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ARTICLE INFO ABSTRACT
Keywords: Purpose: Stress perfusion imaging plays a major role in non-invasive detection of coronary artery disease.
Perfusion We compared a compressed sensing-based and a conventional gradient echo perfusion sequence with regard to

Compressed sensing

MR image quality and diagnostic performance.

Stress MRI Method: Patients sent for coronary angiography due to pathologic stress perfusion CMR were recruited. All pa-
Coronary artery disease tients underwent two adenosine stress CMR using conventional TurboFLASH and prototype SPARSE sequence as
Non-invasive stress test well as quantitative coronary angiography with fractional flow reserve (FFR) within 6 weeks. Coronary angi-
ography was considered gold standard with FFR < 0.75 or visual stenosis >90 % for identification of myocardial
ischemia. Diagnostic performance of perfusion imaging was assessed in basal, mid-ventricular and apical slices
by quantification of myocardial perfusion reserve (MPR) analysis utilizing the signal upslope method and a
deconvolution technique using the fermi function model.
Results: 23 patients with mean age of 69.6 + 8.9 years were enrolled. 46 % were female.
Image quality was similar in conventional TurboFLASH sequence and SPARSE sequence (2.9 + 0.5vs 3.1 £ 0.7, p
= 0,06). SPARSE sequence showed higher contrast-to-noise ratio (52.1 + 27.4 vs 40.5 £+ 17.6, p < 0.01) and
signal-to-noise ratio (15.6 + 6.2 vs 13.2 + 4.2, p < 0.01) than TurboFLASH sequence. Dark-rim artifacts occurred
less often with SPARSE (9 % of segments) than with TurboFLASH (23 %).
In visual assessment of perfusion defects, SPARSE sequence detected less false-positive perfusion defects (n = 1)
than TurboFLASH sequence (n = 3).
Quantitative perfusion analysis on segment basis showed equal detection of perfusion defects for TurboFLASH
and SPARSE with both upslope MPR analysis (TurboFLASH 0.88 + 0.18; SPARSE 0.77 + 0.26; p = 0.06) and
fermi function model (TurboFLASH 0.85 + 0.24; SPARSE 0.76 + 0.30; p = 0.13).

Abbreviations: 2D, two-dimensional; 3D, three-dimensional; AHA, American Heart Association; BMI, body mass index; CAD, coronary artery disease; CMR,
cardiovascular magnetic resonance; CNR, contrast-to-noise ratio; CS, compressed sensing; DRA, dark rim artifact; FISTA, Fast Iterative Shrinkage-Thresholding
Algorithm; FLASH, fast low angle shot; FOV, field of view; FFR, fractional flow reserve; LGE, late gadolinium enhancement; LV, left ventricular; LV-EDV, left
ventricular enddiastolic volume; LV-EF, left ventricular ejection fraction; LV-M, left ventricular mass; MBF, myocardial blow flow; MPR, myocardial perfusion
reserve; MR, magnetic resonance; MRI, Magnetic resonance imaging; ROI, region of interest; SD, standard deviation; SNR, signal-to-noise ratio; SPECT, single photon
emission computed tomography; SSFP, steady-state free precession; TE, echo time.
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Conclusions: Compressed sensing perfusion imaging using SPARSE sequence allows reliable detection of

myocardial ischemia.

1. Introduction

Contrast-enhanced first-pass myocardial perfusion magnetic reso-
nance (MR) is an established non-invasive method for detection of
coronary artery disease and holds prognostic value [1,2]. In analogy to
other MR techniques, conventional myocardial perfusion sequences
have restricted spatial in-plane resolution and limited myocardial
coverage as they typically cover three short-axis planes of the left ven-
tricular myocardium [3]. The limiting factor for these constraints is the
length of the cardiac cycle, which leads to a short time window for image
acquisition during systole.

For this reason, conventional imaging methods compromise in
spatio-temporal resolution. While the diagnostic accuracy of stress
perfusion MRI has been shown to be equivalent or superior to alternative
non-invasive imaging techniques such as SPECT (single photon emission
computed tomography) [4], an enhanced spatio-temporal resolution
may increase detection rates of smaller regions of ischemia and, thereby,
further strengthen the role of cardiac MRI in diagnostic of relevant
coronary artery disease (CAD).

In myocardial first-pass perfusion, the total acquisition time is
determined by the contrast enhancement and the visualization of its
tissue perfusion dynamics. Hence, the speed-up of the highly accelerated
methods is typically utilized to improve the spatial resolution, which
promises to reduce the effects of the sub-endocardial dark-rim artefact
[5]. Parallel imaging is the established acceleration technique to shorten
the scan time in clinical routine. However, with higher acceleration
factors parallel imaging techniques regularly face reductions of
signal-to-noise ratio (SNR) [6]. To overcome this limitation, k-t
spatio-temporal models [6] and compressed sensing methods [7] have
been proposed for accelerated data acquisition. The spatio-temporal
redundancy in subsequent frames is typically exploited to recover the
signal of the sub-sampled data in the compressed sensing reconstruction.
This has been successfully demonstrated when the inter-frame motion is
minimal, e.g. for cardiac cine imaging. However, for perfusion imaging
the presence of respiration or irregular heartbeats leads to an increased
anatomical misalignment and, at the same time, reduces the
spatio-temporal redundancy. As a consequence, the resulting images
may suffer from temporal blurring or residual motion artefacts that
impact the diagnostic value of the images. Dense non-rigid motion
models were introduced in the compressed sensing reconstruction to
address this limitation [8-11].

In this study, we prospectively compared a highly accelerated
sequence featuring prospective incoherent sub-sampling (SPARSE) with
a conventional clinical protocol (TurboFLASH) in myocardial first-pass
perfusion and in patients with known or suspected coronary artery
disease. In contrast to previous work, the motion model is calculated
only once and neighboring frames of intermediate reconstructed images
were registered with a diffeomorphic image registration [11,12]. Image
quality was qualitatively and quantitatively assessed analyzing the
contrast dynamics of cardiac perfusion and the diagnostic outcome was
compared to assessment by fractional flow reserve (FFR) in coronary
angiography as reference standard. We hypothesized that SPARSE
perfusion sequence would be comparable to TurboFLASH sequence with
regard to identifying area of myocardial ischemia.

2. Materials and methods
2.1. Study population

The Charité University Medicine ethics board at Charité Campus

Mitte, Berlin, Germany, approved the present prospective single-center
study. Reference number: EA1/081/15. Patients were enrolled consec-
utively upon written informed consent. All patients were scheduled for
coronary angiography due to known or suspected CAD following a
routine adenosine-stress perfusion MR. Exclusion criteria were chronic
renal failure with glomerular filtration rate <30 mL/min/ 1.73m?,
arrhythmia, any cardiac MR or adenosine contraindication or known
adverse reaction from gadolinium-based contrast media. All patients
were instructed to refrain from caffeine-containing substances 24 h
before each examination.

2.2. MR data acquisition

Patients received two separate MR scans prior to coronary angiog-
raphy. All MR exams were conducted using a 1.5T MR system (MAG-
NETOM AvantoFit, Siemens Healthineers®, Erlangen, Germany).
Cardiac synchronization was ensured using a vector ECG. An 18-element
coil array in combination with a 32-element spine array was used for
signal reception. In each MR exam, standard steady state free precession
(SSFP) cine sequences were acquired in left ventricular (LV) long-axis to
assess myocardial anatomy and function. Myocardial perfusion imaging
was planned in three short axis planes covering the basal, mid-
ventricular and apical LV myocardium without overlap and special
emphasis on excluding the LV outflow tract in the basal plane. A native
test perfusion sequence with duration of five heart cycles was performed
to assess artifacts and to correct slice positioning. Upon approval of the
test sequence by an MR experienced physician, adenosine was admin-
istered intravenously at a dose of 140 pg/kg/min. The heart rate was
continuously monitored until the onset of adenosine-induced symptoms
and increase of heart rate occurred. Stress perfusion imaging was per-
formed under free-breathing after intravenous bolus application of 0.1
mmol/kg body weight of gadoteridol (Prohance®, Bracco, Milan, Italy)
followed by 20 ml saline flush. After a 10-min waiting period the
identical perfusion sequence was repeated in the same fashion at rest.
Perfusion data at stress and rest was acquired over 30 consecutive car-
diac cycles and was performed in free breathing. Details on each
perfusion sequence used are described in the next paragraph.

Following another 10-min waiting period, late gadolinium
enhancement imaging was performed using a standard 2D phase-
sensitive inversion recovery sequence (TE: 5.17 ms, flip angle: 30°,
FOV: 400 mm, matrix: 192 x 256 mm, slice thickness: 7 mm without
gap) in short-axis geometry. Inversion recovery pre-pulse delay was
determined using a Look-Locker sequence.

2.3. Perfusion sequence parameters

In the first MR exam, a conventional, motion-corrected 2D Turbo-
FLASH perfusion sequence was used for perfusion imaging while we
used a prototype 2D gradient echo sequence featuring incoherent sam-
pling and compressed sensing imaging reconstruction (SPARSE) in the
second exam. Most of the imaging parameters of both sequences were
matched as shown in Table 1. The increased acceleration of 4.2 in the
prototype sequence was utilized to improve the spatial in-plane reso-
lution from 1.9 mm? to 1.6 mm?. Similar to the highly accelerated cine
acquisition using compressed sensing, the data acquisition of the pro-
totype sequence is sped up using an incoherent phase encoding sampling
pattern along the time axis (Fig. 1). After data acquisition, the coil
sensitivity maps are calculated from the fully sampled region in k-space
center after temporal averaging of the data from all time frames. Com-
pressed sensing image reconstruction was performed using the FISTA
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Table 1
Perfusion sequence parameters. TR = repetition time; TE = echo time; TI =
inversion time; FOV = field of view.

Parameter Unit TurboFLASH SPARSE
Slice thickness [mm] 8 8

TR [ms] 180 162

TE [ms] 1.18 1.18

TI [ms] 110 105
Bandwidth [Hz] 650 650

Flip angle 12° 15°

Matrix [mm] 192 x 152 256 x 194
FOV [mm] 380 x 300 400 x 318
Pixel size [mm] 1.92 x 1.92 1.64 x 1.64

algorithm and using the following minimization scheme:

m = min|[Em — |+ WT], .

m

where E is the MR system matrix consisting of the Fourier transform, the
sampling pattern, and the coil sensitivity maps. The measured data is
denoted by s, m is the reconstructed image, W is a wavelet transform,
and X is the regularization parameter. The non-rigid deformations of the
dense motion model are described in T implementing bilinear interpo-
lation. At the beginning of the iterative optimization, T is initialized as
identity transform, which means that it is turned off. After 20 iterations,
the intermediate reconstructed images are utilized as input for a dif-
feomorphic image registration [6] to calculate the non-rigid deforma-
tion fields. In contrast to [5], the motion model is calculated only once.
(Supplementary Fig. 2) The dense motion model T is updated based on
the computed deformation fields. Subsequently, the motion model is
used to improve the spatio-temporal redundancy during the regulari-
zation step of the compressed sensing reconstruction. In total, the
optimization was run for 40 iterations and with A = 2.:1072 of the
maximum intensity. A preliminary study on a subset of the patient data
(n = 5) was performed with and without usage of the motion model. This
preliminary study showed an improved image quality and a better
visualization of the contrast agent dynamics both qualitatively and
quantitatively, when the motion model was applied in the image
reconstruction. As illustrated in Fig. 2 the reduced misalignment also
reduced the temporal blurring in the images, which allowed a better
depiction of a perfusion deficit. Hence, only the method using the mo-
tion model was applied for image reconstruction of acquired data from
the prototype sequence in the current study.

2.4. Coronary angiography and fractional flow reserve (FFR) assessment

Coronary angiography was performed by an experienced interven-
tional cardiologist using routine techniques. Every major coronary
vessel was acquired in at least two orthogonal views. FFR measurements
were conducted in every coronary vessel >2 mm in diameter that had
visual stenosis >50 % and <90 %. Smaller vessels were considered non-
significant in accordance to established guidelines. FFR was assessed

European Journal of Radiology 131 (2020) 109213

using a 0.014-inch coronary pressure wire. FFR values <0.75 were
considered hemodynamically significant. Subtotally occluded coronary
vessels (visual stenosis >90 %) were considered hemodynamically
relevant without FFR assessment. Coronary angiography was defined as
reference standard for detection of relevant myocardial perfusion defi-
cits in this study. All stenoses were assigned to the appropriate segment
of a modified AHA 16-segment model according to coronary dominance
as published before [1].

2.5. Qualitative image and perfusion analysis

MR images were visually analyzed by three blinded MR experienced
readers (SCMR Level III) using the post-processing software CVI42®,
release 5.6.2 (Circle Cardiovascular Imaging Inc., Calgary, Canada).
General image quality was graded separately for stress and rest perfu-
sion sequences on a scale between 0 and 4 (0 = non-diagnostic, 1=poor,
2=moderate, 3= good, 4=excellent). Basal, mid-ventricular and apical
perfusion plane were segmented into 16 segments according to the 17-
segments-AHA (American Heart Association) model excluding the
furthest apical segment. Each segment was evaluated visually for pres-
ence of dark-rim artifacts and breathing artifacts for both readings.

Visual perfusion assessment was performed for each AHA segment in
order to detect perfusion defects. This was done following published
method [7]: any perfusion defect with >25 % transmurality persisting
for >3 consecutive cardiac cycles that was not present at rest perfusion
and not showing myocardial scar on LGE imaging, was marked as
pathological.

2.6. Semi-quantitative image and perfusion analyses

Using the post-processing software CMR42®, morphologic and
functional LV parameters LV end-diastolic volume (LV-EDV), LV ejec-
tion fraction (LV-EF) and LV mass (LV-M) were assessed on SSFP-cine
long axis views (two- and four-chamber view).

Signal-to-noise ratio before contrast application (SNRpre) and at
myocardial contrast peak (SNRpeak) and contrast-to-noise ratio (CNR)
was assessed as previously described [8].

For semi-quantitative analysis of the perfusion datasets, two
different methods were used. A signal intensity upslope-based model to
estimate a myocardial perfusion reserve (MPR) as previously described
by Nagel et al. [9] Secondly, we used a Fermi function constrained
deconvolution model to quantify MPR. Post-processing was done on an
adapted version of the Mass® Research Software (Version 2016-EXP,
Leiden University Medical Center, Leiden, The Netherlands) to assess
the myocardial blood flow (MBF). The MPR values were calculated as
the ratio of MBF under adenosine stress divided by MBF at rest as pre-
viously established [10]. Semi-quantitative MPR values of remote
myocardium were normalized for improved comparison between
patients.

Fig. 1. Incoherent sampling pattern in the Cartesian phase-encoding direction (ky). The pattern is varied in the temporal dimension (t). The readout direction
is fully sampled so that each dot represents a fully sampled line in the kx direction.
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Incl. motion
correction

Fig. 2. Motion correction model. Exemplary images showing a) reduced voxel misalignment with motion correction resulting in b) better depiction of perfu-

sion deficit.

2.7. Statistical analysis

Statistical analysis was performed using SPSS 17.0 (SPSS, Chicago,
Illinois, USA). Data are expressed as means + standard deviation (SD).
Differences between the two sequences were compared using paired t-
tests. Image quality and artifacts analysis were assessed using Wilcoxon
signed ranks test. Mean values for SNR and CNR were compared using
paired t-test and semi-quantitative perfusion analysis using least squares
regression analysis. The visual assessment was directly compared to the
results in coronary angiography. Interobserver variability was assessed
using intraclass correlation coefficient calculations. Statistical signifi-
cance was defined as p < 0.05.

3. Results
3.1. Study population

We initially consecutively recruited 26 patients, three patients
needed to be excluded from analysis due to arrhythmia (n = 1) and
incomplete data sets (n = 2). 23 patients completed all study exams
successfully and where subject to all further analyses. Mean age of study
participants was 69.6 + 8.9 years, 46 % were female and 50 % had
known CAD. Detailed patient characteristics are listed in Table 2A.

For further patient characterization and to assess comparability be-
tween both MR scans, left ventricular anatomy and function were
assessed at both time points and revealed no significant difference for
LV-EF (57.8 + 8.1 % vs. 58.2 + 7.8 %), LV-EDV (149.2 £+ 25.4 mL vs.
145.1 + 34.8 mL) or LV-Mass (81.0 + 20.8 g vs. 82.0 + 19.0 g). Heart
rate, blood pressure and cardiac output were not different between both
exams as well (see Table 2B). Mean time between both MR scans was 28
+ 28 days, while mean time between last MR scan and coronary angi-
ography was 1 + 3 days.

Table 2

A) Patient characteristics; B) Morphologic left ventricular parameters and
hemodynamics at both MR scans. BMI = body mass index; CAD = coronary
artery disease; PCI = percutaneous coronary intervention, CABG = coronary
artery bypass graft: LVEF = left ventricular ejection fraction; LVEDV = left
ventricular end-diastolic volume; LVM = left ventricular mass.

Parameter Unit Value

Age [Years] 69.6 + 8.9
Sex [abs. male/female] 14/12
BMI [kg/m?] 28.3 + 4.7
Known CAD [abs. / %] 13 /50 %
Previous PCI [abs. / %] 11/42%
Previous CABG [abs. / %] 6/23%
Excluded patients [abs. / %] 3/11%
Parameter Unit MR 1 (TurboFLASH) MR 2 (SPARSE) p value
LVEF [%] 57.8 £8.1 58.2+7.8 0.98
LVEDV [ml] 149.2 + 36.4 145.1 + 34.8 0.13
LVM [g] 81 + 20.8 82.0 £19.0 0.28
Heart rate (rest) [min’l] 68 +12.0 67 +10.0 0.68
Heart rate (stress) [min~] 86 +£11.0 85+ 14.0 0.28
Cardiac Output [1/min] 58+1.3 56+ 1.5 0.09

3.2. Image quality

Subjective image quality score did not significantly differ between
TurboFLASH (2.9 + 0.5) and SPARSE (3.1 £+ 0.6; p = 0.06). Image
quality was good or excellent in 82 % of patients with TurboFLASH and
in 85 % with SPARSE. No perfusion data was rated as bad or non-
diagnostic in either SPARSE or TurboFLASH.

Dark rim (DRA) and breathing artefacts were detectable on both
sequences. However, while TurboFLASH had DRA in 23 % of all inves-
tigated segments, SPARSE only showed DRA in 9 % of the segments.
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DRA were mostly present in basal segments. (See supplementary Fig. 1
and supplementary video files as illustrative examples)

On TurboFLASH perfusion data, 26.8 % of patients had detectable
breathing artefacts, while these were detected in only 7.7 % of SPARSE
perfusion acquisitions.

CNR, SNR before contrast administration (SNRpre) and SNR at
contrast peak (SNRpeak) were significantly higher with the SPARSE
sequence (Table 3).

3.3. Qualitative (visual) perfusion analysis

Mlustrative examples for perfusion defects with TurboFLASH and
SPARSE sequence are shown in Fig. 3 (additional video files available in
supplementary data). At patient level, coronary angiography revealed
hemodynamically relevant coronary stenosis (FFR < 0.75) in 19 patients
(73.1 %). All 19 patients also had visually detectable coherent perfusion
defects in both TurboFLASH and SPARSE sequence. However, on Tur-
boFLASH an additional three patients (11.5 %) had visual detection of
perfusion defects while x-ray angiography as reference standard
revealed FFR > 0.75 for all coronary vessels. Using SPARSE sequence,
only one patient (3.8 %) had false-positive detection of perfusion defects
(Table 4).

Small ischemia (<4/32 segments) was detected in two individuals,
however, both still had relevant coronary stenosis upon FFR measure-
ments. Moderate ischemia (4-8/32 segments) was detected in 16 pa-
tients with TurboFLASH and 15 individuals with SPARSE. Severe
ischemia (>8/32 segments) was found in five patients with TurboFLASH
and six patients on SPARSE.

At segment level, TurboFLASH had a visual perfusion defect sensi-
tivity of 95 % with regards to angiography as standard of reference, for
SPARSE sensitivity was 98 %. Specificity was 93 % for TurboFLASH and
97 % for SPARSE on the segment level.

3.4. Semi-quantitative perfusion analysis

Upslope-based and Fermi deconvolution-based analysis was per-
formed in order to detect perfusion defects through mean MPR. As
illustrated in Fig. 4, upslope-based analysis revealed similarly decreased
MPR values in segments with ischemia on angiography for TurboFLASH
(0.87 £+ 0.18; CI = 0.85—0.90) and SPARSE sequence

(0.78 + 0.26; CI = 0.73—0.83). With a p value of 0.06 there was no
significant difference between both sequences.

Fermi deconvolution-based analysis showed similar results for
ischemic perfusion segments with MPR values of (0.84 + 0.24; CI =
0.81-0.88) for TurboFLASH and (0.76 + 0.30; CI = 0.71-0.82) for
SPARSE (see Fig. 4); p value for comparison of TurboFLASH and SPARSE
was non-significant as well with p = 0.13. Interobserver variability was
good with ICC of 0.83 (95 % confidence interval 0.75—0.89).

Table 3
Signal-to-noise and contrast-to-noise ratios.
Sequence SNRpre P SNRpeak P CNR P
TurboFLASH- 13.21 + 53.74 4+ 40.52
Stress 4.19 +
2131 17.64
<0.001 <0.001 52'12 <0.001
SPARSE- 15.58 + 67.69 + + :
Stress 6.22 32.11 27 44
TurboFLASH- 20.7 £ 48.52 + 27.82
Rest 7.25 16.48 +9.99
21.36 4+ 0.72 51.63 4+ 0.23 30.27 0.09
SPARSE-Rest 8.23 20.77 +
: ’ 13.32

European Journal of Radiology 131 (2020) 109213

4. Discussion

In this study we compared an innovative, highly accelerated
myocardial perfusion sequence featuring prospective incoherent sub-
sampling (SPARSE) with a conventional Turbo-FLASH-based perfusion
sequence in patients with known or suspected coronary artery disease
and utilized FFR measurements in coronary angiography as reference
standard. To the best of our knowledge, this is the first time this tech-
nique was applied in a reference standard-proven setting.

Major insights included: (1) there was no significant difference in
overall image quality comparing both sequences, however, fewer dark
rim and breathing artifacts as well as higher CNR and SNR using SPARSE
were observed. (2) Upon visual perfusion analysis, all relevant coronary
stenosis (FFR < 0.75) were detected in both sequences. However, with
conventional Turbo-FLASH we detected more false-positive regions of
ischemia than in SPARSE. (3) Quantitative perfusion image analysis
showed no difference for both sequences in terms of mean MPR.

Compressed sensing (CS) techniques are promising acceleration tools
for cardiovascular MRI in different types of sequences. They have been
shown to accelerate self-gated cine images with acceleration factors of
up to 15 [13], enabling image acquisition in as few as one cardiac cycle
[14]. Early CS techniques have also been introduced for myocardial
first-pass perfusion imaging and showed good feasibility in small
numbers of animals and healthy volunteers [15,16]. Contrary, CS
perfusion sequences have to our knowledge not been compared with a
conventional Turbo-FLASH sequence and invasive FFR as gold standard.

In this study we found significantly fewer cases of dark rim artifacts
using SPARSE than in Turbo-FLASH (7.7 % vs. 26.8 %). The scan ac-
celeration provided by the CS acquisition enabled an improved spatial
in-plane resolution from 1.9 to 1.6 mm. Previous studies showed a
strong correlation between DRA and spatial resolution and that a high
spatial resolution led to a reduction of these artefacts [17].

DRA represent a major diagnostic obstacle as they may lead to false-
positive ischemia testing and thereby influence the diagnostic accuracy
of the method [18]. This may have been also attributable to this study as
there were three patients with false-positive ischemia testing using
conventional TurboFLASH while only one patient was tested falsely
positive using SPARSE.

Furthermore, less respiratory motion artifacts were observed in the
images acquired with the SPARSE method. This result can be attributed
to the integration of the motion-correction into the CS image recon-
struction. Aligning the individual frames during reconstruction helped
to improve the redundancy along time. Exploiting this enhanced sparsity
during the CS reconstruction lead to an improved image quality. This
observation is in accordance with previous work [9,19,20] where res-
piratory motion-compensated reconstruction also showed a positive ef-
fect on the resulting image quality. At the same time, visual inspection of
the data showed no artificially introduced geometric deformation of the
heart that may be introduced by the non-rigid registration. This is
ensured by utilizing a diffeomorphic image registration providing
inverse-consistent motion fields that were then used for
motion-correction. In addition, the motion-compensation was only
applied during the regularization term, while the data fidelity term
constantly compared the reconstructed image to the actually acquired
data.

While automated quantitative and qualitative perfusion assessment
algorithms are on the research horizon and may prove to serve as a more
objective assessment tool in the future [21,22], today clinical perfusion
assessment is mostly based on visual image assessment. In both se-
quences all patients with ischemic lesions on coronary angiography, also
had identifiable perfusion defects. While this is true on the patient level,
which is clinically most important as any positive non-invasive stress
testing may trigger an angiography, there were difference between
SPARSE and TurboFLASH on segment level with regard to the extent of
an ischemic lesion. When compared to reference standard, 98 % of
true-positive ischemic segment were detected using SPARSE,
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TurboFLASH

Fig. 3. Illustrative examples for perfusion defects with TurboFLASH and SPARSE sequence. White arrows indicate regions of ischemia.

Table 4
Diagnostic accuracy. Cross-table showing number of patients with true/false
positive/negative perfusion readings for each sequence.

TurboFLASH SPARSE
True positive 19 19
False positive 3 1
False negative 0 0
True negative 1 3

TurboFLASH revealed 95 % of ischemic segments correctly. There is a
possibility that this relatively small difference between the sequences
may be attributable to different slice positions due to alternating
breathing pattern or minimal difference in slice planning, however,
image quality analysis suggests that higher CNR and fewer artifacts may
favor SPARSE for more reliable ischemia detection.

In addition to qualitative assessment of ischemia, we also quantita-
tively compared the extent of perfusion defects using two different
evaluation methods - upslope MPR and Fermi deconvolution analysis.
Both methods consistently showed no difference in MPR between Tur-
boFLASH and SPARSE, which is in line with results from other working
groups using different CS perfusion sequences [17,23].

CS techniques can enable an increased, if not full, myocardial wall
coverage on stress perfusion imaging. This may further enhance diag-
nostic accuracy for relevant CAD since even smaller ischemic lesions

may become detectable. Other groups have shown hints for additional
accuracy benefits for whole heart coverage using 3D perfusion se-
quences [24,25]. Large clinical trials such as MR-INFORM [26] have
demonstrated that stress perfusion imaging even in three short axis
myocardial planes is non-inferior to invasive FFR measurements with
respect to detection of prognostically relevant myocardial ischemia.
However, decreased spatio-temporal resolution and high variability of
results remain obstacles to overcome [27]. In the present study sequence
parameters for SPARSE and TurboFLASH were chosen similarly to allow
for comparison. Future studies are necessary to evaluate additional
benefits of increased myocardial coverage and further increased
spatio-temporal resolutions with SPARSE and other CS perfusion
techniques.

4.1. Conclusion

CS perfusion sequences such as SPARSE are non-inferior to conven-
tional perfusion sequences with regard to diagnostic performance of
myocardial stress perfusion MR imaging. They may add additional
benefit by overcoming the current spatiotemporal resolution limit while
providing sufficient myocardial CNR and reducing subendocardial dark-
rim artifacts.
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TurboFLASH

Ischemic | | |
Segments | 1

Non-ischemic _|
Segments

Upslope MPR
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SPARSE

0.3 0.5 0.7 0.9 1.1 1.3

1.5 014 03 05 07 09 11 13 15

Ischemic | | |
Segments | |

Non-ischemic_| | |
Segments | |

Fermi MPR

Non-ischemic Ischemic p value p value
Sequence (Non-ischemicvs. (TurboFLASH vs.
segments segments ischemic) SPARSE)
TurboFLASH 1.00 £0.01 0.87 £0.01 <0.001
Upslope MPR 0.06
SPARSE 1.00 £ 0.02 0.78 £0.02 <0.001
TurboFLASH 1.00 £ 0.01 0.84 £ 0.02 <0.001
Fermi MPR 0.13
SPARSE 1.00 £ 0.02 0.76 £ 0.03 <0.001

Fig. 4. Quantitative perfusion analysis. Non-ischemic and ischemic segments refer to reference standard (FFR). MPR = myocardial perfusion reserve; FFR =

fractional flow reserve.
4.2. Limitations

This trial was performed in a single-center setup with one single 1.5T
MR system. The time interval between the two cardiac MR exams was
relatively long due to healthcare system-related approval delays.
Sequence parameters were not equal between both tested sequences (i.e.
voxel size and image reconstruction method) which may significantly
affect SNR and CNR comparability. Quantification of perfusion was only
performed in a semi-quantitative fashion since we did not apply the
dual-bolus technique.
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