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Abstract

To describe a novel time-resolved magnetic resonance angiography (TR-MRA) postprocessing technique using the time-
resolved angiography with interleaved stochastic trajectories (TWIST) method to evaluate the pulmonary veins and left
atrium in adults with congenital heart disease undergoing cardiac MRI. Institutional ethics committee approved the study.
21 consecutive adult patients (14 female, 7 male patients, mean age 28 years) with known congenital heart disease who
underwent a cardiac MRI were included. Post-processing of the TR-MRA sequences created novel “subtracted” datasets.
Two independent observers reviewed the conventional TWIST and novel subtracted TWIST data sets in source and maxi-
mum intensity projection (MIP) coronal reformats to assess visualization of the pulmonary veins and left atrium based on
a 5-point scale. Quantitative signal to noise (SNR) comparison was performed. TR-MRA yielded diagnostic image data in
20/21 patients (95.2%). The novel “subtracted” TR-MRA technique improved visualization of the pulmonary veins and left
atrium compared to the source TR-MRA sequence in 16/20 patients (mean scores 3.34 +0.69 vs. 2.92 +0.69, p <0.008).
Further improved visualization of the pulmonary veins and left atrium was observed in the subtracted MIP TWIST sequences
compared to the MIP TWIST images (mean scores 4.43 +0.80 vs. 3.02+0.87 vs., p<0.001). No significant SNR difference
between the source and novel subtracted group was observed (85.4 vs. 70.4, p=0.57). Compared to source TR-MRA images,
subtraction of TR-MRA images is a novel postprocessing technique that improves visualization of the pulmonary veins and
left atrium in a substantial number of patients.
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Introduction

Contrast-enhanced cardiac magnetic resonance imaging
(MRI) is noninvasive tool used to evaluate anatomical,
physiological and functional parameters in patients with
congenital heart disease (CHD) [1, 2]. Significant advances
in MRI hardware and imaging techniques, in particular time-
resolved MRA techniques [3], now allows for assessment
of the temporal dynamics of blood flow [4—6]. Due to com-
plex hemodynamics, shunting and post-surgical anatomy,
imaging patients with CHD poses unique challenges, in
particular a difficulty with overlay of contrast in the arterial
and pulmonary venous phases. Herein we describe a novel
post-processing technique achieved by subtracting TWIST
images in patients with complex CHD, and qualitatively and
quantitatively assess image quality.

Materials and methods
Patients

The study was performed in agreement with the regula-
tions of the local ethics committee. This was a prospec-
tive study of 21 consecutive adult patients over a 3 month
period (June—August 2018) with known CHD. Indication
for the investigation was based on clinical consideration by
the referring cardiologist. One patient was excluded due to
non-diagnostic imaging from significant motion artifact. Of
the final cohort there were 14 males, 7 females; mean age
27 years with an age range 18-38 years. The spectrum of
CHD included 11 (52.4%) patients with tetralogy of fallot,
6 (28.6%) with transposition of the great arteries, 1 (4.8%)
Ebstein’s anomaly, 1 (4.8%) pulmonary vein stenosis, 1
(4.8%) bicuspid aortic valve and 1 (4.8%) atrial septal defect
(ASD). 17/21 (81.0%) patients had undergone prior correc-
tive cardiac surgery.

Conventional MRI TWIST technique

MRI scans were performed on a 1.5T whole-body scanner
(Magetom Symphony with TIM Upgrade, Siemens, Erlan-
gen, Germany) with the patient in a head-first supine posi-
tion. A six-element receiver coil was used in association
with the posterior spinal coil. A 20G plastic intravenous
catheter was placed in the patient’s antecubital vein for con-
trast administration. Our institutional standard cardiac MRI
protocol was used for all patients including acquisition of
half Fourier T2 weighted (HASTE), cine steady state free
precession (cine True FISP), phase contrast imaging and
3D TWIST sequences. The TWIST sequence consists of
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10 measurements. After the first pre-contrast breath hold
measurement, a standardized 0.1 mmol/kg of gadobutrol
(Gadovist; Bayer Pharma, Berlin, Germany) was injected at
3 ml/s, followed by a 20 ml saline flush at 3 ml/s. This was
followed by acquisition of 9 consecutive breath hold meas-
urements 4.0 s apart. The scan parameters for the TWIST
sequence included a matrix of 512 %358, FOV 500 mm X
340 mm, voxel size 1.4 x 1.0 x2.0mm? and slice thickness of
2 mm. Slice resolution was 68.75%, TR/TE 2.87 ms/1.17 ms,
flip angle 25°. 64 slices were acquired in the coronal orienta-
tion with an acquisition time of 41 s per data set. The source
TWIST datasets included an automatic subtraction of the
non-contrast “mask” image from the contrast enhanced data
sets.

New subtraction technique

All images were archived on the picture archiving and com-
munication system (PACS, McKesson, Canada). Manual
subtraction of the data sets was performed by a MRI Radi-
ographer on a dedicated post-processing workstation (Leon-
ardo; Siemens Medical Solutions, Erlangen, Germany). A
region of interest (ROI) was place over the proximal right
superior pulmonary vein (RSPV) and proximal right pulmo-
nary artery (RPA) in all 9 consecutively acquired TWIST
data sets to determine the data set that demonstrated peak
opacification of the RSPV and the data set that demonstrated
peak opacification of the RPA. The size of the region of
interest (ROI) was standardized in all patients to cover 2/3
of the RPA and RSPV. These two anatomical landmarks
were specifically chosen as representatives for the pul-
monary venous and arterial systems. The sequence which
demonstrated peak arterial opacification of the RPA was
subtracted from the sequence demonstrating peak venous
opacification of the RSPV. The rationale behind choosing
these two specific anatomical locations was to ensure that
maximal opacification of the pulmonary veins was achieved
by ensuring there was maximal subtraction of contrast from
the PA system.

Qualitative MR image analysis

The two readers were provided with the conventional
TWIST sequence and the novel subtracted TWIST data
sets in source and MIP (50 mm thickness) coronal refor-
mats. The subjective quality of the 4 datasets were inde-
pendently evaluated by two Radiologists (LL and JM;
both with 20 years’ experience in cardiovascular imag-
ing respectively) using a PACS monitor with 5-megapixel
resolution (Barco®), blinded to the imaging protocol and
to each others’ scores. Each reader was asked to review
the 4 sequences in the coronal acquisition: the source
TWIST, novel subtracted TWIST, MIP TWIST and novel



The International Journal of Cardiovascular Imaging (2019) 35:1339-1346

1341

subtracted MIP TWIST. An average score for the visuali-
zation of the pulmonary veins, pulmonary ostia and left
atrium was calculated using a 1-5 scoring methodology
adapted from a prior study [4] as follows: (1) non-diag-
nostic, (2) poor, (3) moderate, (4) good and (5) excellent
(Table 1). Scoring examples are provided in Figs. 1, 2
and 3. The indication for the cardiac MRI, underlying
congenital cardiac disease and prior cardiac surgery was
available at the time of analysis.

Objective quantitative image analysis

A region of interest of 100 pixels was used for all patients.
The ROI was placed over the RSPV on the coronal source
and novel subtracted TWIST images to quantify the signal
intensity (SI). An additional ROI of the same size was
placed outside the body in air for background noise meas-
urement. SNR for each sequence was defined as the ratio
of mean Sliqpy to the standard deviation of background
noise (SIzr)-

Statistical analysis

A Student’s t-test was used for comparison of the mean
visualization score of the pulmonary veins and left atrium
between the source TWIST and novel subtracted TWIST
images, and also between the MIP TWIST and novel sub-
tracted MIP TWIST images. The intra-class correlation coef-
ficient (ICC) was used to determine inter-observer reliabil-
ity, using a two way mixed approach. Comparison of paired
SNR values was performed using the Wilcoxon signed rank
test. SPSS was used for statistical analysis. A p value <0.05
was considered statistically significant for all statistical tests.

Results
Image acquisition
All 21 consecutive patients successfully completed their

cardiac MRI study. 1 patient was excluded due to a non-
diagnostic study secondary to severe motion artifact. All

Table 1 Assessment of visualization of the PVs and LA using 5-point criteria

Image quality score Visualization of the PVs and LA

Presence of artifacts

Diagnostic value

1. Non-diagnostic ~ PVs and LA not visualized

2. Poor Poor visualization of the

PV lumen

PV vessel edge

Smallest branches of the PV

Poor distinction between branches of
the PV and PA

Poor visualization of LA

3. Moderate Moderate visualization of the

PV lumen

PV vessel edge

Smallest branches of the PV

Moderate distinction between branches
of the PV and PA

Moderate visualization of LA

4. Good Good visualization of the

PV lumen

PV vessel edge

Smallest branches of the PV

Good distinction between branches of
the PV and PA

Good visualization of LA

All PVs visualized

Excellent visualization of the

PV lumen

PV vessel edge

Smallest branches of the PV

Excellent distinction between branches
of the PV and PA

Excellent visualization of LA

5. Excellent

Massive artifacts, non-diagnostic
images

Moderate artifacts, diagnostic content
precarious

Moderate artifacts, diagnostic content
interfered

Mild artifacts, diagnostic content not
interfered

No artifacts

No diagnosis possible

Poor, doubt on the diagnosis owing to
poor image quality

Moderate, diagnosis of primary findings
only inconclusive

Good, still diagnostic, secondary find-
ings not definitively ascertained

Excellent, fully diagnostic

PV pulmonary vein, PA pulmonary artery, LA left atrium
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Fig.1 38-year-old female with TOF and prior surgical correction. a
Annotated source coronal TWIST image demonstrates synchronous
opacification of the right PA and RSPV (dotted yellow lines). In this
case the RSPV and left atrium was judged a visualization score of 2
and 4 respectively. b Post subtraction, the subtracted coronal TWIST
improved visualization of the RSPV by removing contrast within
the pulmonary arteries. The RSPV and left atrium were both judged
a score of 4. ¢ and Video 1: Coronal MIP TWIST sequence demon-

data sets were complete and evaluated. The contrast agent
was administered without complication.

Qualitative analysis
The subtraction technique demonstrated improved visu-
alization of the pulmonary veins and left atrium in 16/20

(80%) of patients. The overall visualization of pulmonary
veins and left atrium was rated on average better for the
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strates simultaneous contrast enhancement of the all cardiac cham-
bers, aorta, pulmonary artery and veins, limiting detailed evaluation
of the pulmonary veins. The RSPV was judged a score of 2 and left
atrium a score of 4. d and Video 2: Coronal subtracted MIP TWIST
shows excellent delineation of all pulmonary veins. The RSPV, all
pulmonary veins and the LA were judged a score of 5. TOF tetralogy
of fallot, AO aorta, PA pulmonary artery, PO pulmonary ostium, LA
left atrium, RSPV right superior pulmonary vein

novel subtracted TWIST sequence with a mean score of
3.34+0.69 compared to the source TWIST technique with
a mean score of 2.92 +0.69 (Table 2). This value was sta-
tistically significant (p < 0.008). Further improvement in
the overall visualization of the pulmonary veins and left
atrium was achieved with MIP reconstructions. The sub-
tracted MIP TWIST sequence was judged the best overall
sequence with mean score of 4.43 + 0.80 improving from
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Fig.2 36-year-old male with TOF and prior corrective surgery. a
Annotated source coronal TWIST image demonstrates poor distinc-
tion between the RSPV (dotted yellow lines). The RSPV was judged
a visualization score of 2, left atrium score of 3. b Post subtraction,
the subtracted coronal TWIST improved visualization of the RSPV
by removing contrast within the pulmonary arteries. The RSPV and
LA was judged a score of 4. ¢ Coronal MIP TWIST sequence dem-
onstrates simultaneous contrast enhancement of the all cardiac cham-

a mean score of 3.02 +0.87 for the MIP TWIST. The dif-
ference was statistically significant (p < 0.001).

4/20 (20%) patients did not demonstrate improved visu-
alization of the pulmonary veins and left atrium using our
outlined subtraction technique. Within this cohort the overall
mean score for visualization of the pulmonary veins and
left atrium was just above moderate (3.25 +0.43). In these
four cases, no benefit was acquired as the source TWIST
images already had demonstrated at least moderate distinc-
tion between the pulmonary veins, for example in Fig. 3,
without the need for post-processing subtraction.

The ICC demonstrated good to excellent correlation
between the two readers for the 4 sequences yielding values
of 0.99 (95% confidence interval 0.983-0.998) for the source
TWIST sequence, 0.86 (95% confidence interval 0.652-0.946)
for the subtracted TWIST sequence, 0.94 (95% confidence

bers, aorta, pulmonary artery and veins, limiting evaluation of the
pulmonary veins. Collateral vessels surrounding the right subclavian
are noted. The RSPV was judged a score of 2 and the LA a score of 3.
d Coronal subtracted MIP TWIST shows excellent delineation of all
pulmonary veins. The RSPV, all pulmonary veins and the LA were
judged a score of 5. TOF tetralogy of fallot, AO aorta, PA pulmonary
artery, PO pulmonary ostium, LA left atrium, RSPV right superior
pulmonary vein

interval 0.841-0.975) for the MIP TWIST and 1.0 for the
subtracted MIP TWIST.

Quantitative analysis

SNR comparisons between the source TWIST and novel
subtracted TWIST images demonstrated a minimal reduc-
tion in the SNR between the source and subtracted group
(85.4+51.1 vs. 70.4 +37.4) which was not statistically sig-
nificant (p=0.57).
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Fig.3 26-year-old female with history of TGA and Senning proce-
dure providing systemic venous return to the left atrium. a Conven-
tional TWIST image demonstrating good visualization of the left
atrium and RSP, with both judged a visualization score of 4. b Post
subtraction, the subtracted coronal TWIST removes contrast within
the RV and PA, however does not result improvement the visualiza-
tion of the LA or PVs. The LA and RSPV was judged a score of 4. ¢

Table 2 Overall visualization scores of the pulmonary veins and left
atrium (mean=+SD) in 20 patients undergoing TR-MRA using the
TWIST sequence

Sequence Conventional TWIST Novel subtracted p value
TWIST

Source 2.92+0.69 3.34+0.69 <0.008

MIP 3.02+0.87 4.43+0.80 <0.001

Discussion

Our novel post-processing subtraction technique in both
source and MIP reformats demonstrated superior visuali-
zation of the pulmonary veins and left atrium compared
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Coronal MIP TWIST demonstrates good visualization of the all pul-
monary veins and LA (Score 4). d Coronal subtracted MIP TWIST
demonstrates no significant improvement post subtraction (Score 4).
TGA transposition of great arteries, AO aorta, PA pulmonary artery,
PO pulmonary ostium, LA left atrium, RSPV right superior pulmo-
nary vein

to the conventional source TWIST and MIP images. The
novel subtracted MIP TWIST images were judged the best
method for visualization of the PVs and LA.

Clinical relevance

CHD patients frequently demonstrate complex vascular
anatomy, cardiac shunts and post-surgical cardiac anatomy
which generates dynamic changes in blood flow. Conse-
quently, right and left sided cardiac chambers and cardiac
vessels can enhance simultaneously creating a vascular over-
lay that can limit evaluation of individual cardiovascular
structures. TR-MRA has significantly overcome this limita-
tion by providing dynamic hemodynamic flow information
[7]. Our described subtraction technique embraces the time
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resolved nature of the TWIST sequence to provide a useful
adjunct in the evaluation of left heart structures, in particular
the pulmonary veins and left atrium through subtraction of
contrast from within the right side of the heart (Figs. 1, 2,
Video 1 and 2). The incorporated videos aim to provide the
reader with a 3D view of the relationship between the pul-
monary vasculature and left atrium, which is not as evident
on the static single slice images. The focus of this study was
not to assess visualization of the right heart structure (supe-
rior vena cava, right atrium, right ventricle and pulmonary
arteries). Typically these structures are the first to enhance
on the early TWIST sequences and frequently well visual-
ized without superimposed opacification of the left sided
cardiopulmonary structures.

Time resolved sequence in cardiac MRI

Time-resolved contrast—enhanced techniques were initially
used in the assessment of thoracic, abdominal, and periph-
eral blood vessels [8—10]. Time resolved techniques pro-
vide anatomical and dynamic flow information, and now
currently employed in the evaluation patients with complex
congenital heart disease [11]. The key principle of time
resolved MRI is based on under sampling of k-space [12].
During image acquisition after administration of IV contrast,
the center of k-space is sampled more frequently than the
periphery. Thus, the missing data can be manipulated to gen-
erate a full k-space data set to create time resolved images
with acceptable spatial resolution. A range of time-resolved
imaging techniques have described including keyhole [13,
14], time-resolved imaging of contrast kinetics (TRICKS)
[15], time-resolved echo-shared angiographic technique [16]
(TREAT), block regional interpolation scheme for K-space
(BRISK) [17], continuous updating with random encoding
(CURE) [18] to name a few. Recently, compressed sensing
time-resolved imaging with stochastic trajectories [19] (CS-
TWIST) shows promise as a technique to reduce temporal
and spatial blurring artifacts inherently associated with time-
resolved sequences. In conjunction with the introduction of
3T field strength magnets, which improves SNR while main-
taining contrast to noise [20], time-resolved sequences are
now well established in cardiac MRI protocols.

Clinical implications of the subtracted time-resolved
TWIST sequence

This novel subtracted TWIST sequence we have described
utilizes images acquired in a conventional TWIST data
set in a patient undergoing a routine outpatient cardiac
MRI. It does not require additional sequences, a prolonged
scan time, a higher dose of intravenous contrast or addi-
tional software. While the subtraction of images requires
an increased post-processing time (approximately 10 min)

and initial learning curve, we have demonstrated that it
significantly improves visualization of pulmonary veins
and left atrium in a substantial number of patients. Recent
studies [5, 6] have demonstrate that TR-MRA provide
superior visualization of the pulmonary veins compared
to contrast enhanced MRA (CE-MRA). Our post-process-
ing technique would serve as a useful adjunct in patients
undergoing TR-MRA for evaluation of pulmonary venous
anomalies [21-23]. This novel subtraction technique could
also be used as a non-ionizing alternative to cardiac CT
in patients with atrial fibrillation to facilitate the use of
electro-anatomical mapping systems at the time of ablation
procedures. Subtracted cardiac MRI images can provide
detailed pre-procedural anatomical imaging, in particular
to identify PVs and LA anatomical variation, which can
be imported into the 3D electrophysiological mapping sys-
tem to increases ablation success and reduces complication
rates [24-26].

Limitations

Our study population included a broad spectrum of CHD,
and did not evaluate a specific subtype of CHD, for exam-
ple cyanotic vs acyanotic or surgically corrected vs non-
corrected. We feel this reflects the significant variation in
CHD we encounter in our day-to-day practice. Secondly,
the study did not account for physiological parameters that
can alter flow hemodynamics such as shunts, baffles or
right and left ventricle ejection fraction. Thirdly, assess-
ment of the impact of the subtraction technique on diag-
nosis or radiological findings was not performed. We feel
this analysis would be of particular value in patients with
pulmonary venous anomalies and pre- and post pulmo-
nary vein ablation procedures and is of interest for fur-
ther study. A further limitation of the study is the small
sample size. Finally, although both readers were blinded
to the imaging protocol, in certain studies it was evident
when the novel subtraction technique had been applied,
as a region of homogenous hypointensity was seen in
the expected location of the subtracted pulmonary artery
(Images 1B, 2B and 3B).

Conclusion

Compared with source TR-MRA images, subtraction of
TR-MRA images is a novel post-processing technique that
improves visualization of the pulmonary veins and left
atrium in a substantial number of patients.
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