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Abstract

Objectives Two-dimensional (2D) through-plane phase-contrast (PC) cine flow imaging assesses shunts and valve regurgita-
tions in paediatric CMR and is considered the reference standard for Clinical quantification of blood Flow (COF). However,
longer breath-holds (BH) can reduce compliance with possibly large respiratory manoeuvres altering flow. We hypothesize
that reduced BH time by application of CS (Short BH quantification of Flow) (SBOF) retains accuracy while enabling faster,
potentially more reliable flows. We investigate the variance between COF and SBOF cine flows.

Methods Main pulmonary artery (MPA) and sinotubular junction (STJ) planes were acquired at 1.5 T in paediatric patients
by COF and SBOF.

Results 21 patients (mean age 13.9, 10-17y) were enrolled. The BH times were COF mean 11.7 s (range 8.4-20.9 s) vs SBOF
mean 6.5 s (min 3.6-9.1 s). The differences and 95% CI between the COF and SBOF flows were LVSV -1.43 + 13.6(ml/
beat), LVCO 0.16 & 1.35(1/min) and RVSV 2.95 + 12.3(ml/beat), RVCO 0.27 £ 0.96(1/min), QP/QS were SV 0.04+0.19, CO
0.02 +0.23. Variability between COF and SBOF did not exceed intrasession variation of COF.

Conclusion SBOF reduces breath-hold duration to 56% of COF. RV flow by SBOF was biased compared to COF. The vari-
ation (95% CI) between COF and SBOF was similar to the COF intrasession test—retest 95% CI.

Keywords Magnetic Resonance Imaging - Blood Flow - Arteries - Pediatrics

Introduction

The measurement of flows in the cardiovascular system is

fundamental for understanding the physiology and hemody-

namics of congenital and acquired cardiac diseases, espe-
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tant information that can guide clinical decisions, and these

data are part of current cardiovascular guidelines such as

the Adult Congenital Heart Diseases (ACHD) guidelines
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work considered the reference standard and is herein named
Clinical quantification Of blood Flow (COF) [5-7].

Despite its “gold-standard” label, the CMR PC cine
flow sequence has its own pitfalls and limitations, not least
its expense, inaccessibility, slowness and requirement for
patient breath-holding co-operation and tolerance of claus-
trophobia. Its results can be degraded by insufficient tem-
poral or spatial resolution and modification of the true flow
characteristics due to preload and afterload changes caused
often by variability in respiration.

These errors can be induced by several factors such as
breath-hold (BH) duration; in fact, the longer the BH, the
lower can be the patient compliance with the further pos-
sibility of having large respiratory manoeuvres altering the
flow characteristics [8—12] during the scanning with com-
plex consequences. Heart rate (HR) variations during the
BH, imaging parameters, and underlying comorbidities such
as rhythm anomalies can have a role. Moreover, BH compli-
ance and HR variability are even more accentuated in the
paediatric population due to the physiology of these patients.
In addition, scans of congenital heart diseases, where multi-
ple flow sequences need to be performed, have a long session
time in the magnet, easily causing fatigue and correspond-
ingly reduced performance [13, 14]. However, alternative
acquisition tools to reduce some of these pitfalls exist: com-
monly the use of free breathing with signal averaging (at
an “outer loop” or longest timescale) combined with high
parallel imaging factor (3 to 4) can partially overcome them
with the major drawback of the tissue position being only
rather approximately end-expiratory. For such free-breathing
averaging, the scan time itself is not obstructively long (a
common misconception) benefiting from the high parallel-
acceleration, with also no need for breath-hold recovery time
or time taken delivering instructions to the patient. Other
technical solutions include respiratory gating, but this is less
common for its extra setup time, its potential unreliability
and for interruptions to the flow sequence if using diaphrag-
matic MRI navigators for the respiratory signal.

Another possible way to reduce these inaccuracies is to
accelerate the CMR PC cine sequence acquisition to reduce
the BH time and overall scan acquisition time. The applica-
tion of compressed-sensing acceleration (CS), employing a
pseudorandom variable density under-sampling of k-space in
the spatial domain and iterative reconstruction [15] reduces
the time of acquisition accepting some “fitting effect” limita-
tions of the reconstruction. Further CS work in flow CMR
is discussed later.

In our study, we measured flows in the main pulmonary
artery (MPA) and sinotubular junction (STJ) planes as used
in the CMR clinical practice. We hypothesize that reduced
BH time by the moderate application of CS to 2D cine
through-plane flows (named “Short BH quantification Of
Flow”) (SBOF) retains accuracy while enabling faster and
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potentially more reliable paediatric flows. We, therefore,
investigate the variance between COF and the new SBOF
cine flows in paediatric CMR.

Materials and methods

This observational prospective study in patients evaluating
new CMR physics sequences was approved by the ethical
committee of our institution (10/H0701/112—Version 4). All
the data and information were always under the sole control
of our institution.

Patients

Paediatric patients with age < 18, coming to the CMR clini-
cal service department of the Royal Brompton Hospital for
routine clinical appointments, that accepted by their parents
through the above informed written consent form to par-
ticipate in this clinical study were enrolled between January
2021 and December 2021. All of the sequences prescribed
by the protocolling consultant for the clinical investigation
were acquired first, including the COF as prescribed. Only at
the end of the clinical study, the CS flow sequences “SBOF”
of the aortic STJ and the MPA were acquired, thereby ensur-
ing priority of the clinical requests.

CMR technique

All CMR examinations were performed with a 1.5 T CMR
scanner (1.5 T, Avanto FIT/Aera, Siemens Healthcare
GmbH). As part of the standard clinical protocol, end-
expiratory breath-hold balanced steady-state free-precession
(bSSFP) cines were acquired in the usual planes: left ven-
tricular (LV) short-axis (SAX) cine, LV four-chamber, LV
outflow tract, LV outflow tract cross-cut, LV two chambers,
right ventricle (RV) in and out, RV two chamber, RV outflow
tract and RV outflow tract cross-cut planes. The STJ and
MPA conventional flow scans (COFs) were planned from
the cines of the left and right ventricular outflow tracts. For
aortic flow the plane was placed at the STJ, and MPA flow
was acquired above the pulmonary valve. As usual for flow
imaging, the velocity encoding (VENC) was optimized by
the operator for each patient and plane during the COF scans
(range 120-200 cm/s). The same planes and VENCs were
used for the COF and compressed-sensing short breath-hold
flows (SBOF) at nominally similar parameters (Table 1),
using the same end-expiratory BH requests to the patient
for all scans. Velocity aliasing was not accepted and flow
scans were repeated at wider VENC if this occurred. In
this work, a research sequence consisting of compressed-
sensing 2D phase-contrast cine in k-t space was applied for
SBOF with the rationale of approximately halving the BH
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Table 1 Imaging parameters of

the COF and SBOF methods, Parameter COF SBOF
showing ranges because of TR (ms) at VENC 150 cm/s 4.4 45
ﬁili’éz?ggaﬁ)nffgems during TE (ms) at VENC 150 cmv/s 23 23
Segments (lines per HB) 5 5
FE FOV (mm) (PE FOV adapted to plane) 320-360 320-360
FA (deg) 20 20
FE samples 224 240
Acquired resolution at 360 mm FOV (FExPE mm) 1.61x2.01 1.50%x 1.88
SLT (mm) 8 8
Parallel imaging (GRAPPA) factor 2 Not used
Parallel imaging coil-profile lines 24 (in scan) Not used

duration of the COF sequence, at similar acquired spatial
and temporal (true cine frame time) resolutions. This aim of
approximately halved BH time required a moderate accelera-
tion factor (increasing from 2 to 5, over inner to outermost
ky) such that this sequence was still a “segmented k-space”
acquisition over multiple cardiac cycles, as opposed to the
more typical application of CS at its stronger accelerations
for finer nominal resolutions or real-time cines [16]. The
acceleration and reconstruction parameters (40 iterations,
default regularization parameters: spatial 0.005, temporal
0.01) of the CS for the SBOF scans were held constant for
all patients in the study. Gadolinium-based contrast agent
was administered earlier during the clinically prescribed
scans, and only if it was clinically requested. In these cases,
CS sequences were acquired after the completion of late-
enhancement imaging [17].

Image analysis

Analysis of the images was performed with a dedicated com-
mercial system (cvi42 5.10, Circle Cardiovascular Imaging,
Calgary, Alberta, Canada). The flow CMR images were ana-
lyzed by a single reviewer with more than three years of
experience in paediatric CMR and CMR post-processing.
For flow images, contours were drawn manually dur-
ing the end-diastolic phase of flow images to delineate
the STJ and MPA. These contours were then propagated
across all cardiac phases. Manual corrections to the ROI in
each reconstructed cine frame were applied to correct for
in-plane displacement and diameter and shape changes. PC
background correction [25] was applied, by the 2D linear
spatial fit to velocity pixels (“Static Tissue Offset”) of the
Circle software, to all the flow sequences, employing sta-
tionary muscle and fat tissues distributed around the thorax
wall, excluding outlying tissue far from isocentre (such as
shoulders, neck or caudal abdominal regions), also exclud-
ing tissues subject to flow or motion such as the heart itself
or any other blood vessels) and excluding regions of spa-
tial phase-encoding wraparound when present. Mean blood

velocity at each cardiac phase was calculated by averaging
the phase-image pixel values over the vessel cross-sectional
area. Volume flow was calculated by integrating the product
of area and mean velocity within the contoured blood vessel.
The parameters analyzed were LV stroke volumes (LVSV),
RVSV, LV cardiac output (LVCO), RVCO (where CO was
defined as the SV multiplied by the mean heart-rate (bpm)
during each BH scan), and QP/QS (by RVSV/LVSV and also
by RVCO/LVCO).

Data analysis

Descriptive statistics of continuous quantitative measure-
ments are summarized as means and standard deviations.
The flow measurements (including the derived QP/QS)
obtained by the COF and SBOF techniques were compared
using paired t-test. Values of p <0.05 were considered statis-
tically significant. Stata 12 software (StataCorp LP, College
Station, Texas) was used for statistical analyses.
Bland—Altman plots (17) were used to examine the differ-
ences and variabilities between the COF and SBOF meas-
urements, which are stated as mean difference +2SD of the
difference over all 21 patients. The significances of the mean
differences were evaluated by the paired #-test. [18, 19].

Results

Twenty-one patients (Table 2) were enrolled between Janu-
ary 2021 and December 2021 (examples, Figs. 1, 2). The
MPA and STJ flows of all 21 patients (plotted in Fig. 3) were
included in all of the following results.

The BH durations of the phase-contrast flow scans were
COF mean 11.7 s (range 8.4-20.9 s) vs SBOF mean 6.5 s
(range 3.6-9.1 s). The HRs during the two flow scans were
COF mean 71 bpm (range 53-99 bpm) vs SBOF mean
69 bpm (range 55-103 bpm) with paired t-test analysis of
mean difference marginally significant (2-tailed for either
direction of change in HR) at p =0.054.

@ Springer



872 Magnetic Resonance Materials in Physics, Biology and Medicine (2023) 36:869-876

Table 2 Characteristics of the 21 included patients

Population Characteristics Mean and range

Age 13.9 y(10-17)

Sex 6 Female; 15 Male
CHDs 11 patients
Non-CHDs 10 patients

Height (m) 1.66 (1.45-1.88)
Weight (kg) 57.6 (36-78)

BSA (m?) 1.62 (1.22-1.93)

Figure 4 and Table 3 present the overall results of the flow
measurements (all n=21 for both vessels and both methods).
The 2-tailed paired ¢ test p-value results (21 pairs) for the
mean differences are also included. The STJ showed no sig-
nificant difference, whereas the MPA showed a significant
difference as did weakly the QP/QS by ml/beat.

Discussion

In our study, we acquired COF and SBOF at the CMR stud-
ies of 21 paediatric patients referred to the CMR clinical ser-
vice of the Royal Brompton Hospital, during routine clinical
work, as opposed to a potentially more tightly-controlled
research setting. Both sequences were acquired with breath

Fig. 1 Cross-sectional imag-
ing of the ascending aorta at
the sinotubular junction (STJ,
arrow) comparing the con-
ventional flow (COF) and CS
short-breath-hold flow (SBOF)
in the same patient and closely
matched peak-systolic cardiac
timing for COF and SBOF
(given variations in heart-rate
between the two scans affect-
ing the retrospectively-gated
reconstructed image timings).
This patient had an aortic valve
stenosis (VENC =400 cm/s). a
COF magnitude, b COF veloc-
ity, ¢ SBOF magnitude, d SBOF
velocity

a) COF magnitude

c) SBOF magnitude
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holding, and the SBOF typically decreased the flow scan
duration to 56% of the COF duration.

For both MPA and STJ, the stroke volumes, considered
as the net amount of flow passing through one vessel in a
cardiac-cycle, and the cardiac output derived by the multi-
plication between SV and the HR recorded as an average
during the flow acquisition were analyzed.

The SBOF of MPA showed a mean reduction by 3 ml of
stroke-volume compared to COF, which nevertheless was
detected statistically in these results. There may be genuine
changes in flow in the first few cycles of the end-expiratory
BH [20, 21], that perhaps are also dependent on how deeply
each patient complies with “breathe in, breath out and stop
there” end-expiration requests. Possibly a short-term effect
was exposed in those first few end-expiratory heartbeats by
SBOF as opposed to COF. This result somewhat confounds
the overall aim of this paper to improve accuracy by CS
shortening of the BH time to assist patients with compliance,
but the overall aim may still be valid: namely that the image
quality is preserved by the good compliance with the short-
ened BH of SBOF compared to longer breath-holds needed
for COF. The application of a correction factor to adjust
SBOF results towards those of COF might be considered.

The 95% CI in these results between COF and SBOF
can be viewed in the context of the test-retest 95% CI
of COF obtained before this study in a separate paedi-
atric population at our centre (Supplementary 1). The
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Fig.2 Cross-sectional imaging
of the main pulmonary artery
(arrow) comparing the con-
ventional flow (COF) and CS
short-breath-hold flow (SBOF)
in the same patient and closely
matched peak-systolic cardiac
timing for COF and SBOF
(given variations in heart-rate
between the two scans affect-
ing the retrospectively gated
reconstructed image timings).
This is the same patient as in
Fig. 1, and had normal MPA
flow (VENC=150 cm/s). a
COF magnitude, b COF veloc-
ity, ¢ SBOF magnitude, d SBOF
velocity

a) COF magnitude

95% CI between COF and SBOF (LVSV +13.6 ml,
RVSV +12.3 ml, LVCO +1.35 1/min, RVCO +0.96 1/min,
QP/QS by SV +£0.19, QP/QS by CO+0.23) was simi-
lar to the previously obtained test—retest 95% CI of COF
alone (LVSV +£10.9 ml, RVSV +11.3 ml, LVCO+1.2 I/
min, RVCO + 1.1 I/min, QP/QS by SV +0.22, QP/QS by
CO +0.27) (from Supplementary). This suggests that the
SBOF method per se is probably not causing any measurable
increase in the scatter. The 95% CI found between COF and
SBOF, and the 95% CI found in COF might both arise from
genuine physiological flow changes, possibly in terms of
breath-hold differences and in pre and post-load and heart
rate.

Despite the mostly encouraging results, in that no fur-
ther scatter in flow caused by SBOF compared to COF was
detected, our study has some limitations. Firstly, the data
have been acquired in a clinical context, and not all the
patients were undergoing the same protocol causing poten-
tial alteration of the compliance. Secondly, the SBOF scans
were collected for ethical reasons a long time after the COF
scans, because the entire clinical prescription of scanning
had to be completed first, leaving open the risk of patient
bulk motion causing misregistration and changed heartrate
and BH behaviour between COF and SBOF scans. We note,
however, that both of these factors could be seen as encour-
aging, in that despite all of these potentially deleterious fac-
tors, no degradation in 95% CI could be attributed to the use
of SBOF because the basic 95% CI of COF alone was similar

(The presence of late-washout phase GBCA for SBOF in
some patients was assumed to have negligible effect on flow
measurements).

Finally, we discuss our work in the light of other studies
in the literature that have investigated the use of CS in CMR
flow sequences. CS has also been applied to other types of
sequences such as cine and 4D flow sequences showing good
results in terms of time reduction and cardiac output [24].

Oscanoa et al. [22] investigated the use of Deep learning
(DL)-based reconstruction framework to highly accelerated
2D PC flows cine images without losing the accuracy of
quantitative measurements. DL-based methods learn the
prior image model directly from fully sampled datasets and
the major difference from CS is the denoising step, where
a convolutional neural network applies a data-driven image
model learned directly from previously acquired datasets.

Oscanoa et al. [22] applied their 8 x CD-DL acceleration
prospectively in the aorta or main pulmonary artery of 5
pediatric patients, in 24% of their 1.5 X Parallel-Imaging ref-
erence scan time) [22], a faster acceleration than by SBOF
taking 56% of the COF BH time (approx 1.8 x Parallel-
Imaging). The 8 x CD-DL method found RMSE 6.3% for
flow measurement (95% CI -11.6, 19.4) (% of ml/beat SV)
(n=5). The RMSE of the LV and RV stroke volumes was
8.3% (n=42), as defined in [22] (Table 2 caption). Their
8 X CD-DL prospective method showed similar RMSE per-
formance (6.3%) to SBOF (8.3%), although this statement
perhaps depends on the significance of the n=35 result. The
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Fig.3 Scatter plots between
COF (horizontal) and SBOF
(vertical) measurements, for

STJ 'SV' ml/beat

MPA 'SV' ml/beat

STJ and MPA, in all 21 patients 140 140
cQur v y = 1.013x r y = 0.956x
(as ‘SV’ ml/beat and as ‘CO 120 2. 120 2
/min). The lower regression - R"=0.993 @ f_r" ¢ - R*=0.995 “ .
slopes (0.956 and 0.947) might & 100 ,":-"' s 100 g
reflect the small difference in § 80 ol : g 80 ‘.,t'
MPA flow by SBOF compared £ o 3 :,3'.‘
to COF w 60 & uw 60 .3
& 40 S 40
20 20
0 0
0 20 40 60 80 100 120 140 0 20 40 60 80 100 120 140
COF ml/beat COF ml/beat
ST) 'CO' |/min MPA 'CO' |/min
10 10
y = 0.959x y =0.947x
8 R?=0.986 . 8 R%2=0.994
c i c oo
= ° W = ¢ >
e Lo .
w o w o®
O 4 s O 4 .o
o R o
) 7
-
2 2
0 0
0 2 4 6 8 10 0 2 4 6 8 10
COF |/min COF I/min
COF vs SBOF STJ ml/beat COF vs SBOF MPA ml/beat COF vs SBOF QP/QS using ml/beat
20 20
w 15 L 15 d 0.3
g 10 . E 0 .° o2 : o $ o
TS . " e T s o LI s 0.1 L =
5 ° . . W 0 ' .’ L hd 2 00 Y *
2 s 0 4 e 6 Og 100 ® 120 140 2 s 0 4 e % %o 120 140 S 5,01 0.6 0.8 10°° 12 14 16
& 10 . 3 § 10 H 0.2 =
S " s 03
20 (COF+SBOF)/2 ml/beat -20 (COF+SBOF)/2 mi/beat (COF+5BOF}/2
COF vs SBOF STJ |/min COF vs SBOF MPA |/min COF vs SBOF QP/QS using |/min
2.0 . 2.0 03
.15 .15 | . 02 &
£ 10 £ 10 4
3 0.5 . . °8 £ 0.5 o ° L. 5 01 % "’.. ’
5 0.0 S 5 0.0 LA YA . 8 0o &
3 05 2. 4 egb 10 3 05 2 *4 . 6 * 3 10 S 0104 0.6 08 eaQ 12 144 16
S -1.0 - S -1.0 .
©as “as 02
-2.0 -2.0 0.3 .
(COF+SBOF)/2 I/min (COF+SBOF)/2 I/min (COF+SBOF)/2

Fig.4 Bland-Altman plots (COF-SBOF difference vs mean of COF and SBOF) of the flow results (as SV and as CO) for both vessels and QP/

QS in all 21 patients. For each vessel and QP/QS, and for SV and CO, the mean difference with +2SD are the dotted lines

8 X CD-DL gave a 95% CI ~+ 15% (% of ml/beat, n=15)
which might be compared with ~ + 13 ml/beat (n=42) of

SBOF. The median SV by SENSE2 [22] was 88 ml/beat, of
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which + 15% is = 13 ml/beat, again a similar performance
with COF-SBOF.
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Table 3 Mean differences (COF-SBOF) for STJ, MPA, and Qp/Qs by
SV and by CO

SV (ml/beat) p CO (I/min) p
STJ —1.43+13.60.36 0.16+1.35 0.30
MPA 2.95+12.30.04 0.27+0.96 0.02
Qp/Qs 0.04+0.19 0.05 0.02+0.23 0.52

Kocaoglu et al. [23] applied CS to free-breathing flow
sequences acquired at the ascending aorta (Ao), descending
aorta (DAo), and superior vena cava (SVC) in a transverse
plane at the level of pulmonary artery bifurcation levels; the
group compared the new sequences with the conventional
ones with the intent to find additional acceleration to further
shorten acquisition times in patients with complex anatomy.
Across 28 patients, they obtained a good correlation with
stroke volume, cardiac output and mean peak velocity meas-
urements by standard sequences, evaluating a range of CS
accelerations up to 65% reduction in the acquisition time
[23]. The free-breathing scanning enabled CS of techniques
(to oversimplify, averaging) effective against physiological
variations in flow (with respiratory phase but also arrhyth-
mia) that may strongly benefit accuracy, while the CS ena-
bles a total scan time that is short enough for routine clinical
use where rescans are often required, for example, to opti-
mize VENC or phase-encode FOV aliasing. In our breath-
hold work, which used a similar temporal CS acceleration
to that of the CS =4 in Kocaoglu et al. the flow acquisitions
were obtained in the oblique planes used in clinical routine.
While the planes used are not be expected to cause any dif-
ference in the performance of CS, our work including the
baseline scatter of the conventional flow method as a refer-
ence might be a useful test of CS performance in a routine
CMR clinic.

Comparing this work with the Kocaoglu CS4 results, their
scan time (free-breathing) was reduced by 45% compared to
their SENSE factor 2 reference scan, close to the 44% reduc-
tion of BH time in this work by SBOF compared to the COF
1.8 X parallel-imaging scan. Reading the Kocaoglu ascend-
ing aorta results for the difference of CS4 from the reference
SENSE factor 2 (S2-CS4) [23] (Fig. 3 of Ref 23), middle
lower row) the median of the signed difference was 2 ml/
beat, with first quartile at — 2 ml/beat and third at+4 ml/
beat, interquartile range 6 ml/beat, so 95% CI = +9 ml/beat
(n=28). Compared with the SBOF vs COF results, with
similar MD (STJ 1.4 ml/beat), CS4 outperformed the SBOF
95% CI £ 14 ml/beat (STJ, n=21), perhaps because of the
free-breathing method.

In conclusion, we demonstrate that the CS application
(as SBOF) reduces the breath-hold duration of acquisition
to 56% of that of the conventional flow scan (COF). A bias
in RV flow by SBOF compared to COF was found. For LV

and RV flows, and derived QP/QS, the variation (95% CI)
between COF and SBOF was similar to the variation (95%
CI) for intrasession test-retest of COF.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s10334-023-01098-8.
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