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Abstract

Purpose Increased oxygen uptake and utilisation during
exercise depend on adequate adaptations of systemic and pul-
monary vasculature. Recent advances in magnetic resonance
imaging techniques allow for direct quantification of aortic
and pulmonary blood flow using phase-contrast magnetic res-
onance angiography (PCMRA). This pilot study tested quan-
tification of aortic and pulmonary haemodynamic adaptations
to moderate aerobic supine leg exercise using PCMRA.
Methods Nine adult healthy volunteers underwent pulse
gated free breathing PCMRA while performing heart rate
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targeted aerobic lower limb exercise. Flow was assessed in
mid ascending and mid descending thoracic aorta (AO) and
main pulmonary artery (MPA) during exercise at 180 % of
individual resting heart rate. Flow sequence analysis was
performed by experienced operators using commercial
offline software (Argus, Siemens Medical Systems).
Results Exercise related increase in HR  (rest:
69 4+ 10 bmin~!, exercise: 120 + 13 b min~") resulted in car-
diac output increase (from 6.5 & 1.4 to 12.5 + 1.8 L min™1).
At exercise, ascending aorta systolic peak velocity increased
from 89 & 14 to 122 + 34 cm s™! (p = 0.016), descend-
ing thoracic aorta systolic peak velocity increased from
104 + 14 to 144 4 33 cm s ! (p = 0.004), MPA systolic
peak velocity from 86 + 18 to 140 + 48 cm s~! (p = 0.007),
ascending aorta systolic peak flow rate from 415 £ 83 to
550 + 135 mL s~ ! (» = 0.002), descending thoracic aorta
systolic peak flow rate from 264 4 70 to 351 + 82 mL s~!
(p = 0.004) and MPA systolic peak flow rate from 410 £ 80
to 577 £ 180 mL s~! (p = 0.006).

Conclusion Quantitative blood flow and velocity analy-
sis during exercise using PCMRA is feasible and detected
a steep exercise flow and velocity increase in the aorta and
MPA. Exercise PCMRA can serve as a research and clini-
cal tool to help quantify exercise blood flow adaptations
in health and disease and investigate patho-physiological
mechanisms in cardio-pulmonary disease.

Keywords Exercise adaptations - Blood flow - Magnetic
resonance imaging - Imaging methodology - Feasibility -
Cardio-pulmonary disease

Abbreviations
Ao Aorta
CPET Cardio-pulmonary exercise test

FOV Field of view
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MRI Magnetic resonance imaging
PA Pulmonary artery

PAH Pulmonary arterial hypertension

PCMRA Phase-contrast magnetic resonance angiography
PVR Pulmonary vascular resistance

RV Right ventricle

TE Echo time

TR Repetition time

VENC Velocity encoding

Introduction

Cardiovascular adaptations to aerobic exercise are medi-
ated through an interplay of cardiac, hormonal, metabolic
and muscular mechanisms. The increase in cardiac output
to enhance oxygen delivery plays the dominant role (Bas-
sett and Howley 2000); however, increased demand for
oxygen uptake and utilisation during exercise also depends
on adequate adaptations of aortic and pulmonary vascula-
ture, as well as, ventilatory responses. Respiratory adap-
tations to increased oxygen demand during exercise have
been extensively studied using cardio-pulmonary exercise
testing (CPET) with oxygen consumption measurement
(reviewed in Balady et al. 2010). A limitation of CPET is
its inability to provide data on vascular adaptations to exer-
cise. This is important in particular in patient groups with a
primary cardiac pathology that might result in insufficient
pulmonary perfusion during stress and exercise with sub-
sequent ventilation/perfusion mismatch. The physiologi-
cal role of pulmonary vascular adaptations, e.g. pulmonary
artery (PA) pressure and pulmonary vascular resistance
(PVR) changes during exercise has not been fully resolved
(Naeije and Chesler 2012). Direct assessment of pulmonary
vascular flow parameters during exercise could contribute
to this discussion in particular if flows, global and regional,
in addition to the response of the ventricle, were simultane-
ously assessed.

Phase-contrast ~magnetic  resonance angiography
(PCMRA) has been extensively used to measure flow
parameters at rest (Gatehouse et al. 2005) and results
have a high accuracy and reproducibility (Ley et al. 2008;
Lotz et al. 2002; Beerbaum et al. 2005) with wide clinical
applications in assessing cardiovascular disease (Arheden
et al. 1999; Varaprasathan et al. 2002). Over the last years,
advances in image acquisition technology and a renewed
interest in exercise physiology have led to a number of
proofs of principle studies using magnetic resonance imag-
ing (MRI) during various modes of exercise. The focus of
these studies was either feasibility (Gusso et al. 2012; Lurz
et al. 2009; Steeden et al. 2010), or assessing ventricular
response to exercise (La Gerche et al. 2012b; Holverda
et al. 2006) and measurement of the ascending aortic and

@ Springer

MPA flow (Weber et al. 2011). We have designed a proto-
col and performed a pilot study using aerobic heart rate tar-
geted supine modified bicycle exercise to assess blood flow
parameters in the ascending and descending thoracic aorta
(Ao) and main pulmonary artery (MPA). Our aim was to
develop a protocol that allows assessment of cardio-pulmo-
nary physiology during exercise that can be used in a clini-
cal setting.

Methods
Participants and exercise protocol

Nine healthy subjects (6 males and 3 females, mean age:
37.4 £ 8.2 years) volunteered to undergo MRI at rest and
while performing heart rate targeted supine aerobic lower
limb exercise using an MRI compatible braked cycle
ergometer (Lode BV Groningen) mounted onto a whole
body MRI system (Siemens Avanto 1.5T; Siemens Medi-
cal Solutions; Erlangen Germany) (Fig. 1). Moderate aer-
obic exercise was performed in a supine position in the
MRI scanner using a modified cycling technique involving
the lower limb muscle systems (Supplementary Video 1).
Participants’ resting HR was measured in supine position
before exercise. Participants started unloaded cycling for
2 min before resistance (up to 50 W) was increased to reach
a 2 min steady state at 180 % of individual resting heart
rate before flow measurements were taken. Steady state
at 180 % of individual resting heart rate was reached after
2-3 min. Heart rate, blood pressure and oxygen saturations
were monitored non-invasively at rest, exercise at 180 %

Fig.1 MRI compatible braked cycle ergometer (Lode BV Gronin-
gen) mounted onto a whole body MRI system (Siemens Avanto 1.5 T;
Siemens Medical Solutions; Erlangen Germany). Handlebars reduce
upper body movement, straps around thighs increase stability and
prevent hip movement
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of resting HR and 2 min recovery. Ethical approval for the
study was obtained from the UK National Research Ethics
Service (NRES). All subjects signed NRES approved con-
sent prior to participation.

MRI acquisition and analysis

At rest and during heart rate targeted exercise, we assessed
blood flow in the ascending and descending thoracic aorta
and MPA. Ascending aortic flow was additionally reas-
sessed post-exercise after 2 min rest to monitor recovery.
All flow parameters were assessed by MRI both at rest and
during exercise during retrospective heart rate gated (via
pulse oximetry) free breathing PCMRA in the mid ascend-
ing and descending thoracic aorta and MPA (Fig. 2; Sup-
plementary Videos 2, 3). We used a single manufacturer’s
body matrix coil (Siemens Medical Solutions; Erlangen
Germany). Imaging of Ao and MPA was performed dur-
ing different acquisitions accounting for different imaging
planes. Ascending and descending thoracic aortic images
were obtained from axial HASTE images, to ensure both
ascending and descending thoracic Ao were at isocentre.

Fig. 2 PCMRA images of aorta
and MPA. a Aortic flow images
at rest (upper panel) and exer-
cise (lower panel); Ascending
aorta marked as AscAo, thoracic
descending aorta as DA. b

MPA flow images at rest (upper
panel) and exercise (lower
panel); Main pulmonary artery
is marked as MPA. Magnitude
image on the left, phase image
on the right

MPA flow data was acquired by obtaining two long axis
views of the MPA and positioning the MPA flow plane per-
pendicular to the two long axis images of the mid MPA at
isocentre (Fig. 3).

Flow measurements were acquired as follows: stand-
ard field of view (FOV) 320 mm (adapted to patient
size), base resolution 256, FOV phase 75 %, voxel size
1.3 x 1.3 x 5.0 mm for a standard FOV-TE 2.2 ms, TR
29.9 ms, slice thickness 5 mm, flip angle 30°, 3 averages, 30
reconstructed phases, Venc 150 cm s~ ! at rest, 300 cm s~
during exercise. Acquisition of a single exercise flow data
set was conducted over approximately 105 heart beats and
acquisition time therefore depended on HR. For exam-
ple at 80 b min~! it was 80 s, at 112 b min~! it was 56 s.
Overall imaging time during exercise was approximately
6 min. One aortic flow acquisition within this cohort had
to be repeated due to significant subject movement during
exercise and unsatisfactory pulse oximetry led to a delay
of acquisition in one subject. Images were analysed manu-
ally contouring the vessel walls using commercial offline
software (Argus, Siemens Medical Systems) by three indi-
viduals trained in MRI flow evaluation (MH, GP, CL) and
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Fig. 3 Demonstration of align-
ment for MPA flow imaging a
axial HASTE. Projected axis
along MPA (arrow) for cine
SSFP 1 image in b. b Image
produced by a; Projected axis
along MPA (arrow) for next
cine SSFP 2 image shown in c.
¢ SSFP 2 cine image produced
by axial alignment of b. d Per-
pendicular alignment to cines
SSFP 1 b and SSFP 2 c¢ defines
plane for MPA flow imaging

these were all checked and edited by MH. Pulmonary and
aortic blood flow was determined from the flow velocities
in individual voxels in the region of interest. Stroke volume
(SV) was measured as the ascending aortic forward flow of
one cardiac cycle averaged from approximately 100 cardiac
cycles during PCMRA. Q was calculated as an ascending
aortic forward flow of one cardiac cycle x HR. Ascending
aorta measurements were obtained distal to coronary artery
origin. All results were independently counter-checked
and corrected by an experienced cardiac radiologist (MH).
Exercise data sets of three volunteers were independently
re-analysed for intra-observer variability (MH) and inter-
observer variability (MH and GP). We additionally vali-
dated the use of a single body matrix coil imaging protocol
in data sets of three volunteers. Flow sequence analysis was
performed using Argus offline software. Flow analysis took
30 min per subject.

Statistics

Statistical analysis was performed using SPSS V. 19 and
Stata V.12.1. Differences of measured parameters at rest
and during exercise were analysed using a paired ¢ test and
significance was attributed to a p value of <0.05. All meas-
urements are mean value from nine volunteers. For relia-
bility analysis intra-observer and inter-observer reliability
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were tested in three data sets using a two-way mixed effects
model intra-class correlation coefficient. Correlation of two
imaging techniques was tested using the same model.

Results

Nine healthy volunteers completed the exercise protocol
with acquisition of images suitable for flow quantification at
rest and during exercise. Resting heart rate as measured by
infrared spectroscopy showed an exercise intensity related
increase from 69 &= 9 b min~' at rest to 117 & 12 b min~!
during exercise. Oxygen saturation remained above 92 %
during all exercise stages in all participants. Exercise dura-
tion was between 12 and 16 min depending on the time
needed to reach a steady state at target heart rate. HR
increase to 180 % of resting HR resulted in a significant
increase in cardiac output (Q) as measured by aortic flow
min~! from 6.5 + 1.4 to 12.5 + 1.8 L min~! (p < 0.001,
95 % CI = 5/7). Similar values were obtained for the MPA
with 6.9 £ 1.0 L min~' at rest and 14.1 £ 3.1 L min™"
(p < 0.001, 95 % CI = 5.0/9.5). Increase in cardiac out-
put was a result of HR increase but also a significant
increase in SV in the ascending aorta from 90.8 £ 15.6 to
1123 + 27.4 ml (p < 0.016, 95 % CI = 5.1/37.9). Q in
the thoracic descending aorta showed a significant increase
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from rest to exercise from 4.4 + 1.0 to 9.3 + 1.5 L min~!
(p < 0.001, 95 % CI = 4.2/5.4). SV increase to exer-
cise in the descending thoracic aorta was significant
from 64.1 £ 13.5 to 83.4 £+ 21.3 ml (p = 0.003, 95 %
CI = 8.8/29.6). The ratio of Q and SV (mean) distribution
between ascending and descending aorta changed towards
the descending aorta during exercise with a ratio 1:0.68 at
rest to 1:0.74 during exercise. SV in the MPA increased
from 102.2 £ 19.7 to 130.3 £ 42.0 ml (p < 0.016, 95 %
CI = 8.2/58.0). To accommodate increased SV, aortic and
pulmonary systolic flow rate and systolic velocity increased

Table 1 Cardiac response to exercise in the ascending aorta as meas-
ured by phase-contrast MRA

Ascending aorta Rest Exercise Recovery
HR b min~! 69 +9 117 £ 12 81 £13
QL min~! 65+ 14 125+ 1.8 79+19
SV mL 90.8 £15.6 1123 £27.4 98.9 £ 325
sPVems™! 89 + 14 122+ 34 100 + 14
sPFR cm s~ 415+ 83 550 £ 135 507 £ 93
SAV cms™! 33+49 3847 39+7

HR heart rate, Q cardiac output, SV stroke volume, sPV systolic peak
velocity, sPFR systolic peak flow rate, sAV systolic average velocity

Patient Helght 188.00 cm. PatientWelght  72.00 ky. Heart Rate: 48 Beats/min Patlent Helght 186.00 cm. PatlentWelght 72.00kp.  HeartRate: 48 Beatsimin

Yelocity vs Time
Legend:
o—o Data

D:
—=-- 8pline (++ 1)

8lice Position: 8P H103.0 Venc Adjustment-150: 150
Check contours. Computsr generated confours may not corespond to anatomy.

Legend:

o—o Data
—-- 8pline (++ 1)

1
0 58 116 174 232 280 348 406 464 522 580

8lice Position: 8P H103.0 Venc Adjustment-300 : 300
Check contours. Computer generated contours may not correspond to anatomy.

Fig.4 Flow curves obtained from PCMRA data. Flow over one
cardiac cycle is shown as averaged over one flow image acquisition
(~100 heart beats) at rest (HR 49 b min~' upper panel) and during

8lice Position: 8P H103.0 Venc Adjustment-150 : 150
Check contours. Computer generated contours may not corespond to anatomy.

8lice Position: 8P H103.0 Venc Adjustment-300 : 300
Check contours. Computer generated contours may not correspond to anatomy.

significantly to the following values; in the ascending
aorta systolic peak velocity increased from 89 + 14 to
122 + 34 cm s~} (»p = 0.016, 95 % CI = 8/58), average
systolic velocity from 33 & 5 to 38 & 7 cm s~! (p = 0.005,
95 % CI = 2/9) and systolic peak flow rate from 415 + 83
to 550 £ 135 ml s! (p = 0.002, 95 % CI = 66/205)
(Table 1; Fig. 4). A similar increase was measured in the
MPA with MPA systolic peak velocity increasing from
86 + 18 to 140 + 48 cm s~! (p = 0.007, 95 % CI = 20/89),
average systolic velocity from 34 + 6 to 53 + 19 cm 57!
(p = 0.031, 95 % CI = 2/35) and MPA systolic peak
flow rate from 410 % 80 to 577 + 180 ml s~! (p = 0.006,
95 % CI = 62/273) (Table 2). In the descending thoracic
aorta systolic peak velocity increased from 104 £ 14 to
144. + 33 cm s~ !, (» = 0.004, 95 % CI = 16/63), average
systolic velocity increased from 41 & 9 to 47 £ 7 cm s~ !,
but this was statistically not significant (p = 0.08, 95 %
CI = —1/15) and systolic peak flow rate from 264 £ 70 to
351 £ 82 mls™! (p = 0.004, 95 % CI = 37/137) (Table 2).
Diastolic flow in aorta and MPA was negligible. At 2 min
recovery time all parameters showed a trend to normali-
sation apart from aortic average velocity which remained
at exercise level (Table 1). Figures 5, 6, 7 show the meas-
ured parameters for each individual volunteer. All observed
exercise changes were statistically significant apart from

Patient Helght 188.00 cm. PatientWeight  72.00 kg.

Legend:
*—o Data e—o Data

D:
- Bllllmi(fﬁ-r;l)s _ —-- Spline (+1)
~.. (ms)

818 938 10531170

. .
0 114 228 342 456 570 684 798 912 1028 1140

8lice Posltion: 8P H47.6 Venc Adjustment-150: 150
Check contours. Computer generatad contours may not correspond to anatomy.

Legend:

o—o Data
—-- 8pline (++ 1)

Time
(ms)

1
0 58 118 177 236 285 354 413 472 531 580

8lice Position: 8P H47.6 Venc Adjustment-300 : 300
Check contours. Computer generated contours may not correspond o anatomy.

exercise (HR 100 b min~" lower panel); left column: ascending aorta;
middle column: descending aorta, right column: MPA
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an average systolic velocity increase in the descending
thoracic aorta.

Intra- and inter-observer reliability data for PCMRA at
rest have been published (Beerbaum et al. 2005). We pro-
vide intra- and inter-observer reliability data during exer-
cise (Table 3). Intra-observer variability during exercise
was satisfactory with an intraclass correlation coefficient
between 0.824 and 0.993, mean difference between O and
9.6 % (Table 3), the intraclass correlation coefficient for
inter-observer variability was between 0.744 and 1, mean
difference between 0 and 9.3 % (Table 4). We have per-
formed all measurements using only one surface matrix
coil removing the spine coil. A reliability test in three
subjects showed good correlation between measurements
with and without the additional spine coil with intra-class
correlation for Q = 0.998 (mean difference 0.5 %), for

Table 2 Exercise-induced changes of flow parameters in MPA and
the descending thoracic aorta

Rest Exercise
Descending aorta
QL min~! 44410 93415
SV ml 64.1 £13.5 834 +213
sPVcems™! 104 + 14 144 + 33
sPFR cm s~! 264 + 70 351 £82
SAV cm s~} 41 +9 47 +7
MPA
sPV cms™! 86 & 18 140 & 48
sPFR ml s 410 + 80 577 + 180
SAV cm s™! 3446 534+ 19

sPV systolic peak velocity, sPFR systolic peak flow rate, sAV systolic
average velocity

Fig. 5 Adaptation of cardiac
output, SV, and peak systolic
flow rate to exercise. Data for
each individual participant are
shown

20

1

Cardiac output (I/min)

A Cardiac output

o |
~ s
o /‘

SV =0.995 (mean difference 0.64 %) and for systolic peak
velocity = 0.976 (mean difference 4.8 %).

Conclusion

This study has investigated the suitability of PCMRA to
quantify exercise-induced changes of aortic and PA blood
flow using a physiological and practical exercise model
combined with an MRI scanning protocol that can easily be
used in the clinical setting. Our exercise protocol resulted in
a statistically significant increase in heart rate, SV and car-
diac output as measured by aortic flow. We have shown an
exercise-induced increase of the ascending and descending
thoracic aortic and main pulmonary flow parameters. We
used a similar protocol as previously published by (Weber
et al. 2011) and our results lend further validity to the find-
ings of the above study. Beyond that we have provided data
on reproducibility of flow measurements during exercise.
We have additionally investigated Q, SV and blood flow
response in the descending thoracic aorta and showed that
exercise not only results in an overall SV increase but also
leads to a decreased ratio of the ascending to descending
aortic blood flow. This indicates that overall increase in
cardiac output during exercise is driven by increased local
demand of perfusion and oxygenation in the muscle groups
involved. Ascending to descending thoracic aortic blood
flow ratio during exercise can potentially be used as an
indirect measure of local compliance and capacitance, thus
demonstrating intact local physiological response to lower
limb exercise. The measured flow rate increase during exer-
cise is likely to be facilitated by increased SV but also by
an increase in compliance and capacitance of the systemic

B Stroke volume

100 150 200

Stroke volume (mls)
50

0

Rest

C Peak systolic flow rate - aorta

180% Rest 180%

D Peak systolic flow rate - MPA

peak systolic flow rate (ml/s)
200 400 600 800 1000
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Fig. 6 Adaptations to exercise
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F Peak systolic velocity - MPA
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and pulmonary vascular bed resulting in a fall of systemic
and PVR. In healthy volunteers velocity and flow increase
both contribute to facilitate the cardiac output increase with
positive correlation between them. The non-invasive assess-
ment of pulmonary flow parameters can therefore offer new
quantitative insights into pulmonary exercise physiology in
health but particularly cardio-pulmonary disease, where it
can complement information on PA pressures which do not
well correlate with exercise capacity (Kovacs et al. 2012)
or differentiate between health and disease (Kovacs et al.
2009).

Measurement of aortic flow parameters during exer-
cise has wide applications too. It could aid in studying
and quantifying the physiological adaptive mechanisms
to exercise, but more importantly could become an assess-
ment tool in follow-up and risk stratification in patients
with inherited aortic vasculopathies (e.g. Marfans syn-
drome) or congenital heart disease (coarctation, trun-
cus arteriosus) where resting changes in aortic flow as
assessed by MRI are well described (Secchi et al. 2009).
The most significant advantage could be gained if PCMRA
flow imaging during exercise as described here could be
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Table 3 Intra-observer reliability data for 3 data sets during exercise in ascending, descending aorta and MPA

O (L min™") Mean Q 1 Mean Q 2 Av Var of Mean (%) IC of average
Ascending aorta 12.1 £ 3.1 13.0£3.5 6.9 0.978
Descending aorta 92+ 1.9 92+ 1.6 0 0.990
SV (ml) Mean SV 1 Mean SV 2 Av Var of Mean (%) IC of average
Ascending aorta 109.7 £ 36.1 118.1 +40.4 7.0 0.986
Descending aorta 82.6 £23.1 83.0£19.5 0.5 0.993
SPFR (ml s™1) Mean SPFR 1 Mean SPFR 2 Av Var of Mean (%) IC of average
Ascending aorta 426.4 + 106.9 418.3 +105.2 1.9 0.889
Descending aorta 313.5 £88.2 3253 £99.6 3.6 0.982
MPA 393.8 £ 79.7 4357+ 1164 9.6 0.964
SPV (cms™!) Mean SPV 1 Mean SPV 2 Av Var of Mean (%) IC of average
Ascending aorta 105.8 +19.7 104.4 £29.2 1.0 0.846
Descending aorta 1144 +£11.0 117.6 £ 13.8 2.7 0.908
MPA 109.3 + 19.6 102.2 + 14.4 6.5 0.824

All measures are mean values £ 1 standard deviation

IC intraclass correlation in a two-way mixed effects model, Av Var average variation, Q cardiac output, SV stroke volume, SPFR systolic peak
flow rate, SPV systolic peak velocity, / first, 2 second measurement

Table 4 Inter-observer reliability data for three data sets during exercise in ascending, descending aorta and MPA

0 (L min™h Mean Q O1 Mean Q 02 Av Var of Mean (%) IC of average
Ascending aorta 12.1 £3.1 12.1 £3.0 0 1.0
Descending aorta 92+19 88+£19 43 0.981

SV (mL) Mean SV Ol Mean SV 02 Av Var of Mean (%) IC of average
Ascending aorta 109.7 £ 36.1 109.7 £35.4 0 1.0
Descending aorta 82.6 +23.1 79.1 £224 3.0 0.988

SPFR (mL s™) Mean SPFR O1 Mean SPFR 02 Av Var of Mean (%) IC of average
Ascending aorta 426.4 + 106.9 4321+ 1124 14 0.998
Descending aorta 313.5+88.2 303.6 & 74.5 0.3 0.962

MPA 393.8 £ 79.7 393.1+ 0.2 0.991

SPV (cms™}) Mean SPV O1 Mean SPV 02 Av Var of Mean (%) IC of average
Ascending aorta 105.8 +19.7 101.8 £ 8.0 3.8 0.855
Descending aorta 1144 +£11.0 125.1 £ 3.6 9.3 0.744

MPA 109.3 + 19.6 104 £ 20.4 4.8 0.910

All measures are mean values =+ 1 standard deviation

IC intraclass correlation in a two-way mixed effects model, Av Var average variation, Q cardiac output, SV stroke volume, SPFR systolic peak
flow rate, SPV systolic peak velocity; O1 first, O2 second observer

combined with the recently developed ventricular volume

quantification by real time ungated CMR. This would ena-

ble simultaneous assessment of ventricular and vascular
exercise response and enhance our limited understanding
of ventricular—arterial coupling during exercise, in particu-
lar of the RV and pulmonary circulation La Gerche et al.

(2011, 2012a).
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Methodological considerations

Exercise-induced cardiac stress testing is superior to phar-
maceutically induced stress testing as the latter does not
result in physiological changes in systemic and PVR and
systemic venous return which are key mechanisms in the

exercise response. Our study used an exercise protocol
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that comprised aerobic exercise in supine position using
up and down leg movement. Differences between car-
diac parameters measured in upright and supine exercise
are well documented (Bevegard et al. 1963; Granath et al.
1964) particularly in amount of recruited venous blood
volume at start of exercise (preload) (Bestler et al. 1992;
Parker and Thadani 1979) but also in resting and exercise
maximal heart rate, cardiac output, end-diastolic volume,
maximal power output, and absolute SV (Warburton et al.
2002; Groepenhoff et al. 2007). These studies have, how-
ever, also highlighted that sufficient exercise effort and car-
diac stress can be achieved using a supine exercise model,
and although supine and upright exercise shows a differ-
ence in initial PVR, pulmonary blood flow relationships
are identical during supine and erect exercise (Naeije and
Chesler 2012) making our supine exercise model a suitable
tool. Finally, current clinical MRI systems do not allow for
upright exercise during image acquisition. A physiologi-
cal advantage of our study shared with previous published
work (La Gerche et al. 2012b; Weber et al. 2011) is that
imaging was performed during free breathing exercise.
This is superior to exercise MRI protocols with breath
held acquisition (Steding-Ehrenborg et al. 2013) which can
influence venous return and particularly pulmonary blood
flow (Naeije and Chesler 2012).

Our study has used heart rate targeted exercise as this
represents the most practical form of defining individual
exercise effort and is widely used and validated. It can also
be used to judge exercise effort and work rate at higher
exercise stages in non-athletes as an increase in cardiac
output is, generally, only achieved by a further heart rate
increase (Poliner et al. 1980; Flamm et al. 1990; Higgin-
botham et al. 1986). It does, however, not allow for an
objective quantification of exercise intensity. In future stud-
ies we propose to perform a CPET prior to imaging to cor-
relate individual metabolic work rates during exercise to
heart rate. This would allow better quantitative estimation
of exercise intensity. In our study cardiac output, SV and
flow parameters did not return to normal resting values at
2 min recovery (Table 1) but this is expected in non-trained
individuals after moderate aerobic exercise. We have not
measured flow parameters at recovery in MPA, however,
this might be very informative in patients with (Pulmonary
arterial hypertension) PAH.

Technical limitations

Respiration introduces a change in MPA flow (Pinsky
1984) and as such data acquired with breath holding is
not representative of the physiological changes induced
by exercise. Our data acquisition was over approximately
100 cardiac cycles and thus multiple respiratory cycles, so
this would not have been a source of error. Ascending aorta

measurements were obtained distal to coronary artery ori-
gin. Coronary artery flow accounts for approximately 5 %
of total Q at rest (Mymin and Sharma 1974) and increases
during exercise. This might explain differences in the meas-
ured mean Q between the ascending aorta and MPA at rest
and exercise as coronary artery flow was not accounted for
in our aortic flow calculation. ECG gated PCMRA proto-
cols are in our experience unsuitable for flow imaging even
at the modest exercise levels due to muscular and magnet-
induced interference with the ECG. Our study used retro-
spective oximetry pulse gating to define the cardiac cycle.
This proved reasonably reliable in our study though care
was needed with optimising the pulse trace before exercise.
In our experience gated PCMRA is unsuitable to reliably
measure blood flow at maximal exercise intensity. Real
time PCMRA sequences may overcome this limitation and
have been validated in the research setting (Steeden et al.
2010) but are presently not commercially available. Our
intra-observer and inter-observer variability analysis show,
however, the robustness of the protocol used. We have also
calculated SV (mean) from MPA flow measurements as a
potential internal control of accuracy and protocol robust-
ness, but it has to be considered that flow based SV quan-
tification of the MPA has imperfect accuracy at rest (Mau-
ritz et al. 2008) and this can be assumed to be accentuated
during exercise. Aortic and MPA flows were not recorded
simultaneously and this can be assumed to lead to varia-
tion of aortic and MPA flow values. A further adjustment
from standard PCMRA scanning protocols on the Siemens
Avanto unit is the use of only one surface matrix coil in
our protocol due to space incompatibility of the mounted
exercise ergometer requiring the spine array to be removed.
We have, however, shown that this does not appear to affect
data quality in our reliability analysis.

Summary

Quantitative analysis of ascending and descending thoracic
aortic and pulmonary blood flow during exercise is feasible
using retrospective pulse gated free breathing phase-con-
trast PCMRA. Moderate aerobic exercise leads to a statis-
tically significant increase in blood flow and flow veloci-
ties in the ascending and descending thoracic Ao, and MPA
facilitating increased oxygen uptake and delivery. Exercise
PCMRA could help in diagnosis, assessment of treatment
response and follow-up in patient groups with pulmonary
and cardiovascular pathology. Simultaneous assessment
during exercise of aortic and pulmonary flow and left and
right ventricular function by MRI would further increase
validity and application.
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