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xercise cardiac MRI is an emerging technique with
Egreat clinical potential. Previous studies have used exer-
cise either adjacent to or inside the bore of the MRI scan-
ner to measure ventricular volumes (1,2), myocardial per-
fusion (3), and cardiac output (CO) (4-6) immediately
after or during exercise. Exercise cardiac MRI has shown
similar diagnostic capabilities to those of the clinical stan-
dards of stress echocardiography (7) and stress nuclear
imaging (8) when monitoring for exercise-induced wall
motion abnormalities and changes to myocardial perfu-
sion. However, the potential of exercise cardiac MRI is
largely untapped as there are many modalities that have
not yet been explored.

One such modality is time-resolved volumetric three-di-
rectional velocity mapping, or four-dimensional (4D) flow
MRI. Four-dimensional flow MRI allows for simultaneous
measurement of flow in several vessels and hemodynamic
derivatives of the velocity field, including ventricular kinetic
energy (KE) (9,10). The work performed by the ventricles
in each cardiac cycle can be broken into stroke work, which
adjusts pressure in the ventricle, and kinetic work, which im-
parts velocity to the blood (11,12). Four-dimensional flow

MRI has been used to quantify ventricular KE at rest, reveal-
ing altered ventricular KE in several cardiovascular diseases
(13-15). Measurement of ventricular KE during exercise, in
which the proportion of ventricular work converted to KE is
theoretically increased (10,11), may provide useful insights
into cardiac disease physiology.

Although the value of 4D flow MRI to simultaneously
quantify CO and ventricular KE at rest has been demon-
strated, the feasibility of this technique during exercise has
not been explored. In this pilot study, we investigated the
feasibility of performing free-breathing 4D flow MRI dur-
ing continuous high-intensity exercise to quantify blood
flow and ventricular KE in healthy adult participants. This
allowed for a characterization of the physiologic response
to exercise stress and prevented heart rate recovery during
imaging. Interobserver repeatability of CO and KE was
assessed in both the right and left sides of the heart. We
hypothesized that while the overall image quality of 4D
flow MRI may slightly decrease during exercise because
of participant motion, a retrospectively gated approach
should be able to help quantify flow and ventricular KE
during exercise.
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Abbreviations

AAo = ascending aorta, CO = cardiac output, 4D = four-dimen-
sional, ICC = intraclass correlation coefficient, KE = kinetic energy,
LV = left ventricle, MPA = main pulmonary artery, RV = right
ventricle, SNR = signal-to-noise ratio, SV = stroke volume

Summary

Although free-breathing four-dimensional flow MRI can be used to
quantify flow in the great vessels of the heart during strenuous exer-
cise with high repeatability, ventricular kinetic energy measurements
require further optimization to improve repeatability.

Key Points

= Extended free-breathing cardiac four-dimensional flow MRI can
be performed during strenuous exercise with retrospective respira-
tory and cardiac gating.

= Flow measurements in the great vessels of the heart can be ob-
tained during exercise with excellent repeatability and good inter-
nal consistency.

n Although ventricular kinetic energy can be measured during exer-
cise, these measurements have poor interobserver repeatability and
require further optimization.

Materials and Methods

Participant Sample

Eleven healthy adults at similar levels of fitness, as determined
by the Global Physical Activity Questionnaire, were recruited
for this prospective pilot study from March 2016 to July 2017.
Baseline parameters for the participants who completed all im-
aging are provided in Table 1. All participants provided written
informed consent. Exclusion criteria included a history of car-
diovascular or cardiopulmonary disease, muscular or skeletal
abnormalities, significant health problems requiring treatment
with daily medication, height over 6’ 3” (the maximum height
accommodated by the exercise stepper), and contraindications
to MRI. This study was approved by the local institutional re-
view board and was compliant with the Health Insurance Por-
tability and Accountability Act.

Exercise Protocol

Exercise was performed in the magnet bore with a pneumatic
MRI-compatible exercise stepper (Cardio Step Module; Er-
gospect, Innsbruck, Austria) (Fig 1). This equipment moni-
tored step frequency and exercise power in real time and au-
tomatically adjusted stepping resistance to maintain the target
exercise power. The target exercise power for each participant
was 70% of the power, as defined by the stepper, correspond-
ing to the maximal oxygen consumption of each participant,
which was previously established on a bicycle ergometer in an
exercise laboratory. Participants stepped in rhythm to a met-
ronome beat at 60 steps per minute for the duration of ex-
ercise. During exercise, the heart rate of each participant was
monitored with electrocardiographic gating conducted by an
exercise physiologist. Exercise imaging was obtained when the
physiologist determined the participant had achieved a steady-
state heart rate. This was subjectively defined as when the heart
rate plateaued and showed minimal change with continued

exercise, typically 2—3 minutes after the start of exercise. Com-
posite Poincaré plots (16) were constructed using R-R interval
lengths normalized to each participant’s median value to char-
acterize heart rate variability and determine whether steady-
state heart rates were maintained during exercise.

4D Flow MRI Acquisition

Imaging was performed with a 3.0-T MRI scanner (Discovery
750; GE Healthcare, Waukesha, Wis) with an eight-channel
cardiac coil. Four-dimensional flow MRI at rest and during
exercise was performed with a radially undersampled 4D flow
sequence (phase-contrast vastly undersampled isotropic pro-
jection imaging [PC VIPR]) (17,18), and the parameters are
provided in Table 2. The acquisition was retrospectively gated
for respiratory motion with an abdominal bellow to include
only expiration (50% efficiency) and for cardiac motion us-
ing electrocardiography for cine reconstruction (19,20) with
15 cardiac phases.

Image Quality Assessment

Two radiologists with 17 (C.J.E) and 6 years of experience scored
the image quality of the ascending aorta (AAo), aortic arch, de-
scending aorta, main pulmonary artery (MPA), left ventricle
(LV), and right ventricle (RV) on the reconstructed time-aver-
aged complex difference MR images by using a magnitude scale
with the following criteria: 0 = not visible, 1 = nondiagnostic, 2
= poor, 3 = average, 4 = very good, and 5 = excellent. The images
were anonymized and randomized so the reader was blinded to
the rest or exercise status. Relative signal-to-noise ratio (SNR)
between the images obtained at rest and during exercise for each
participant was compared using the SNR_, ‘method (21).

4D Flow Analysis

The AAo and MPA were segmented from time-averaged com-
plex difference 4D flow MR images by using Mimics (version
17.0, Materialise, Leuven, Belgium). Flow quantification was
performed by using Ensight (version 10.0, Ansys, Canonsburg,
Pa) to generate time-resolved velocity cut-planes orthogonal to
the vessels of interest and a custom MATLAB (MathWorks,
Natick, Mass) tool (22) to quantify stroke volume (SV) and
flows through the AAo (Q) and MPA (QP), as well as the QP/ Q,
ratio. Conservation of flow was assessed by comparing Q, with
combined flow in the left and right pulmonary arteries and Q,
with combined flow in the descending aorta and superior vena
cava. The KE within the LV and RV was calculated by segment-
ing each ventricle on time-averaged 4D flow magnitude MR
images in Mimics and applying those segmentations to velocity
data by using a MATLAB script (9). KE was quantified across
the entire cardiac cycle, at peak systole, and at peak diastole.
Interobserver and intraobserver variability was assessed for
flow measurements in the AAo and MPA and KE in the LV
and RV during rest and exercise. Interobserver variability was
assessed by comparing measurements from the original observer
(J.AM., 5 years of 4D flow postprocessing experience) with
those from the second observer (PA.C., 2 years of experience)
blinded to the segmentations and results of the original observer.
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Mask volumetric agreement between observers was also quanti-
fied. To determine intraobserver variability, the original observer
repeated all measurements in the AAo, MPA, LV, and RV.

Table 1: Baseline Characteristics of Participants
Parameter Value (7 =9)
Anthropometric data

Age (y) 26 =1

Sex (M/F) 6/3

Weight (kg) 71.0 = 9.8

Height (m) 1.8 £ 0.1

BSA (m?) 1.9 0.2

BMI (kg/m?) 23.0 = 1.8
Hemodynamic parameters

HR (beats/min) 63 = 14

SBP (mm Hg) 120 £ 9

DBP (mm Hg) 67 * 10
Cardiac function (LV/RV)*

EF 58 = 7/54 %5

SV (mL) 102 = 22/96 = 23

EDV (mL) 176 + 27/177 + 34

ESV (mL) 74 £ 16/81 £ 17
Exercise testing

VO, (L/min) 3.1 0.9

o (W) 225 * 49

GPAQ (MET/wk) 2987 * 2479
Note.—Unless otherwise indicated, data are means + standard
deviations. BMI = body mass index, BSA = body surface area,
DBP = diastolic blood pressure, EDV = end-diastolic volume, EF
= ejection fraction, ESV = end-systolic volume, GPAQ = Global
Physical Activity Questionnaire, HR = heart rate, LV = left ven-
tricle, MET = metabolic equivalent of task, P__ = maximal pow-
er output, RV = right ventricle, SBP = systolic blood pressure, SV
= stroke volume, VOZmax = maximal oxygen consumption.
* Cardiac function parameters were calculated from balanced
steady-state free precession examinations.

Figure 1:
fastener straps. A chest hamess connected fo the stepper minimizes bulk motion during exercise. The strap lengths can be altered to adjust the participant’s positioning on the
table. B, Photograph shows the participant exercising in MRI bore. C, Photograph of the frontal view of the stepper shows the dynamic range of stepper pedals. D, Screenshot
of monitoring software shows the real-fime measurements of step frequency and power during exercise.
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Statistical Analysis

This study was a within-subjects design in which the partici-
pants at rest served as their own controls for measurements
obtained during exercise. Statistically significant differences
between rest and exercise distributions were determined with
paired # tests by using MATLAB. A post-hoc power analysis
was performed for a power level of 0.8 and to determine the
sample sizes needed to detect exercise-induced differences at
a significance level of .05, given the effect sizes measured in
this study. A Cohen k coefficient was used to assess interob-
server agreement in image quality scores. A Bland-Altman
analysis was used to quantify the mean difference and 95%
limits of agreement for the interobserver and intraobserver
comparisons. The intraclass correlation coefficient (ICC) (3,1)
was computed for all repeated measurements. All tests used a
P value threshold of .05 for statistical significance. Thresholds
were unadjusted for multiple comparisons because there was a
low penalty for increased type I error, given the nature of this
work as a pilot study.

Results

Four-dimensional flow MRI was successfully performed at rest

in 10 of 11 participants and during exercise in 10 of 11 par-
ticipants. One participant was unable to complete the resting
imaging examination because of claustrophobia, and another
participant did not complete the exercise imaging examination
because of general discomfort. The signal quality of cardiac and
respiratory gating observed at exercise was comparable to that
observed at rest. The average exercise power output during im-
aging was 158 W = 37. This resulted in an average increase
of 44% = 16 in heart rate (rest: 63 beats per minute * 14;
exercise: 92 beats per minute * 24) during exercise (P = .004).
Figure 2 shows the composite Poincaré plots for all participants
at rest and during exercise. These plots show similar long-term
heart rate variability (change in heart rate across the entire im-
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A, Photograph shows the participant set-up for the MRI-compatible exercise stepper. The participant is attached to the stepper with boots with hook and loop
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aging duration [x, axis]) across scans at rest and during exer-
cise stress (0, = 0.095and o, = 0.105, respectively).
Increased short-term variability (change in heart rate beat-to-
beat [x, axis]) in heart rate was observed during exercise (o

= 0.054, 0, =0.076).

x1,rest

Image Quality Assessment

The image scores suggested no significant difference in image
quality between rest and exercise for the vessel segments in-
vestigated. Mean scores for rest versus exercise were 4.3 * 0.5
versus 4.4 = 0.5 (P = .6) in the MPA, 4.0 = 0.5 versus 3.9 *
0.4 (P=.99) in the AAo, 3.8 = 0.9 versus 3.4 + 0.8 (P=.7) in
the aortic arch, and 4.3 * 0.6 versus 4.4 = 0.5 (P =.5) in the
descending aorta. The Cohen k score was 0.26. For both rest
and exercise images, scores were significantly lower in the AAo
and aortic arch compared with those of the MPA (P = .001
and P < .001, respectively). Scores in the ventricles showed a
nonsignificant drop with exercise. Mean scores for rest versus
exercise were 3.8 = 0.7 versus 3.4 * 0.5 (P = .3) in the LV
and 4.4 * 0.5 versus 4.4 = 0.5 (P =.99) in the RV. For both
rest and exercise images, LV image quality was significantly
lower than RV image quality (P = .04 and P = .02, respec-
tively). Exercise 4D flow images showed an average decrease
in SNR of 16% (maximum decrease, 35%) relative to that on
the resting 4D flow images in the same participants, likely the
result of increased motion blurring during exercise. Represen-
tative examples of the impact of exercise on image quality in
magnitude images, complex difference images, and segmented
phase-contrast angiograms are shown in Figure 3. Representa-
tive pathline animations at rest and during exercise in the LV
and RV have been included as Movies 1 and 2 (supplement).

4D Flow Analysis

Mean systemic SV was 75 mL * 12 at rest and 81 mL * 27
during exercise (P = .67), whereas pulmonary SV was 79 mL
% 13 at rest and 93 mL £ 29 during exercise (P = .03). CO
showed highly significant increases with exercise, rising from
4.7 L/min * 0.5 to 7.0 L/min = 1.4 in the AAo (P = .004)
and 4.9 L/min = 0.8 t0 8.0 L/
min * 1.4 in the MPA (P =
.004). The average QP/Q5 ratio
was 1.05 * 0.17 at rest and
1.16 = 0.10 during exercise
(P =.10). The results of a post-
hoc power analysis determined
that minimum sample sizes of
127, 22, 10, 10, and 15 were
required for LV SV, RV 8§V,
left-sided heart CO, right-sided
heart CO, and Q /Q, respec-
tively, to adequately character-
ize changes in these parameters
. . 0 0.5
with exercise.

For internal flow consis-
tency checks at rest, an average
difference in flow of 12% was

Rest

RRnorm(n)

Figure 2: Composite Poincaré plots generated from normalized R-R interval length data in each participant at rest (left)
and during exercise (right). Variation along the x, axis represents short-term variability in heart rate, whereas variation along the

measured between the AAo and combined descending aorta
and superior vena cava, whereas an average difference of 8%
was observed when comparing flow in the MPA against the left
and right pulmonary arteries. During exercise, these differences
slightly increased to 15% and 17%, respectively.

On average, LV mask volumes were 152 mL * 32 at rest
and 126 mL * 43 during exercise (P = .03), whereas RV mask
volumes were 147 mL * 34 at rest and 138 mL * 47 during
exercise (P = .4). The mask volumes evaluated by observer 1 were
consistently larger than those evaluated by observer 2: 31% and
39% difference in the LV and RV at rest (P = .007 and P =.01),
respectively, and 29% and 44% difference during exercise (P =
.005 and P < .001). By using a simplified spherical model, this
translated to a 9%-13% difference in the radius of the ventricle
mask. Ninety-three percent of mask volumes evaluated by ob-
server 2 intersected mask volumes evaluated by observer 1 at rest,
and 89% intersected during exercise. A representative compari-
son of segmentations between the two observers is presented in
Figure 4.

KE in the RV (KE,,) showed significant increases with exer-
cise during both systole (8.3 m] * 2.3 at restand 12.6 mJ * 4.5
during exercise, P = .02) and diastole (5.7 m]J % 1.2 at rest and
9.7 m] = 5.5 during exercise, P = .02). KE in the LV (KE,,),
on the other hand, demonstrated nonsignificant increases with

Table 2: Scan Parameters for 4D Flow Acquisitions dur-
ing Rest and Exercise

Parameter Value

TR/TE (msec) 6.2/2.0

Flip angle (degree) 10

VENC (cm/sec) 200

FOV (cm) 32 x 32 X 32

Spatial resolution (mm) 1.25 isotropic

Scan time (min) 9.25

Note.—FOV = field of view, TE = echo time, TR = repetition
time, VENC = velocity encoding.

Exercise

1.5 2 0 0.5 1 1.5 2
RRnorm(n)

x, axis represents long-ferm variability. The different colored dots represent measurements from different participants.
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. Figure 3: A-D, Representafive images obtained af rest in-
Exe rCISE clude an A, axial magnitude image, B, sagittal PC angiogram, C,

segmented volume-rendered PC angiogram reconstructed from
a 4D flow MRI acquisition, and D, pathline visualization image
in the RV and MPA. Images E-H show corresponding images
obtained during exercise. Increased blurring and decreased
conspicuity of regions with slow or complex flow are observed in
the axial magnitude image (E, green arrows) and sagittal PC an-
giogram (F, yellow arrows). G, The volume-rendered angiogram
obtained during exercise shows loss of fine vessel detail (blue
arrows). H, The pathline visualization image shows increased
velocities in the RV and MPA at peak systole. MPA = main pul-
monary artery, PC = phase-contrast, RV = right ventricle.

observed during diastole. The results of a post-hoc
power analysis suggested sample sizes of at least
10 participants were required to reliably detect
increases in both right- and left-sided heart KE

with exercise.

Intra- and Interobserver Variability

Interobserver and intraobserver comparisons
showed excellent reliabilicy (ICC > 0.9) at both
rest and stress for flow measurements in the AAo
and MPA. The mean relative difference and cor-
responding ICC between observers are provided
in Table 3. Bland-Altman plots are presented in
Figure 5 for these comparisons. Interobserver
and intraobserver repeatability analysis for KE
measurements showed dramatically reduced reli-
abilicy when compared with flow measurements
in the MPA and AAo. The mean relative differ-
ence and corresponding ICC between observers
are provided in Table 4. Notably, the correlation
between measurements was higher during exer-
cise imaging. Bland-Altman plots for total KE
are presented in Figure 6 for these comparisons.

Discussion
This pilot study investigated the feasibility of
free-breathing 4D flow MRI during high-power
exercise to quantify cardiac blood flow and KE.

| Imaging during exercise with retrospectively
1.00 *\ gated 4D flow MRI allowed for quantification
0.75 | A ' of exercise stress at a steady-state heart rate. Mo-
0.50 I/ ‘ tion artifacts from bulk subject motion during

0.25 '/ [ exercise resulted in only a minor SNR loss on ex-
0.00 ; /

Velocity [m/s] M PAm

ercise images, likely because of the inherent mo-
tion robustness of the radial k-space trajectory
(23). Although spiral acquisitions also would
be fairly robust to motion, Cartesian sequences
would have limited utility given their increased

susceptibility to motion. Image scoring only
noted above average noise and artifacts in one
exercise acquisition. Scores of the AAo and aortic
exercise for both systole (4.3 mJ = 1.8 at rest and 9.0 mJ * 6.8 arch were slightly lower than those of the MPA and descending
during exercise, P = .11) and diastole (6.9 m] * 2.1 at rest and aorta, perhaps the result of turbulent flow in the AAo and aor-
8.5 m] £ 4.0 during exercise, P = .38). During systole, KE tic arch causing increased intravoxel dephasing and reducing
was consistently greater than KE |, but minimal differences were image signal. Intraobserver and interobserver comparisons for
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flow in the AAo and MPA showed excellent repeatability ICC
> 0.9) at rest and during exercise, suggesting the observed mi-
nor decrease in SNR during exercise was not an impediment
to vessel segmentation. Measurements of internal flow consis-
tency also showed good continuity at rest and during exercise,
with only minor decreases in continuity with exercise, suggest-
ing the phase-contrast vastly undersampled isotropic projec-
tion imaging (PC VIPR) was viable for quantitative flow imag-
ing in these vessels during strenuous exercise.

Post-hoc power calculations suggested that sample sizes on
the order of those used in this pilot study were sufficient to cap-
ture changes in most of the investigated hemodynamic param-
eters with exercise stress. The exception was LV SV, as a result of
the smaller reported effect size likely linked to the lower signal
seen in the AAo.

Four-dimensional flow measurements of SV at rest were
consistently 20%—25% lower for each participant than those
performed on cine balanced steady-state free-precession im-
ages. This underestimation of 4D flow-based approaches
has been reported by Frydrychowicz et al (24) and does
not preclude meaningful comparisons between 4D flow
examinations.

Increases in CO typically occur during exercise because
of combined increases in both SV and heart rate. It was not
unexpected, however, that this study did not find a signifi-
cant increase in LV SV between rest and exercise because it
has been previously demonstrated that supine exercise often
does not have a measurable impact on SV (25). CO showed
expected increases with exercise of similar magnitude to those
reported in exercise cardiac MRI studies using separate two-
dimensional phase-contrast MRI acquisitions (4,6). During
exercise, AAo flow was consistently about 15% lower than
MPA flow, perhaps the result of increased coronary flow with
exercise (26-28).

Ventricular KE increased with exercise, consistent with re-
sults from a cardiac catheterization
study (12). When compared at rest,

Bland-Altman plots in which KE ,, was consistently underes-
timated and KE_, was overestimated. With poor visibility of
the interventricular septum, a decision to be more conserva-
tive in the LV led to overestimation of the RV. Comparisons
of ventricle mask volumes between observers highlighted the
limitations of the time-averaged segmentation approach on
4D flow magnitude images. Segmentations of the LV showed
better observer agreement because the LV geometry is simpler
to segment in an axial orientation and most observers have
more experience segmenting the LV.

The poor KE repeatability suggested limited diagnostic
value of this parameter without further optimization. Pos-
sible sources of variability in ventricular masks and flow

Figure 4:
servers. One observer (blue mask) was consistently more conservative in segmenta-
tion than the other observer (purple mask) owing to the poor contrast between the
blood pool and myocardial wall. LV = left ventricle, RV = right ventricle.

Comparison of segmented masks in the RV and LV between two ob-

Table 3: Mean Relative Difference and Intraclass Correlation Coefficients Derived
from Interobserver and Intraobserver Comparisons of Mean Flow in the AAo

Mean Relative Difference (%) ICC

6 0.89
4 0.94
5 0.95
4 0.95
4 0.94
2 0.98
6 0.91
4 0.97

KE,, was higher than KE , during
systole but lower during diastole, in
agreement with findings from previ- and MPA
ous 4D flow studies (9,10). These
relationships were preserved during Vessel/State
exercise. AAolrest

KE demonstrated poor repeat- Interobserver
ability (ICC < 0.5) in the interob- Intraobserver
server and intraobserver compari- MPA/rest
sons. This was likely influenced Interobserver
by the KE calculation in which Intraobserver
differences in segmentations were AAo/exercise
enhanced as a result of a squared Interobserver
velocity term (9). The relatively Intraobserver
poor ventricular SNR led to highly MPA/exercise
subjective  ventricular segmenta- Interobserver
tions, not only between different Intraobserver
observers but between the same
observer on different days. This was

. . nary artery.

apparent in the intraobserver KE

Note.—AAo = ascending aorta, ICC = intraclass correlation coefficient, MPA = main pulmo-
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AA0/MPA Inter-observer Repeatability - Rest AA0/MPA Intra-observer Repeatability - Rest cine balanced steady—state free-
T 15 = 15 precession images to the 4D
£ E :
£ 10 4200073 £ 1 flow images (31).
8 os -d-D_ls- ST TR T T T g gs 2052 -———— In conclusion, this study
N '.L{-. = 8 g, [d=002 S 2 . explored the feasibility of free-
g o ° s 0 v .
5 . [d2004L _ 0_ e __ £ o 0207049 _ oo %o o breathing 4D flow MRI to
E Lo 2 o quantify cardiac flow and KE
. 1'5 . during strenuous exercise in
1. 15 .
2 4 6 3 ) 4 6 g healthy controls. Minor de-
Average Flow [L/min] Average Flow [L/min] creases in SNR were associated
- o with exercise, but exercise flow
AAo/MPA Inter-observer Repeatability - AAo/MPA Intra-observer Repeatability - lativel
Exercise Exercise measurements were relatively
= T 15 -i =
£ 15 gogerie £ observer-independent and re
S 10 - = 10 |d+20=0.73 o peatable, whereas KE measure-
g os ) e o o g os . ® . o ments showed high observer
o =0.01 o =0.00 .
& oo = .. — g 00 — — r dependence. With further de-
E 05 ® ‘2 0.5 | d-20=-0.72 4 [ P8 velopment, biventricular 4D
2 40 |d2=116 _ °_ _ _ _ _ _ _ _ S 10 flow exercise cardiac MRI can
-15 ° 15 fulfill a valuable clinical role in
2 7 oz z i 1 evaluating patients with right-
Average Flow [L/min] Average Flow [L/min] . .
sided heart dysfunction, a group
Figure 5:  Bland-Alman plots for inferobserver and infraobserver variability in mean flow in the AAo (blue dots) and MPA not well-addressed by stress

(orange dots) af rest and during exercise. The solid blue line indicates the mean difference (d), while the dashed red lines

indicate the upper and lower bounds of the 95% limits of agreement. AAo = ascending

echocardiography.

aorta, MPA = main pulmonary artery.
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