three heartbeats during MM),
late strain (last three heartbeats during MM), early recovery
(first three heartbeats after the end of the MM), and late
recovery (10 heartbeats during normal breathing).

Parameter distributions were tested by d’Agostino and
Pearson’s omnibus normality test. Repeated-measurement
one-way analysis of variance (ANOVA) with Green-
houseeGeisser correction followed by Tukey’s multiple
comparisons test was performed using GraphPad Prism
version 6.0d for Mac OS X (GraphPad Software, La Jolla, CA,
USA) to compare haemodynamic parameters during normal
breathing and MM, p-values <0.05 were considered sta-
tistically significant.

Results

Real-time flow MRI measurements during normal
breathing and MM were technically successful in all cases.
No cases of cardiovascular emergency, interventions, or
sudden terminations of the examination occurred. How-
ever, eight of 20 subjects had to be excluded due to an
incorrect pressure performance. In these cases, subjects did
not achieve a constant pressure reduction of at least
30 mmHg, but instead presented with a highly variable
pressure curve, which was often dominated by a very strong
and rapid initial pressure decrease followed by a continuous
return to almost normal levels. For example, one subject
reached �100 mmHg during the first 2e3 s, which then led
to exhaustion and a subsequent increase to zero pressure. In
addition, in a few cases (w5%) individual cardiac cycles
were omitted, because the co-registered ECG was affected
by gradient interference and failed to adequately set time
stamps into the DICOM images, which in turn precluded the
semi-automated analysis of flow parameters.

Quantitative haemodynamic adjustments in response to
reduced intrathoracic pressure and recovery are summa-
rized in Table 2. They are given in absolute values as well as
percentage changes relative to the initial phase of normal
breathing. Statistical comparisons of intrasubject changes
relative to baseline were restricted to early strain and late
recovery phases to ensure at least 23 successful serial
events. An example for a single subject with good pressure
Table 2
Real-time flow MRI in the ascending aorta and superior vena cava before, during

Normal breathing n ¼ 23 Early strain n ¼ 2

Ascending aorta
Peak mean velocity, cm/s 55 � 9 41 � 6
Intrasubject differences 100% 76 � 9%**
Flow, ml/beat 86 � 12 64 � 11
Intrasubject differences 100% 75 � 9%**

Superior vena cava
Peak mean velocity, cm/s 32 � 6 40 � 7
Intrasubject differences 100% 128 � 25%**
Flow, ml/beat 26 � 7 38 � 11
Intrasubject differences 100% 149 � 44%**

Heart rate, beats/min 73 � 7 82 � 11
Intrasubject differences 100% 112 � 9%**

Absolute values represent the mean � SD averaged across subjects and successfu
relative to normal breathing. Statistical analyses only refer to “Early strain” and
performance is shown in Fig 2. Apart from changes that are
caused by the MM, normal breathing periods exhibited
pronounced respiration-induced modulations of velocity
and flow, which lead to increased flow during inspiration
due to lower intrathoracic pressure.

The pressure changes associated with the MM alter the
peak mean velocity and flow per heartbeat in both the AA
and SVC. When considering mean intrasubject differences
averaged across subjects and manoeuvres (Table 2), and
despite pronounced interindividual variability, the results
for the initial phase of reduced intrathoracic pressure (early
strain) revealed significant�24% and�25% decreases of the
peakmean flow velocity and blood flow per heartbeat in the
AA, respectively. These observations were accompanied by
a significantþ28% increase of peakmean velocity in the SVC
during the same period and an even more pronounced
þ49% increase of flow per heartbeat, which includes an
increased SVC lumen during this phase. The induced flow
alterations in the AA and SVC largely normalized during
sustained MM (late strain in Table 2) except for a reverse
33% flow decrease in the SVC during late strain/early re-
covery. On average, the heart rate of the subjects was
transiently elevated by 12% after the start (early strain) and
10% after the end (early recovery) of the MM.

Discussion

Real-time flow MRI at high spatiotemporal resolution
quantitatively depicted rapid haemodynamic adjustments
in the AA and SVC that are elicited by a reduced intratho-
racic pressure and the subsequent return to normal
breathing. The initial increase in SVC flow most likely re-
flects enhanced venous inflow into the right heart and
atrium. Decreased AA flow might result from decreased
pulmonary venous return and subsequent decreased pre-
load during the initial phase. The slight increases of AA flow
during late strain and, more pronounced, during recovery
possibly reflect a compensatory increase in pulmonary flow,
after the increase in systemic venous return passed through
the pulmonary circulation. These results are in general
agreement with previous studies of the MM using various
techniques including echocardiography, arterial pulse-wave
and after the Mueller manoeuvre.

4 Late strain n ¼ 18 Early recovery n ¼ 17 Late recovery n ¼ 24

57 � 9 60 � 12 60 � 12
103 � 9% 107 � 11% 110 � 10%*
91 � 14 92 � 15 91 � 15

103 � 7% 104 � 11% 105 � 6%*

30 � 9 32 � 9 33 � 7
92 � 19% 99 � 18% 104 � 13%
19 � 11 29 � 8 27 � 8
67 � 26% 105 � 29% 103 � 14%
76 � 10 79 � 11 71 � 7

105 � 7% 110 � 9% 98 � 8%

l events n. Percentages represent the mean � SD of intrasubject differences
“Late recovery” versus “Normal breathing”: **p < 0.0001, *p < 0.01.



Figure 2 Intrathoracic pressure, peak mean flow velocity, and flow per heartbeat in the AA (red) and SVC (blue) of a 25-year-old healthy
volunteer before, during, and after MM (grey area). Phase 1 ¼ normal breathing, 2 ¼ early and 3 ¼ late strain (MM), 4 ¼ early and 5 ¼ late
recovery (normal breathing).
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analysis, and electrical impedance cardiography.1,4,19,22e25

For example, negative intrathoracic pressure was associ-
ated with a decrease of cardiac stroke volume1,20,24,25 by
�29% to�11% for different protocols and groups of subjects.
Thus, previous and present results demonstrate a reduced
left-ventricular systolic performance during reduced intra-
thoracic pressure.

Technically, real-time flow MRI overcomes a number of
limitations that are specific to echocardiography. First of all,
echocardiography does not allow for the measurement of
two or more vessels at the same time. Moreover, the pro-
cedure requires a good and stable acoustic window, which
is often impossible to achieve in overweight adults or dur-
ing forced breathing or breath-hold protocols; the latter
problem may even preclude continuous flow recordings
throughout a respective manoeuvre. Finally, the accuracy of
flow assessments by echocardiography relies on velocity
measurements in only a small portion of the vessel and
assumptions about the shape and dimension of its lumen.
These parameters usually vary during the cardiac cycle as
well as in response to induced pressure changes. In contrast,
MRI-based flow determinations measure and integrate the
full two-dimensional velocity distribution over the true
vessel lumen at every single point in time (here every
40 ms).

The most challenging part of the proposed method and a
potential limitation for clinical use is a reliable conduction
of the MM itself. Subjects tended to initially overshoot the
negative target pressure of �30 mmHg, which led to an
even stronger increase of flow and peak mean velocities. In
fact, more than 50% of all manoeuvres showed this distinct
overshoot, which led to exclusion from the further analysis.
It remains to be seen whether a more careful pre-scan
training and better feedback via LCD glasses during MRI
will help to overcome these problems in order to maintain
clinical applicability. It should also be noted that the present
study was performed at a magnetic field strength of 3 T,
which offers adequate signal-to-noise for real-time phase-
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contrast flow MRI. It remains to be seen whether modern
1.5 T MRI systems with optimized gradients and multi-
element receiver coils for body measurements will reach
the required image quality.

In summary, real-time phase-contrast flow MRI suc-
cessfully unravelled rapid haemodynamic adjustments in
response to the MM, quantitatively and simultaneously in
two great thoracic vessels. In future, abnormal flow re-
sponses to this manoeuvre might be helpful in studies of
patients with OSA, offering new insights into the patho-
genesis of OSA-associated cardiovascular diseases. In amore
general clinical context, immediate access to the physio-
logical consequences of intrathoracic pressure changes by
real-time flow MRI emerges as a new tool for the simulta-
neous measurement of interdependent arterial and venous
flow in the right and left heart.
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