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Abstract

Purpose: To optimize and characterize an interrupted 5D free-running frame-
work at 3T for detailed cardiac function assessment without the use of breath
holding or contrast agents.

Methods: A free-running 3D radial gradient echo sequence was periodically
interrupted with a T, preparation and a recovery module to optimize native
blood-to-myocardium contrast at 3T. Lipid signal was suppressed using a
numerically optimized water-excitation RF pulse to reduce lipid streaking arti-
facts and to improve overall image quality. Optimal acquisition parameters were
established for a 5-min scan time using extended phase graph simulations.
A compressed sensing-based reconstruction incorporating cardiac and respira-
tory inter-bin deformation fields was employed to generate 5D images of the
whole heart. The sharpness and contrast between the left ventricular blood pool
and myocardium, along with the functional measurements of the left ventricle
from the 5D datasets, were compared to routine 2D cine imaging in 16 healthy
volunteers and three patients referred for clinically indicated CMR.

Results: The proposed method resulted in lower contrast (0.57 + 0.12 vs. 2.09 +
0.74,p < 0.001) and sharpness (3.76 + 1.11 mm vs. 2.74 + 0.95 mm, p < 0.001),
but enabled similar left-ventricle ejection fraction assessment (bias = 1.3%, lim-
its of agreement = [-3.3%, 5.9%], intraclass correlation coefficient = 0.87,p =
0.03) with high reproducibility compared to 2D cine.

Conclusion: The proposed contrast-free, interrupted free-running 5D imaging
provides left ventricular functional assessments comparable to 2D cine at 3T,
while offering an improved patient experience through shorter scan times and
free breathing.

KEYWORDS
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1 | INTRODUCTION

Cardiovascular disease (CVD) remains the foremost cause
of morbidity and mortality worldwide.! In most CVDs,
the left ventricle in particular undergoes several modifica-
tions that impact its anatomy and function.? To quantify
these changes, cardiovascular magnetic resonance (CMR)
imaging is routinely used, typically using 2D balanced
steady-state free precession (bSSFP) cine imaging.>* This
technique, while effective, requires reliable ECG signals,
repetitive breath-holds, and precise planning of cardiac
views, resulting in prolonged scan times and necessitating
specialized technologists. Moreover, these methods can
be challenging for certain patients to tolerate.

Recent advances have introduced free-running (FR)
acquisitions for continuous whole-heart imaging, elimi-
nating the need for breath holding and ECG triggering.>¢
These approaches continuously capture data, allowing
for the retrospective extraction of respiratory signals
from the raw data,” while cardiac signals are obtained
through either self-gating>® or ECG monitoring.® When
combined with compressed sensing image reconstruc-
tion, such methods enable the generation of isotropic
high-temporal-resolution 5D images.’ This enables a com-
prehensive 3D view of the whole heart through cardiac
and respiratory motion states, allowing for retrospec-
tive reformatting in any orientation. These advantages
enhance workflow efficiency and reduce operator depen-
dency, as they eliminate the need for predefined scan
plane orientations and breath-holds.

5D FR acquisitions have initially been designed for
1.5 T using bSSFP-based pulse sequences.” Many cardiac
imaging centers primarily use 3 T MRI scanners, which are
often preferred due to their superior performance in var-
ious organ systems. Despite their increasing prevalence,
3T MRI systems present distinct challenges compared
to 1.5T systems, especially in the heart. At 3T, spoiled
gradient-recalled echo (GRE) sequences are often pre-
ferred due to their robustness against magnetic field inho-
mogeneities and their lower specific absorption rate (SAR)
compared to bSSFP sequences.!® However, GRE imaging
inherently offers poor contrast between the myocardium
and the blood pool, necessitating the use of contrast agents
in FR acquisitions to enhance image quality and to enable
accurate cardiac function assessment.>!!

Although gadolinium-based contrast agents have a
well-established safety profile and are widely used, there
are remaining concerns about their long-term retention in
tissues after multiple examinations,'? even though there
is no evidence of toxicity in modern formulations.!* There
is therefore still a drive for MRI without contrast agents,
as gadolinium-free imaging can be performed in patients
with severe kidney failure as well as pregnant and lactating

women. Additionally, non-contrast examinations lower
costs and streamline clinical workflows, making the pro-
cess faster, less expensive, and less invasive.

Based on the longer T, relaxation time of blood
compared to the myocardium and surrounding tissues,
T, preparation (T, prep) modules are commonly used
in non-contrast CMR to enhance blood-to-myocardium
contrast.!*+1> When combined with fat saturation pulses,
which minimize the high signal from fat and reduce lipid
streaking artifacts, these techniques are particularly effec-
tive for whole-heart MR coronary angiography.'®-2° Utiliz-
ing respiratory navigators and ECG-gating methods, these
approaches generate high-resolution static 3D images that,
however, do not allow for the assessment of cardiac func-
tion over time.

In this study, we therefore optimize and characterize
an interrupted free-running (IFR) GRE pulse sequence for
detailed cardiac function assessment at 3T without the
use of contrast agents. Adiabatic T, prep?! and recovery
time modules were integrated into a GRE FR acquisition
to enhance blood-to-myocardium contrast. To reduce lipid
streaking artifacts and improve overall image quality, the
lipid signal was suppressed using a numerically optimized
water-excitation RF pulse.?? An optimal set of acquisi-
tion parameters was determined using extended phase
graph (EPG) simulations to ensure the highest native
blood-to-myocardium contrast. The proposed framework
was compared to and validated against a clinical refer-
ence standard 2D cine acquisition, using metrics related to
cardiac function and image quality.

2 | METHODS

2.1 | Estimation of optimal IFR
acquisition parameters

An IFR GRE sequence was designed by integrating T,
prep and recovery time modules to enhance the con-
trast between the blood pool and the myocardium. The
proposed sequence is thus made up of successive blocks
composed of a T, prep module followed by readouts
arranged in a 3D golden angle phyllotaxis radial trajec-
tory,?® and then a magnetization recovery time. This 3D
radial trajectory has the advantage that all readouts tra-
verse k-space from the periphery through the center and
back out to the periphery, ensuring that all magnetiza-
tion changes equally apply for the k-space center and
periphery. Several parameters of the IFR pulse sequence
influence the blood-to-myocardium contrast and need to
be optimized. The main parameters impacting this con-
trast are the RF excitation angle (), the adiabatic T,
prep echo time (TEr,p), the recovery time duration (Tre.),
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FIGURE 1
(EPG) simulations were conducted to
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optimize the blood-myocardium contrast.
The different sets of parameters resulted in
varying theoretical signal intensities of the
blood (Apieq) and myocardium (A,,y,),
which were computed at the center of each
echo and are represented by discrete points.
Theoretical blood-to-myocardium signal
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average signal intensity difference between
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and the number of readouts per acquisition block (Np)
(i.e. per T, prep). The optimal set of these parameters
was determined with EPG simulations.?* Magnetization
behavior has been investigated for a multitude of combi-
nations of the abovementioned parameters to determine
those that result in the highest contrast, that is, the largest
difference between the signals of the blood pool and the
myocardium (Figure 1). The theoretical difference of sig-
nal intensity (Dp;,) between those two tissues can be
formulated as:

Dpm (a’ Trec, TETzP’N”b) =EPG(T1bIood’ szlood)
- EPG(TlmyO, szyo), 1)
with
Nf
Y A[at, Tree, TEr,p, Ny, T1, Ta| (1), (2)

n=1

EPG (T, Ty) = Ni
t

where A[- - - ](¢) denotes the signal intensity computed by
EPG at each readout time-point ¢, based on the specified
sequence parameters and tissue relaxometry properties,
N; the number of readouts over which A(t) is evaluated,
and t, € [t;, t.]. The choice of t; ensures that the system
has reached its interrupted steady state, typically achieved
within a few seconds, while £, is chosen to allow enough

time for precise averaging of the estimated signal inten-
sity. In practice, t; was determined as the time where
the maximum signal amplitude stabilized within +0.1%
across two successive acquisition blocks and ¢, as ¢, plus
the duration necessary to complete the acquisition of 50
blocks. Ty /T, values of 1470/47 ms for the myocardium
and 1930/275 ms for the blood pool were used.? Increas-
ing the duration of some parameters such as TET,, O Trec
typically enhances contrast but simultaneously extends
the acquisition time considerably. Given a repetition time
(TR), the duration of an acquisition block (tqcqp) is:

tacq/b (TreCa TEszerb) = TEsz + (Nyp - TR) + Trec. (3)

The total acquisition time of the sequence (f,q) is then
given by:

tacq (Trec, TET2p, Nrb) = Nrt/Nrb : tacq/b, (4)

where N,; denotes the total number of readouts in the
acquisition, a global constant that can be estimated based
on the Nyquist percentage required for the intended appli-
cation, which is primarily determined by the desired image
resolution and the number of cardiac and respiratory
phases. The optimization problem can finally be formu-
lated as follows:
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argmax [Dypm(@, Trec, TET,p, Npp)|

Trec

'
@ € Q,(3,1,6)
Trec € Qr,(0,20,200)
st. 4 TEr, € Qr, (30,5,60), (5)

Ny € Qu,(22,22,88)
ktacq (Trec, TEsz’ Nrb)

where Q, denotes the set of simulated parameters such as
QlLAmy={x,=l+n-A | n=0,1, ... ,[(m—1D/A]}.
In this study, the sets of parameter values consid-
ered were Q,(3, 1, 6), Qr_ (0, 20, 200), QTETZP(3O, 5,60), and
Qy, (22,22, 88). It should be noted that the N, readouts
used in this EPG simulation framework could be dis-
tributed across several consecutive interleaves of the radial
trajectory with a phyllotaxis pattern, such that adequate
k-space sampling uniformity after the data binning can
be ensured for the CS-based reconstruction detailed later.
These parameter sets are compared for a user-defined
acquisition time. A longer f,q allows for greater theo-
retical contrast. Simulations without T, prep were also
conducted.

In this study, an isotropic resolution of 1.96 X 1.96 x
1.96 mm?3 and a field of view of 220 x 220 x 220 mm? were
selected to accurately distinguish the endocardial con-
tours. The acquisition time was set to 5 min as it fit within
the clinical protocol and was considered a practical and
reasonable duration for clinical use.

Considering four respiratory bins and an average
heart rate of 70 beats per minute, resulting in 18 cardiac
bins, 45,276 radial readouts were required throughout the
acquisition to achieve a Nyquist percentage of about 3.2%
per motion state bin for the selected isotropic resolution of
(1.96 mm)3. The IFR sequence parameters were simulated
using EPG for these 45,276 readouts and a scan duration
of approximately 4 to 6 min. This extended simulation
duration, beyond the intended 5-min acquisition time,
was used to thoroughly characterize the behavior of the
various parameters and to minimize the risk of selecting a
local minimum.

2.2 | Acquisition protocol

Acquisitions were performed in 16 healthy volunteers
(10F, 33.7 +£10.7y) and three patients (1F 39y, 1M 68y,
1M 24y) clinically referred for CMR on a 3T clini-
cal scanner (Magnetom PrismaFit for the healthy vol-
unteers and Magnetom VidaFit for the patients, both
Siemens Healthineers, Erlangen, Germany). The three
patients were diagnosed with ventricular extrasystoles (F,

39y), Fabry disease (M, 24y), and chronic ischemic heart
disease with evidence of intracavitary thrombus (F, 68y).
The study was approved by the institutional review board,
and written informed consent was obtained from all par-
ticipants prior to MR scanning.

To reduce streaking artifacts due to bright signals from
fat and thus to enhance image quality, the proposed IFR
GRE sequence (Figure 2) used a B-spline interpolated
water-excitation RF pulse?? with a 1 ms pulse duration.
This water-excitation RF pulse provides an efficient alter-
native to fat saturation pulses, which are less suitable for
radial acquisitions where each readout passes through the
center of k-space. Each consecutive interleave of the 3D
radial trajectory was initiated by a readout oriented in
the superior-inferior (SI) direction for the extraction of
cardiac and respiratory motion signals.>®

In five healthy subjects, an FR GRE acquisition was
performed without T, preparation and recovery time mod-
ules to demonstrate the absence of blood-to-myocardium
contrast. EPG simulations, similar to those used for the
proposed IFR sequence, were conducted to optimize the
flip angle. To ensure consistency with the IFR sequence,
the total number of readouts and N,;, were fixed, preserv-
ing the same phyllotaxis pattern and undersampling. For
both sequences, a repetition time of 3:50 ms was employed.

The scan efficiency (i.e., what percentage of time the
ADC is open relative to the total scan duration) was cal-
culated for the optimized IFR sequence as well as for the
continuously acquired FR sequence without T, or recovery
modules.

A stack of 2D short-axis (SAX) bSSFP cine images
was acquired, along with single-slice two-chamber and
four-chamber views, for comparison with the proposed
IFR sequence. The sequence parameters were TE =
1.5 ms, TR = 3.4 ms, RF excitation angle of 47°, 1.4 x
1.4 mm? in-plane resolution, 8 mm slice thickness, 2 mm
slice gap, compressed sensing factor of 8.6, and a receiver
bandwidth of 977 Hz/pixel.?6?” All 2D cine images were
acquired using repetitive end-expiratory breath-holds of
approximately 10s interspersed with respiratory recovery
periods of at least 15 s and were reconstructed to 25 phases
according to the clinical reference protocol.

All acquisitions were performed with a 34-channel
chest-spine coil array, of which the signal of the 24 closest
elements to the field of view was retained. A pulse oxime-
ter was placed on the subjects’ index finger to monitor the
heart rate in real time throughout the acquisition. In the
patients, the heart rate was monitored by ECG.

2.3 | Motion extraction

SI projections computed as the one-dimensional Fourier
transform of SI readouts were used for cardiac and
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(A) Free-running GRE acquisition with T, preparation module and water-excitation RF pulse
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Schematic overview of the acquisition and reconstruction framework. A free-running GRE sequence is used with a 3D

golden-angle phyllotaxis radial trajectory and a numerically optimized water-excitation RF pulse and is interrupted with T, prep and

recovery time modules to generate contrast between the blood and the myocardium (A). The respiratory self-gating signal, extracted from the

central half of the superior-inferior (SI) projections, and the cardiac signature, obtained using a pulse oximeter (B), are used to bin the data.

This binned data enters compressed-sensing-based reconstruction pipeline that includes deformation fields to compensate for inter-bin

motion (C). The generated 5D image can be retrospectively reformatted in any desired 2D view (D).

respiratory self-gating signal extraction in FR acquisi-
tions.>® Due to the T, prep module, the magnetization
systematically differs between the SI projection of a same
acquisition block in the proposed IFR sequence. To mit-
igate artifacts stemming from this intensity change, only
the first SI projection of each acquisition block was consid-
ered. Additionally, only the central half of the SI projection
was used, as the periphery contains minimal pertinent
physiological motion data; specifically, the top quarter cor-
responds to the neck, while the bottom quarter is in the
abdomen; both do not contribute effectively to cardiac
or respiratory motion retrieval. The SI data from each
receiver coil element were concatenated to form a 2D
matrix S of size 1/2 - N, - N. by N,;/N;, with N, the num-
ber of k-space samples in a readout, and N, the number
of coil elements. An angular dependence correction was
then applied to this matrix to eliminate trajectory-related
effects induced by the pseudo-periodic sampling trajectory
and eddy currents.® The matrix S links a vector of size 1/2 -
N, - N, to each time ¢ corresponding to the acquisition of
the first SI readout of each acquisition block (Figure 2B).
A principal component analysis (PCA) was applied to
S along the (1/2 - N, - N.) dimension to project the data in
a lower dimensional space to simplify its analysis and to

reduce the computation costs. The respiratory signal was
automatically identified by selecting the PCA score w;S,
with i given by:

5 () /35
qrgmaxljerﬂf}zi](aijZe 2 Zsi(f))], (6)

fElLN] 1= 1=

where §; is the power spectral density of w;S, N,, the num-
ber of PCA coefficients calculated, N, the number of Gaus-
sian models fitted on §;, a and b the amplitude and centroid
location of each Gaussian fit, and [f;, f.] the frequency win-
dow selected to span a reasonable range of physiological
motion frequencies.

In practice, N,, was set to 10, and N; was set to the num-
ber of local maxima in §; with a prominence of at least one
tenth of the maximum value inside the [f;,f.] frequency
range. For the respiratory signal, the range of f; = 0.05 Hz
and f, = 0.7 Hz was used.

This formulation favors signals with a fundamen-
tal frequency inside of the expected physiological range
and also disfavors signals with spurious peaks inside of
this range. Quasi-periodic physiological motions, such
as respiratory motion, are expected to have only one
principal component with a normal distribution. As
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several components can embed the same physiological
motion, the ratio between the integral of the Gaussian fit
and the integral of §; was weighted by the maximum ampli-
tude of the Gaussian fit to retain the component with the
strongest signal.

Such an approach relies on a sufficiently high tempo-
ral sampling of SI readouts in S to capture the desired
physiological motion. Although this is respected for the
respiratory signal, the additional T, prep and recovery time
modules introduced in our IFR acquisition, as well as the
T, prep interference between the SI readouts of the same
acquisition block, do not always allow sufficient SI readout
sampling to adequately capture cardiac motion. Cardiac
signatures were therefore recovered using multi-scale peak
and trough detection?® on the recorded pulse oximeter sig-
nal. The pulse oximeter was used instead of ECG to avoid
the deleterious effects of gradient switching and the mag-
netohydrodynamic effect on the ECG signal, which are
relatively strong for fast spoiled gradient echo sequences
at 3T. As a last processing step, the respiratory signal w;S
was refined using a narrow low-pass Butterworth filter to
reject potential artifacts at higher frequencies than 0.7 Hz.

2.4 | 5D image reconstruction

The cardiac signature from the pulse oximeter and the
self-gated respiratory signal were used to bin the acquired
data into cardiac and respiratory phases, yielding under-
sampled 5D data. Binning in the respiratory dimension
was performed by dividing the respiratory signal into four
equally populated phases ranging from end-expiration to
end-inspiration. The cardiac signature was used to sort
the data in non-overlapping phases of 50 ms. To confirm
that the sampling pattern results in sufficient data per
cardiac and respiratory motion state, the amount of sam-
ples per motion state was quantified for each participant
as a percentage of the radial Nyquist criterion given by
(1053

The potential risk of over-regularization in the recon-
struction of motion-resolved cardiac images, particu-
larly in non-contrast enhancement acquisitions, has
been recently highlighted.”® The diminished contrast
of GRE sequences at 3T may result in increased sus-
ceptibility to motion artifacts when higher regulariza-
tion is applied in CS-based reconstruction techniques.
To mitigate potential motion compression in CS-based
reconstruction of FR data, several methods have been
recently proposed that incorporate deformation fields
computed between cardiac®®*-3! or respiratory*>3? bins.
Such approaches allow the use of larger regulariza-
tion weights to mitigate artifacts without introduc-
ing motion blur. In this study, we integrated both

cardiac and respiratory inter-bin deformation fields into
CS-based reconstruction (Figure 2C) to reduce sensitivity
to user-defined parameters, thereby theoretically improv-
ing both the quality of reconstructed images and the
fidelity of motion representation.

Building upon the established FR reconstruction
framework,>3* the proposed framework integrated both
cardiac and respiratory inter-bin deformation fields within
the k-t sparse SENSE reconstruction of the highly under-
sampled 5D images. We consider cardiac (c) and respira-
tory (r) motion-resolved 3D images x, . reconstructed from
k-space data y, . that is sorted into n cardiac bins and n,
respiratory bins. The rearranged optimization problem can
be expressed as:

N . (1an
X = argeme(EEC;lZ:l;l A cXrc — Yyl
Xt

nC
+ AcEr IV el

+ /IRZ:};l ”V{er,clll

+ AE Vil ), @)

where A, combines the non-uniform Fourier transform
and coil sensitivity for each cardiac and respiratory frame.
The forward (f) and backward (b) operators®? applying the
first-order difference between the cardiac (C) and respira-
tory (R) dimensions while taking into account the inter-bin
deformation fields are defined as:

f _ —c+l

Vo Xre =Xrer1 — T X
f _ r—r+1

VR Xre = Xr+l,c — TR_> Xre

Vlbz Xre = Xr—1c — T;g_)r_l Xr.cs (8)
with the following boundary conditions:

1
V];vxr,nc =Xr1— T‘ch—) Xr.n,

V];xnr,c =0
Vlngl,(.‘ = 0’ (9)

where T‘:j and T‘;j are interpolation matrices contain-
ing the non-rigid deformation fields resulting from the
Demons registration of xg; to xz ;23! and x;¢ to x;c,*
respectively. From the undersampled 5D motion-resolved
data, x, ¢ images were obtained by collapsing all cardiac
bins, averaging the cardiac motion within each respiratory
bin. Similarly, xz . images were derived by collapsing all
respiratory bins to average the respiratory motion within
each cardiac bin. However, due to the relatively high num-
ber of cardiac phases, significant undersampling remains
within each respiratory-averaged cardiac bin. To mitigate
this, a 4D CS-based reconstruction with low regularization
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along the cardiac dimension was applied, which helps
reduce undersampling artifacts and ensures accurate esti-
mation of the deformation fields T¢. Cardiac regulariza-
tion weights were carefully selected to avoid compressing
cardiac motion, as reported previously.?’

The above optimization problem was solved with the
alternating direction method of multipliers algorithm3>
using 10 iterations, p = 0.06, Ac = 0.005, and Ag = 0.02.

A Linux workstation with two 24-core CPUs (Intel
Xeon Gold 6248R; Intel, Santa Clara, CA, USA), 1.5 TB
of RAM, and an Nvidia RTX A6000 GPU (Nvidia, Santa
Clara, CA, USA) was used to perform the offline recon-
struction in Matlab R2021b (The MathWorks, Natick, MA,
USA). The total image reconstruction time, including all
data preparation steps, was recorded.

2.5 | Validation metrics
The end-expiratory respiratory phase of the 5D IRF and 5D
FR data was reformatted into 2D SAX slices at the same
spatial locations as the conventional 2D cine SAX images
while preserving their intrinsic resolution (Figure 2D).
The quality of our IFR images was compared to
that of the FR images without T, preparation and
recovery time modules, as well as to conventional 2D
cine SAX based on sharpness and contrast measure-
ments. These measurements were performed for each sub-
ject in a mid-ventricular SAX view at end-diastole for
sharpness assessment and during end-systole for blood
pool-to-myocardium contrast assessment (Figure 3).
Image sharpness assessment involved manually plac-
ing points along the septal mid-left-ventricular blood
pool-myocardium interface. A cubic Bézier curve was then
fitted to interpolate through these points, with perpendic-
ular lines evenly distributed along the curve. A sigmoid
function f, defined as:

a; —a

1+ 1005’ (10

f&,x0,a1,02,8) =a +

where X, is the center location, a; = limy_;» f(X), a; =
lim,._. f(x), and s is the growth rate, was fitted to
the intensity profile of each perpendicular line. This fit
enabled the determination of the 10-90% rise distance
(RD) of the sigmoid, expressed in millimeters as weighted
by the pixel size (ps), and computed as:

RD = (f_l(az + 0.9(01 - az))
—fXay + 0.1(a; — ay))) X ps. (11)

The final RD score was computed as the mean
of the RD scores of each perpendicular line at the
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FIGURE 3 Image sharpness, contrast ratio, and myocardial
wall thickness measurements. Blood-myocardium interface
sharpness was assessed in a similar middle SAX slice for both 2D
cine (left) and IFR (right) images at end-diastole (A).
Blood-to-myocardium contrast was assessed in the same middle
SAX slice for both 2D cine (left) and IFR (right) images at
end-systole (B). Myocardial wall thickness was assessed in the same
middle SAX slice for both 2D cine (left) and IFR (right) images at
end-diastole (C).

blood-myocardium interface. A shorter RD indicates a
more abrupt increase in intensity, signifying higher image
sharpness. The blood-to-myocardium contrast ratio (CR)
was calculated as the ratio between the average signal
intensity in the blood pool (S;) and in the myocardium
(Sm)- These two regions of interest were manually delin-
eated at end-systole. Papillary muscles and trabeculations
were not included in the segmentation of the blood pool.
The CR was then computed as:

Sy —Sn
= 2

CR (12)

Myocardial wall thickness (MWT) was measured
at end-diastole using the same mid-ventricular SAX
short-axis slice. The first two myocardial segments were
positioned based on the orientation of the two-chamber
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view. The remaining four segments were evenly dis-
tributed around the ventricle at 60° intervals, using the
center of the blood pool as the origin for angular measure-
ments (Figure 3C). The final MWT value was calculated as
the mean thickness measured at these six segments.

The endocardial contour was manually segmented on
all SAX slices at end-diastole and end-systole for both our
reformatted IFR and 2D cine SAX data using a segmenta-
tion software (cvi42, Circle Cardiovascular Imaging, Cal-
gary, Canada). Papillary muscles and trabeculations were
included in the blood-pool segmentation. End-diastolic
(EDV) and end-systolic (ESV) left ventricle volumes were
calculated from these segmentations, and the left ventric-
ular ejection fraction (EF) was computed as:

_ (EDV - ESV)
B EDV

EF x 100%. (13)

Volumes and EF from the 5D IRF and the 2D cine
SAX images were compared using the intraclass correla-
tion coefficient (ICC) with a 2,1 formula®® and standard
error of measurement (SEM). Furthermore, the measure-
ment agreements between both sequences were assessed
with correlation plots and Bland-Altman analysis.

Two-sided Student’s t-tests were used for all metrics
to assess differences, with p < 0.05 considered statistically
significant.

3 | RESULTS

3.1 | Acquisition parameter
optimization

The EPG simulations confirmed that longer acquisition
times generally lead to a greater theoretical signal differ-
ence between the blood and myocardium (Figure 4). As
expected, without the T, prep module, there was never
a positive blood-myocardium contrast (Figure S1). It can
be observed that no single parameter consistently pro-
vides the best theoretical Dy, across all acquisition times.
Instead, the local maxima are composed of various param-
eter combinations. Therefore, the choice of parameters
was taken as the optimal set for a specific acquisition time.

The optimal parameters for our IFR sequence with a
fixed acquisition time of 5:00 min were therefore RF exci-
tation angle 4°, 66 readouts per T, prep distributed in three
radial interleaves of 22 readouts each, TEr,, = 40 ms and
recovery time 160 ms. For the FR GRE acquisition, with-
out the contrast-enhancing mechanisms, the optimal flip
angle was 7° (Figure S2) for an acquisition of 2:40 min. The
scan efficiency was 17% for the IFR sequence and 41% for
the FR sequence.
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FIGURE 4  Theoretical blood-to-myocardium signal

differences (Dy,,) were computed by EPG simulation for selected
subsets of the simulated parameters. The four plots display the same
data points but use different combinations of colors and symbols to
represent the parameter of interest of each plot. The x-axis shows
the acquisition time (f,¢q) for a total of 45,276 readouts. The selected
optimal parameter combination is highlighted with a black circle.

The 5D and 2D images were successfully acquired
in all participants. Visual inspection reveals that, in the
absence of contrast-enhancing modules, the differentia-
tion between the blood pool and myocardium is challeng-
ing in the native GRE sequence (Figure 5).

The sampling of the IFR acquisitions resulted in 3.02 +
0.63% (range 1.25-5.25%), with only 50 out of 1360 motion
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FIGURE 5

Comparison of free-running GRE acquisitions with and without contrast modules. Left 2-chamber, 4-chamber, and

short-axis views of free-running GRE acquisitions at 3T with (bottom) and without (top) T, prep and recovery time modules. The images are

displayed at the end-diastole and end-expiration phases.

state bins in total among all subjects falling below 2%
Nyquist (Figure S3).

The clinical reference protocol for 2D cine acquisitions
was completed in an average time of 8 min 12s for the
16 healthy subjects and 9 min 34s for the three patients,
compared to the fixed 5min for the IFR protocol.

The total image reconstruction time was approxi-
mately 4 h 30 min per 5D dataset.

3.2 | Image quality

The IFR images provided sufficient blood-myocardium
contrast for left-ventricle segmentation with a contrast
ratio (CR) of 0.569 + 0.118. However, this contrast was
lower than that of the 2D cine SAX images, which had
a higher CR of 2.092 +0.741 (p < 0.001, Figure 6A).
The contrast ratio for the FR images was the lowest, at
—0.272 + 0.029.

The left-ventricular blood-myocardium sharpness was
the lowest for the FR images, with a rise distance (RD)
of 4.550 + 0.919, compared to the IFR images, which had
an RD score of 3.766 + 1.110. The 2D cine SAX images
had the highest RD score of 2.741 + 0.954 (p < 0.001,
Figure 6B).

3.3 | Cardiac anatomy and function

The IFR images were reformatted to match the spatial
location and orientation of the 2D SAX images (Figure 8).
Certain details, such as the papillary muscles and trabec-
ulations, are less discernible in IFR images compared to
cine images, likely primarily due to the lower spatial res-
olution. Nevertheless, the distinction between the blood
pool and the myocardium was sufficiently pronounced to
enable effective segmentation of the left ventricle.

MWT was compared between the IFR and 2D cine
methods. The MWT for the 2D paired two-sample Stu-
dent’s t-test revealed no statistically significant difference
between the two methods (p = 0.26). Bland-Altman anal-
ysis demonstrated a bias of —0.24 mm, with limits of
agreement ranging from —2.00 mm to +1.52 mm, indicat-
ing strong agreement between the two methods for MWT
measurement (Figure 7).

Correlation plots (Figure 9) demonstrated high corre-
lation between the 2D SAX and the proposed IFR images
for EDV (R? = 0.96), ESV (R? = 0.89), and EF (R? = 0.76).
Our subjects exhibited a wide range of EF, varying from
55% to 70%.

The Bland-Altman analyses (Figure 9) revealed a slight
underestimation of both EDV and ESV values by the
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FIGURE 6  The contrast ratio (A) and rise distance (B) were an FR fast-interrupted steady-state (FISS) sequence has

computed on 2D SAX cine, the proposed interrupted free-running
(IFR), and free-running (FR) images. Purple crosses represent
patients, blue dots represent healthy volunteers, and green crosses
indicate healthy volunteers who underwent both FR and IFR
acquisitions.

proposed method with a bias of —2.4 mL (p = 0.12) and
—2.8 mL (p = 0.01), respectively. This underestimation for
both EDV and ESV results in a low EF bias of 1.3% (p =
0.03). The 95% limits of agreement ranged from —15.0 to
10.2mL for EDV, and from —11.2 to 5.6 mL for ESV, from
—3.3 to 5.9% points for EF.

The proposed method exhibited high reproducibility
compared to the routine 2D SAX method, as evidenced
by ICC (and SEM) values of 0.98 (4.55 mL) for EDV, 0.96
(3.02mL) for ESV, and 0.87 (1.66 mL) for EF.

4 | DISCUSSION

A fully automated framework for non-contrast 5D CMR at
3T has been successfully developed and compared to the
clinical standard 2D cine images. This framework demon-
strated a high level of agreement in assessing left ven-
tricular function across 16 healthy volunteers and three
patients clinically referred for CMR scanning.

T, prep GRE techniques®” at 3T have so far
primarily been used for static 3D whole-heart MR

been proposed to obtain non-contrast 5D cardiac images
at 3T.3° However, this technique has not yet been vali-
dated for assessing cardiac function, as its application was
aimed at angiography alone. While FISS acquisitions at
3T provide significant advantages in terms of image qual-
ity, the higher field strength introduces challenges such as
increased susceptibility to artifacts and more pronounced
off-resonance and B1 inhomogeneities. Addressing these
drawbacks for functional imaging will require careful
optimization of imaging protocols.

Our 5D IFR images exhibited a lower contrast ratio
(0.57 £ 0.12) than the 2D cine images (2.09 + 0.74) and
contrast-enhanced GRE FR images reported in the litera-
ture with a CR of 1.5+ 0.3.1! Despite the lower contrast
ratio, our method demonstrated high robustness as indi-
cated by the lower CR standard deviation and the ease
of analysis with a commercial software package. Indeed,
while the overall quality of the proposed images was lower
than that of the 2D cine images, manual segmentation of
the left ventricle was straightforward and demonstrated
very high agreement between the proposed method and
the conventional 2D cine method for evaluating cardiac
anatomy (ICC > 0.96 for EDV and ESV) and cardiac func-
tion (ICC > 0.87). The reported limits of agreements, rang-
ing from —15.0 to 10.2mL for EDV, —11.2 to 5.6 mL for
ESV, and —3.3 to 5.9 % for EF, are comparable to previously
reported scores in the literature for intra-expert variabil-
ity in left-ventricle segmentation on 2D SAX cine images:
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FIGURE 8 Qualitative comparison between 2D routine SAX cine and orientation-matched proposed IFR images in three subjects at

end-systolic and end-diastolic phases. Shown are matching four-chamber (4Ch) as well as apical, mid-ventricular, and basal short-axis (SAX)
slices. A slight variance in slice anatomical location can be noted due to the acquisition of 2D cine during breath-holds, while the reformatted

images were extracted from the end-expiratory phase of the free-breathing acquisition. Shown are two healthy volunteers and a patient

diagnosed with chronic ischemic heart disease.

using the same segmentation software as in our study,
Zange et al. reported limits of agreement of —7.9 to 11.7 mL
for EDV, —6.7 to 8.0mL for ESV, and —4.9 to 4.6% for
EF.* The proposed sequence was evaluated in participants
without pathologically low EFs (< 50%) or arrhythmia.
While low EF itself should not pose a problem for the tech-
nique, the method will likely need to be optimized and
characterized in patients with arrhythmias.

It should be noted that comparing left-ventricular
volumes derived from free-running methods to those
obtained from 2D acquisitions is inherently challenging
because of their physiological differences.*! The IFR acqui-
sition occurs during free breathing with an oscillating
respiratory state, whereas the 2D SAX cine acquisition is
performed in a breath-held state. The reformatting of the
5D IFR images into SAX views was based on the absolute

scanner position of the 2D cine images. Consequently,
slight variations in slice anatomical locations will lead
to differences in the segmented areas between the two
methods. This bias might explain the slight underestima-
tion of EDV (-2.4 ml) and ESV (—2.8 ml) volumes while
maintaining an EF bias of 1.3%.

The proposed IFR method has a lower scan effi-
ciency (i.e. the ratio of the time spent reading out sig-
nal to the total scan time) than previously demonstrated
bSSFP-based FR approaches due to the presence of T,
prep and recovery time modules. By leveraging EPG sim-
ulations, we ensured an optimal contrast for a 5-min
acquisition time, which is comparable to that used for
bSSFP-based FR at 1.5T.? These acquisition times should
be considered in the context of 2D cine acquisitions.
Such approaches exhibit a low scan efficiency due to the
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FIGURE 9  Correlation plots (top) and Bland-Altman analysis (bottom) between the 2D SAX cine and the proposed IFR method for

the end-diastolic left ventricle volume (EDV), end-systolic left ventricle volume (ESV), and left ventricle ejection fraction (EF). Healthy
volunteers and patients are represented by blue dots and purple crosses, respectively. In the Bland-Altman analyses, the central lines indicate
the mean difference, and the dashed lines indicate the limits of agreement.

time-consuming and proficiency-demanding planning of
double oblique cardiac views and the pauses between
breath-holds. The scan time for a comprehensive assess-
ment of left ventricular cardiac function and anatomy
using 2D cine MRI methods typically lasts up to 10 min
for patients. Moreover, the total acquisition time for a com-
plete cardiac evaluation with 2D cine imaging is directly
related to the number of desired cardiac views, while no
additional views can be created afterwards, for example,
if the atrial volumes become of interest after the scan has
ended. In contrast, the IFR method requires only a sin-
gle acquisition, which provides isotropic 5D images that
can be reformatted into any desired view retrospectively.
Furthermore, since it only requires the placement of a sin-
gle 3D volume in the standard cardinal planes around the
heart, 5D IFR allows cardiac cine imaging to be performed
by any operator, not just by those with specialized training
in cardiac MRI.

The addition of T, prep and recovery time modules pre-
vented our acquisition from being fully self-gated, as the
SI sampling was insufficient to accurately capture cardiac
motion. Therefore, cardiac binning was achieved using a
pulse oximeter. This non-invasive, easy-to-use device can
often be employed at 3T when reliable ECG triggering is
not achievable.*? This limitation could be addressed in the
future by either filtering out unwanted signal variations

among the SI projections caused by the T, prep module
using algorithms such as SSA-FARY* or by implement-
ing a pilot-tone navigation system, which would further
simplify the acquisition workflow by minimizing the need
for external gating.**4¢ The sampling pattern of the pro-
posed IFR framework resulted in sufficient sampling per
motion state?” for the compressed-sensing reconstruction
to achieve high image quality in all of the motion states.

An additional potential limitation of our proposed
method is the reconstruction time. High-performance
computing infrastructure is crucial for CS-based recon-
struction of 5D images. Integrating both cardiac and res-
piratory inter-bin deformation fields into the CS-based
reconstruction allows for the use of larger regulariza-
tion weights without introducing motion blur and reduces
sensitivity to user-defined parameters. However, this also
increases the computational burden, leading to delays in
the availability of imaging results and potentially impact-
ing clinical workflow efficiency. Finally, the relatively low
spatial resolution of (1.96 mm)? used in this study lim-
its the visualization of finer anatomical structures and
details, restricting our validation to left ventricular func-
tion assessment.

The proposed method is a step toward non-contrast
CMR acquisitions, which would be particularly benefi-
cial for patients with contraindications to contrast agents,
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such as renal impairment or allergies, or when minimizing
invasive procedures and enhancing patient comfort while
reducing scan costs is a priority. However, it is recognized
that many clinical studies, particularly those involving
ischemic heart disease, will still rely on contrast agents
for essential applications, such as perfusion imaging, late
enhancement, and angiography, where enhanced tissue
differentiation is critical.

Importantly, our contribution goes beyond propos-
ing only an acquisition scheme; we introduce a flexible
framework designed to determine the optimal parame-
ters for any type of interrupted free-running sequence.
The EPG simulations demonstrated that no single acqui-
sition parameter consistently provides the best theoretical
Dy, across all durations. The parameters cannot be opti-
mized separately; they must be optimized together. This
framework is inherently adaptable to higher-resolution
imaging or other contrast mechanisms (inversion recov-
ery, mapping, flow), etc.). For instance, if a higher spatial
resolution is desired, the same EPG simulations as those
presented in this study could be used. The only adjustment
required would be the number of readouts, and conse-
quently, the acquisition time, to maintain an adequate
Nyquist sampling percentage. Theoretically, acquiring
contrast-agent-free 5D images at a resolution of (1.1 mm)3
would extend the scan time to approximately 14 min. Such
an acquisition would enable more detailed anatomical
studies, including the visualization of coronary arteries,
and enhance functional evaluations, making the frame-
work highly valuable for clinical practice. In this study,
the EPG simulation optimizations were largely based on
the sequence timing and relaxation mechanisms and did
not take blood flow, magnetic field inhomogeneities, or
motion into account, although these are expected to have
a small effect in this non-selective 3D GRE acquisition.
Furthermore, we used EPG simulations to optimize the
contrast for a fixed total number of readouts within a 5-min
acquisition time. Future studies could explore the trade-
off between longer acquisition times, optimal theoretical
contrast, and maximal sampling percentage.

5 | CONCLUSION

This study introduced a novel automated framework for
non-contrast 5D CMR at 3 T, designed for a 5-min acquisi-
tion and demonstrating strong concordance with conven-
tional 2D cine imaging in evaluating left ventricular func-
tion across both healthy volunteers and patients. While
the absence of contrast agent injection offers significant
advantages in scenarios where they are contraindicated or
when minimizing injections is a priority, it comes at the
cost of reduced scan efficiency. Specifically, the proposed
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framework achieves a 17% scan efficiency compared to
free-running acquisitions with continuous data capture,
which typically exhibit a scan efficiency of 41%. Although
the framework yields images with lower contrast than
conventional 2D cine techniques, it offers robust perfor-
mance and straightforward analyses, with high equivalent
cardiac function measurements to those of conventional
techniques. The flexibility of the proposed framework
allows it to be adapted for higher-resolution imaging or
other types of interrupted free-running sequences, poten-
tially broadening its clinical applications. The proposed
framework thus promises to enhance the efficiency of
whole-heart imaging, potentially streamlining workflows
and enabling comprehensive cardiac assessments from a
single acquisition.
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SUPPORTING INFORMATION
Additional supporting information may be found in the
online version of the article at the publisher’s website.

Figure S1. Theoretical blood-to-myocardium signal differ-
ences (Dp,,) were computed by EPG simulation with no
T, prep module for selected subsets of simulated parame-
ters. The three plots display the same data points but use
different combinations of colors and symbols to represent
the parameter of interest of each plot. The x-axis shows the
acquisition time (facq) for a total of 45,276 readouts. a =
RF excitation angle, Ty = recovery time duration, Ny, =
number of readouts per T, prep.

Figure S2. EPG simulations of the signal and contrast
in the heart for a continuous free-running GRE sequence
without T, prep or recovery time modules. The contrast
is now almost purely driven by the T; relaxation time.
The maximal contrast difference occurs at a flip angle
of 7°, where the myocardium appears brighter than the
blood pool.

Figure S3. A) Heatmap representation of the Nyquist per-
centage per unique motion state bin, computed for one
subject in the study. B) Histogram of the Nyquist percent-
age for all 1360 motion state bins across all subjects in the
study.
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Quesada I, Sieber X, et al. Free-running 5D
whole-heart MRI for isotropic cardiac function
measurements at 3T without contrast agents. Magn
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FIGURE S1 Theoretical blood-to-myocardium signal differences (Dpn) computed by EPG simulation with no Teprep

module for selected subsets of simulated parameters. The three plots display the same data points but use different

combinations of colors and symbols to represent the parameter of interest of each plot. The x-axis shows the acquisition time

(tacq) for a total of 45,276 readouts. « = RF excitation angle, Tr.. = recovery time duration, N,;, = number of readouts per

Taprep.
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FIGURE S2 EPG simulations of the signal and contrast in the heart for a continuous free-running GRE sequence without

Taprep or recovery time modules. The contrast is now almost purely driven by the T; relaxation time. The maximal contrast

difference occurs at a flip angle of 7°, where the myocardium appears brighter than the blood pool.
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in the study. B) Histogram of the Nyquist percentage for all 1360 motion state bins across all subjects in the study.
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