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A B S T R A C T

Background and Purpose: Image-guided cardiac radioablation on a magnetic resonance-guided linear accelerator 
(MR-linac) is emerging as a non-invasive treatment alternative for patients with cardiac arrhythmia. Precise 
target identification is required for such treatments. However, owing to concerns with the use of gadolinium- 
based contrast agents during treatment with high-energy radiation, non-contrast alternatives must be consid
ered. Native T1 mapping is a promising technique to delineate myocardial scar which can serve as a surrogate for 
the treatment target. Further, the likely presence of an implantable cardioverter defibrillator (ICD) in arrhythmia 
patients necessitates approaches that are robust to metal-related artefacts.
Materials and Methods: We implemented an electrocardiogram (ECG)-triggered free-breathing cardiac T1 map
ping approach on an MR-linac, making use of a respiratory navigator to account for respiratory motion. The 
technique was validated in a motion phantom and tested in healthy volunteers. We also compared the use of 
different readout schemes to evaluate performance in the presence of an ICD.
Results: The free-breathing cardiac T1 mapping approach agreed within 5% compared with ground truth T1 in a 
motion phantom. In healthy volunteers, an average difference in T1 of − 3.5% was seen between the free- 
breathing and breath-hold approaches, but T1 quantification was impacted by data discarded by the respira
tory navigator. Compared to balanced SSFP, the spoiled gradient echo readout was much less susceptible to 
artefacts caused by an ICD, but the lower signal adversely affected T1 quantification.
Conclusions: Free-breathing cardiac T1 mapping is feasible on an MR-linac. Further optimisation is required to 
reduce scan times and improve accuracy.

1. Introduction

Stereotactic arrhythmia radioablation (STAR) is emerging as a non- 
invasive alternative to catheter ablation procedures for treatment of 
cardiac arrhythmias, such as ventricular tachycardia (VT) [1–4]. At 
present, STAR is used as a salvage treatment option on patients with VT 
who have had limited success with other forms of treatment including 
medication, implantable devices, or catheter ablation [5].

Accurate identification of the treatment target is necessary to 
maximise outcomes and minimise dose to organs at risk. Catheter 
ablation procedures locate treatment targets based on surface 

measurements of electrical properties [6]. In STAR, direct electrical 
measurements are infeasible, so image-based target identification is 
required. Owing to the soft tissue contrast afforded by magnetic reso
nance imaging (MRI), magnetic resonance-guided linear accelerator 
(MR-linac) systems can provide image-based guidance for such treat
ments [7,8], but image-based target identification remains challenging.

Late gadolinium enhancement with MRI is well-established for 
identifying myocardial scar, which is used to guide identification of the 
treatment target in STAR. However, owing to potential safety concerns 
around the repeated use of gadolinium-based contrast agents and their 
presence during delivery of high-energy radiation, the use of contrast 
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agents during treatment is still under investigation [9,10]. In response to 
these concerns, non-contrast techniques that exploit differences in 
native cardiac T1 between myocardial scar and healthy myocardium 
[11] have been developed. Techniques to quantitatively estimate car
diac T1 are typically based on the modified Look-Locker inversion re
covery (MOLLI) approach [12–14]. Cardiac T1 quantification typically 
requires a series of breath-hold scans to minimise motion-related arte
facts and errors in T1 quantification. Free-breathing approaches have 
been explored for use in diagnostic imaging [15,16], but the long 
reconstruction times and complex k-space trajectories required in many 
of these methods are not well-suited to the STAR workflow.

Previous work has shown that breath-hold cardiac T1 mapping is 
feasible on an MR-linac [17], but additional challenges are present in 
patients with VT. Aside from the challenge with multiple consecutive 
breath-holds, patients who are candidates for cardiac radioablation will 
likely have an implanted cardioverter defibrillator (ICD). ICD’s disrupt 
MRI acquisition with image artefacts being most apparent in balanced 
steady-state free precession (bSSFP) sequences [18] which are typically 
used for cardiac T1 mapping.

The work presented here demonstrates the feasibility of a free- 
breathing approach to cardiac T1 quantification on an MR-linac. We 
also show that the proposed approach is suitable for use as part of the 
STAR online workflow through validation on a motion phantom and 
scans on healthy volunteers.

2. Materials and methods

2.1. Pulse sequence

A multi-slice free-breathing ECG-triggered cardiac T1 mapping 
sequence was developed for a 1.5 T Unity MR-linac (Elekta AB, Sweden) 
based on a 5s(3s)3s MOLLI approach [12] with the number of inversion 
times acquired varying according to heart rate. A 1D respiratory navi
gator (RNAV) preceding each single-shot readout allowed for retro
spective sorting of each acquisition by RNAV position. The pulse 
sequence used either a single-shot bSSFP or a spoiled gradient recalled 
echo (GRE) as the readout scheme (Supplementary Fig. S1). Interleaved 
slice acquisition that maximised temporal distance between adjacent 
slices allowed for improved recovery of the longitudinal magnetisation 
between acquisitions.

2.2. Phantom scans

Eight gel-filled tubes (Eurospin TO5) were used to evaluate the ac
curacy of the free-breathing approach. Images were acquired from five 
transverse slices using both the bSSFP and GRE readout. A T1-mapping 
scan with a bSSFP readout acquired during breath-hold was used as a 
reference. Five repetitions of each free-breathing scan were performed 
to account for images rejected by RNAV sorting. Ground truth T1 of each 
tube was measured using a single-slice turbo spin-echo inversion re
covery (TSE-IR) sequence with TR = 5000 ms, TE = 10 ms, TI = 25/50/ 
100/200/500/1000/2000/4750 ms, acquired on the same MR-linac 
system.

The tubes were positioned inside two cylindrical inserts themselves 
positioned in the body oval of the QuasarTM MRI4D Motion Phantom 
(IBA Quasar) (Supplementary Fig. S2a-c). The top-most tube in the 
central insert was obliquely oriented to produce apparent motion in the 
imaging plane. The left-most tube in the central insert was used for 
RNAV acquisition. To mimic cardiorespiratory motion, the central insert 
was connected to the motor of the Motion Phantom. The waveform 
dictating motion of the insert was a superposition of two sinusoidal 
waves: a 30 mm peak-to-peak amplitude, 10 cycle/min waveform 
simulating respiratory motion and a 6 mm peak-to-peak amplitude, 72 
cycle/min waveform simulating cardiac motion. The R-wave peaks of a 
synthetic ECG synchronised with the simulated cardiac motion was used 
to trigger scanner acquisition (Supplementary Fig. S2d) [19].

2.3. Volunteer scans

In vivo feasibility was evaluated in eleven healthy volunteers (7 men, 
4 women; mean age: 28 years, range: 24–32 years). Informed consent 
was obtained from every subject according to institutional guidelines 
with Local Ethics Committee approval (NL59820.041.17). Images were 
acquired in five dynamically planned cardiac mid-ventricular short-axis 
slices using the same three sequences as the phantom scans. The R-wave 
peaks of an ECG signal from a four-lead wireless monitoring unit was 
used to trigger acquisition following a delay of 60 %-80 % of the R-R 
interval to ensure image acquisition during diastole. In the free- 
breathing scans, the RNAV was placed on the liver dome providing a 
1D projection of the lung-liver interface.

The two free-breathing scans were repeated in all volunteers with an 
ICD (Claria MRI CRT-D Surescan, Medtronic) placed on the left clavicle, 
with scanning modes set to ensure safety conditions were met. Imaging 
parameters used for all scans are in Table 1.

2.4. T1 quantification

T1 was quantified by performing a least-squares fit to the signal in
tensity, s, using a three-parameter exponential recovery model 

s(TI) = A − Be
−

TI
T*

1 (1) 

where, s(TI) is the pixel intensity at TI, T*
1 the apparent modified Look- 

Locker T1, and T1 determined from the three fitting parameters A,B,T*
1 

with the Look-Locker correction [13]: 

T1 = T*
1(

A
B
− 1) (2) 

Pixel-wise T1 maps were generated offline using a custom script (Py
thon) to perform RNAV sorting and least-squares fitting. Only magni
tude images were available for offline analysis. The polarity of each s(TI)
was corrected so that the coefficient of determination (r2) to Equation 
(1) was maximised.

In breath-hold sequences, all acquired images were used for T1 
quantification. In free-breathing scans, only images acquired ± 3 mm 
from end-expiration as determined by the RNAV position were included. 
The signal for a given inversion time and slice location was calculated as 
the mean pixel intensity across the repeats after RNAV sorting.

Owing to the removal of any images outside end-expiration, some 
inversion times were excluded from T1 quantification. The effect of 

Table 1 
Imaging parameters used for phantom and volunteer scans with either a 
balanced steady-state free precession (bSSFP) or spoiled gradient echo (GRE) 
readout. The number and range of inversion times for each of the volunteer scans 
is included in Supplementary Table S2.

bSSFP 
(Phantom)

bSSFP 
(Volunteers)

GRE 
(Phantom)

GRE 
(Volunteers)

TR (ms) 3.8 3.8 3.0 3.0
TE (ms) 1.8 1.8 1.6 1.6
Flip angle (◦) 35 35 10 10
Number of 

inversion 
times

8 Variable 8 Variable

Range of 
inversion 
times (ms)

220–4220 Variable 200 – 4200 Variable

Image matrix 256 x 256 320 x 320 256 x 256 320 x 320
Field of View 

(mm2)
300 x 300 350 x 350 300 x 300 350 x 350

Pixel size 
(mm2)

1.2 x 1.2 1.1 x 1.1 1.2 x 1.2 1.1 x 1.1

Slice thickness 
(mm)

5 5 5 5
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excluding inversion times was evaluated using bSSFP images acquired 
from the three tubes in the central insert of the stationary phantom 
which had T1 closest to that expected in myocardial tissue. T1 was 
calculated when iteratively removing either one or two inversion times 
from the analysis. T1 calculated from this method was compared to the 
T1 calculated using all inversion times.

In volunteers, the myocardium was identified by manually drawing 
regions of interest along the left-ventricular epicardium and endocar
dium. Additional points were manually drawn identifying the anterior 
and posterior insertions to the right ventricle, the centre of the left 
ventricle, and the centre of the interventricular septum. These four 
points were used to define six mid-cavity segments as defined by the 
American Heart Association [20]. Mean T1 for the whole myocardium 
was used for comparison of the breath-hold and free-breathing ap
proaches. The mean T1 for each segment was used to evaluate the effect 
of an ICD during free-breathing scans.

3. Results

3.1. Phantom

The obliquely-oriented tube in the central insert produced apparent 
motion of up to ± 5 mm in the anterior-posterior direction. The pixel- 
wise T1 maps demonstrate the effect of uncompensated motion on T1 
quantification. Without using RNAV sorting, regions at the edges of the 
tube showed inconsistent T1 resulting from the inclusion of all images 
regardless of position. This effect was absent when retrospective RNAV 
sorting was applied, giving T1 maps similar to those produced with a 
stationary phantom (Fig. 1a-c).

Ground truth T1 for the tubes ranged from 542 – 1196 ms. The T1 

between the breath-hold and free-breathing approaches using the bSSFP 
readout differed on average by + 1.5 % (range: [-2.1 %, +6.7 %]). Both 
the breath-hold and free-breathing bSSFP sequences produced T1 within 
5 % of ground truth T1, as determined by the TSE-IR sequence, in all 
tubes except the tube with the longest T1 (=1196 ms). The use of the 
GRE as a readout scheme gave consistently lower T1 than the bSSFP 
sequences, with an average difference of − 11.2 % (range: [-16.4 %, 
− 6.1 %]). The coefficient of variation (CV), calculated as the standard 
deviation/mean, was higher across all tubes when using the GRE vs 
bSSFP readout (19.3 % vs 6.8 %) (Fig. 1d, Supplementary Table S1).

The use of RNAV sorting resulted in the rejection of images from the 
T1 quantification. In the simulated free-breathing scans on the phantom, 
28.5 % of all acquired images in the bSSFP scan and 27 % of images in 
the GRE scan were within the ± 3 mm acceptance window. In cases 
where all five repetitions for a given slice and inversion time were 
excluded, that inversion time was not represented in the pixel-wise 
curve fits. The effect of removing inversion times from the T1 quantifi
cation is demonstrated in Fig. 2. The largest differences were seen when 
the first inversion time was not present. Removing later inversion times 
had a smaller influence on the fit, giving T1 within ± 2.5 % of the T1 
determined using all inversion times.

3.2. Volunteers

As demonstrated in the phantom results, the volunteer scans were 
also impacted by missing inversion times following RNAV sorting. 
Acceptance rates for each individual slice ranged from 7.5 % to 62.5 %. 
The largest deviations from the T1 determined by the bSSFP breath-hold 
sequence was seen at acceptance rates below 20 % (Supplementary 
Fig. S3).

Fig. 1. T1 maps and comparison of measured T1 to ground truth for the phantom scans Example pixel-wise T1 maps from the phantom scans using the balanced 
steady-state free precession (bSSFP) readout with a) no phantom motion, b) moving central insert with no respiratory navigator (RNAV) sorting and, c) moving 
central insert with RNAV sorting. The white arrow indicates a typical motion-related artefact that is apparent in the scans without navigator-based sorting and is not 
visible when the navigator is used. In d), the measured mean T1 of each tube vs the ground truth (GT) T1 for the breath-hold bSSFP and free-breathing bSSFP and 
spoiled GE (GRE) sequences are shown. The dashed line indicates the line of equality with the ground truth measurement. The error bars represent the standard 
deviation on the mean pixel-wise T1.
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Fig. 2. Heat maps showing the effect of removing inversion times Effect of removing selected inversion times from the analysis for the breath-hold balanced 
SSFP (bSSFP) and free-breathing bSSFP and spoiled GE (GRE). Each heat map shows the difference from the T1 estimate using all eight inversion times (TI) compared 
to removing up to two inversion times. The values along the main diagonal of each grid represents only one missing TI.

Fig. 3. Percentage difference in mean myocardial T1 between free-breathing and breath-hold scans on volunteers Percentage difference in mean myocardial 
T1 as compared to the T1 measured by the breath-hold balanced steady-state free precession (bSSFP) sequence for the two free-breathing approaches (bSSFP and 
spoiled gradient echo (GRE)). Error bars indicate standard deviation. Each value represents the mean over all slices for the volunteers that had the first two inversion 
times present and had an acceptance rate over 20%. Volunteers V03, V06, V07 and V09 were excluded. Results for all volunteers are provided in Supplemen
tary Table S1.
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Scan time for the free-breathing sequences averaged 6:47 min 
(range: 4:57 min − 8:24 min), varying with heart rate and ECG-gating 
efficiency. Breath-hold scans required breath-holds of 12–15 s per 
slice, totalling 60–75 s acquisition for five slices, excluding preparation 
time between successive breath-holds. Mean myocardial T1 was gener
ally lower using the free-breathing approach as compared to the mean T1 
determined by the breath-hold bSSFP (Fig. 3). As acceptance rate ana
lyses showed a smaller T1 difference from the breath-hold T1 with the 
first two inversion times present and acceptance rate above 20 %, only 
slices that met those criteria were included. Applying these criteria 
eliminated 4 of the 11 volunteers. Across the included volunteers, the 
change from the breath-hold derived T1 was − 3.5 % when using the free- 
breathing bSSFP sequence (range: [-9.3 %, 2.6 %]) and − 8.5 % with the 
free-breathing GRE (range: [-14.9 %, 0.4 %]). The difference was not 
statistically significant (p = 0.50, Wilcoxon rank test).

T1 maps produced from the free-breathing approach were similar in 
appearance to those acquired during breath-hold. Example from one 
volunteer shown in Fig. 4. In all volunteers, T1 maps produced by the 
bSSFP sequences had a lower mean CV for breath-hold (19.5 %) and 
free-breathing (18.5 %) as compared to a mean CV of 37.0 % in the free- 
breathing GRE sequence (p = 0.015, Wilcoxon rank test) (Supplemen
tary Table S2).

Without RNAV sorting, tissue interfaces were poorly defined and T1 
quantification became unreliable. Artefacts associated with misregis
tration of the tissues were seen in both the bSSFP and GRE sequences 
(Fig. 4c,e). The use of RNAV sorting minimised motion-related artefacts, 
producing images similar in appearance to the end-exhalation breath- 
hold scans.

3.3. Effect of ICD

In the presence of an ICD, the bSSFP images showed signal loss and 
banding related to magnetic field inhomogeneities (Fig. 5). The GRE 
sequence showed only signal loss in the anterior chest wall and anterior 
segments of the myocardium. Metal-related artefacts in the raw images 
impacted pixel-wise T1 quantification with the bSSFP showing banding 
artefacts (Fig. 5e). In the GRE sequence, T1 quantification was minimally 
impacted by metal-related artefacts. The greatest impact on mean 
regional T1 was seen with the bSSFP when the ICD was present, leading 

to longer mean T1 in the anterior segment (Fig. 5g).

4. Discussion

In this work, a MOLLI T1 quantification approach was adapted to 
allow free-breathing, multi-slice T1 quantification on a 1.5 T MR-linac. 
The technique was validated in a motion phantom and results in vol
unteers demonstrate that this approach is feasible for myocardial T1 
quantification. With scan times under 8 min, and short reconstruction 
times to produce T1 maps, the approach would be suitable for online use 
during STAR treatment planning. While the primary motivation for 
developing this technique is reliable identification of myocardial scar in 
patients undergoing STAR, T1 quantification could have other uses in 
thoracic radiotherapy, such as the assessment of radiation-induced 
cardiovascular toxicity [21,22].

To be successful for target identification in STAR, T1 quantification 
must be sufficiently precise to distinguish scar from healthy myocar
dium. MOLLI approaches show higher precision when compared to 
other methods used for cardiac T1 mapping [23]. Previous studies in 
patients with chronic myocardial infarction have shown that myocardial 
scar has on average a 15 % higher T1 than healthy myocardium [11]. 
The free-breathing bSSFP approach produces images with lower T1 than 
the breath-hold approach with CV less than 5 %. While absolute T1 
varies between patients, the free-breathing approach will provide suf
ficient relative T1 differences in an individual to allow delineation of 
myocardial scar. For the free-breathing GRE sequence, the CV is much 
larger, owing to the lower signal-to-noise ratio (SNR) in the acquired 
image data. In this case, the ability to delineate regions of T1 resulting 
from myocardial scarring could be compromised. Further investigation 
in relevant patient groups is necessary to evaluate clinical utility and 
sensitivity to relevant pathology.

A multi-slice approach ensures better heart coverage in a single 
acquisition. However, in both volunteers and phantoms, the calculated 
T1 underestimates T1 measurements made using a breath-hold 
approach. The breath-hold approach, which uses separate acquisitions 
for each slice, allows complete recovery of longitudinal magnetisation. 
The interleaved multi-slice approach used here avoids repeated signal 
acquisition in individual slices. However, a non-selective inversion pulse 
is applied at the beginning of each block. The 5s(3s)3s MOLLI scheme 

Fig. 4. Example pixel-wise T1 maps from volunteer scans Example pixel-wise T1 maps showing the effect of the respiratory navigator (RNAV) sorting in the 
volunteer scans. a) breath-hold balanced steady-state free precession (bSSFP), b) free-breathing bSSFP with navigator-based sorting, c) free-breathing bSSFP without 
navigator-based sorting, d) free-breathing spoiled gradient echo (GRE) with navigator-based sorting, e) free-breathing GRE without navigator-based sorting. Arrows 
on c) and e) demonstrate artefacts related to uncompensated motion.
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ensures a minimum of three seconds for longitudinal recovery before 
application of subsequent inversion pulses. Although absolute T1 
quantification may be affected by the shorter recovery time, relative T1 
changes within the myocardium are still apparent.

The 5 mm slice thickness used in this study is smaller than those 
(8–10 mm) typically used in 2D cardiac T1 mapping [24–26]. The choice 
of slice thickness was motivated by the need for higher spatial resolution 
in STAR to appropriately contour target volumes and minimize dose to 
healthy myocardium and organs at risk. The reduced signal resulting 
from smaller voxel sizes is more problematic when using a GRE readout 
owing to the lower SNR. While the precision of the bSSFP approach may 
be sufficient, the GRE approach may be infeasible with thinner slices 
without additional signal averaging. T1 mapping using 3D acquisition 
strategies would improve SNR and produce the higher, isotropic reso
lution required for STAR [15,27]. Methods that combine T1 with T2 and 
other quantitative metrics [27,28], including MR fingerprinting and 
multitasking approaches [29,30], also show promise for more precise 
cardiac tissue characterisation, but the long reconstruction times asso
ciated with these methods may be incompatible with the online STAR 
workflow.

Accurate T1 quantification relies on the number and distribution of 
inversion times available [31]. The phantom experiments show that T1 
estimation is highly dependent on the presence of the earliest inversion 
times during signal recovery. The RNAV in the free-breathing approach 
eliminates acquisitions that are not at end-exhalation. With acceptance 
rates not exceeding 62.5 %, it is inevitable that some inversion times will 
be missing from T1 estimation. In the case of irregular breathing, lower 
acceptance rates will adversely impact T1 calculation. The analysis of 
removed inversion times suggests that beyond the crucial early TIs, 
removal of up to two TIs does not greatly impact T1 estimation. Alter
native acquisition schemes using fewer TIs, with repetition schemes to 
maximise RNAV acceptance could improve performance. Scan time 

could be reduced by exploring alternative motion compensation 
methods such as non-rigid registration [32] and self-gating [15]. Free- 
running approaches using radial acquisition can also remove the need 
for ECG triggering during scans, allowing for improved patient comfort 
[15]. Providing feedback to patients to assist with breathing more 
consistently has been shown to reduce breathing variability [33] and 
could also improve acceptance rates.

Balanced steady-state sequences are typically used as the readout 
strategy for cardiac T1 mapping owing to their high signal and contrast. 
However, bSSFP sequences are highly sensitive to magnetic field in
homogeneities [18]. For this reason, they are typically not suited to 
imaging in the vicinity of implanted devices and GRE sequences are 
preferred [34]. Patients undergoing cardiac radioablation, will likely 
have an ICD present, which will adversely affect T1 quantification. With 
the GRE sequence, signal loss was apparent in the anterior segments of 
the heart resulting in increased T1. The pixel-wise T1 maps clearly 
demonstrate the impact of the inhomogeneity artefacts when using the 
bSSFP sequence, making target identification challenging in affected 
areas. Approaches to minimise the impact of field inhomogeneities such 
as phase cycling [35], alternative sampling strategies [36,37] and ma
chine learning-based post-processing [38] could be employed, although 
their impact on scan time, and appropriateness for use in the online 
STAR workflow would need to be considered.

This study represents a first step toward free-breathing cardiac T1 
mapping on an MR-linac but is limited in that it was performed on only a 
small number of healthy participants. While volunteers were useful to 
demonstrate technical feasibility, a more substantial study in a patient 
cohort is needed to evaluate clinical utility. In particular, the present 
study did not explore the impact of irregular heart rhythm and respi
ration. Anti-tachycardia pacing and arrhythmia rejection are often used 
during imaging, but whether these strategies affect T1 quantification 
with the proposed approach is not known. Techniques to manage 

Fig. 5. Example images and T1 maps with and without ICD, and graph of percent difference in T1 by mid ventricular segment a) Acquired balanced steady- 
state free precession (bSSFP) image at TI = 350 ms with implantable cardioverter defibrillator (ICD) present, b) acquired spoiled gradient echo (GRE) image at TI =
350 ms with ICD present. c-f) Example T1 maps from the free-breathing sequences demonstrating the effect of an ICD placed on the clavicle of the volunteers. c) 
bSSFP without ICD present d) GRE without ICD present, e) bSSFP with ICD present f) GRE with ICD present. Arrow on e) shows the inhomogeneity artefact caused by 
the nearby ICD. g) Difference in mean myocardial T1 as compared to the breath-hold bSSFP sequence by segment for the bSSFP and GRE approach, both with and 
without an ICD place on the clavicle of the volunteer. The mean percentage difference for each segment represents the average over all volunteers and all slices. Error 
bars indicate standard deviation. The standard deviation for the anterior segment in the bSSFP with ICD is truncated for display (actual value ± 47.2 %) Inset 
schematic shows the six segments.
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respiration and maximise acceptance rates in patients with irregular 
breathing will also need to be explored. Further, while the proposed 
technique is sensitive to relative T1 changes, absolute T1 is under
estimated. Whether relative T1 changes are of use in clinical decision 
making for STAR will need to be investigated.

In conclusion, the free-breathing cardiac T1 mapping approaches 
investigated here are feasible on a 1.5 T MR-linac. They produce T1 
estimates in line with breath-hold techniques and have precision and 
resolution suited to use for STAR. Further optimisation in acquisition 
and post-processing is required to reduce scan times, improve accuracy, 
and ensure robust performance in the presence of ICDs.
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