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Background: This study aims to examine scar detectability using dark-blood late gadolinium enhancement 
(LGE) with simplified timing scheme and fixed parameters comparing to two conventional bright-blood 
approaches in patients with known or suspected coronary artery disease. 
Methods: Three LGE techniques were performed in all patients with known or suspected coronary artery 
disease at 3 T: dark blood two-dimensional (2D) phase-sensitive inversion recovery (PSIR) preceded with a 
T2-preparation pulse (DB-LGE), conventional three-dimensional (3D) gradient-echo inversion recovery 
(3D-IR) and conventional 2D PSIR. Timing parameters in DB-LGE were tested in five clinically confirmed 
coronary artery disease patients with scars and fixed for the rest of the study. Two independent readers 
evaluated images at both patient and segment levels. Image quality and contrast ratio between scar and 
adjacent tissues were assessed. Concordance between the three techniques and detection rate based on expert 
consensus were reported. 
Results: Forty-six patients were recruited in the study (average age 66.8 years, 69.6% male). DB-LGE 
demonstrated superior image quality (P=0.001 vs. 3D-IR) and scar-to-blood contrast ratio (P<0.001 vs. 3D-
IR and PSIR). Among 41 patients with suspected coronary artery disease, myocardial scar was present in 30 
patients (73.2%), all detected by DB-LGE, yielding a detection rate of 100% compared to 93.3% and 96.7% 
for bright-blood 3D-IR and PSIR. For subendocardial scar detection among 656 segments, DB-LGE had a 
detection rate of 99.4% compared to 57.8% for 3D-IR and 61.0% for PSIR (both P<0.001). 
Conclusions: DB-LGE improves detection of myocardial scar compared with conventional bright-blood 
LGE techniques, particularly of subendocardial scar. 
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Introduction

Detection and assessment of myocardial scar is crucial in 
diagnosis, prognosis and treatment guidance in patients 
with suspected or known coronary artery disease (CAD) 
(1-5). Cardiac magnetic resonance (CMR) by using late 
gadolinium enhancement (LGE) is considered the standard 
for scar detection (6,7), presenting a hyperenhancement 
pattern to be distinguished from viable myocardium. Despite 
various efforts to improve the acquisition technique for 
spatial resolution or coverage (8,9), one important limitation 
of LGE CMR is that myocardial scar and ventricular blood 
pool are often hyperenhanced to a similar degree following 
administration of contrast agent (6,7). This may lead to poor 
delineation and interpretation of infarcted myocardium, 
particularly in the subendocardial area, as it is immediately 
adjacent to the bright left ventricle (LV) cavity (10). 

Recent technical advances in dark-blood (DB) LGE 
CMR provide improved tissue delineation with signal 
suppression of the blood pool based on T2-preparation 
pulse that is relatively independent from the blood flow 
velocities (11-15). However, they require additional scout 
scans to visually or manually determine the optimal imaging 
parameters for the DB sequence. In addition, these new 
techniques are not generally available on all clinical systems, 
and all DB-methods are currently not standard of care in 
routine examinations. 

In this study, we sought to examine scar detectability 
using DB-LGE in comparison to conventional bright-blood 
methods in patients with suspected CAD, and to further verify 
the principle on 3 T with simplified timing scheme based on 
fixed parameters for accommodation in a clinical setup. 

We present the following article in accordance with the 
STARD reporting checklist (available at https://dx.doi.
org/10.21037/qims-21-704).

Methods

Study population

The study population comprised consecutive patients older 
than 18 years with known or suspected coronary artery 
disease who were referred for stress CMR. Additional 
inclusion criteria included: (I) history of previous 

myocardial infarction; (II) abnormal left ventricular wall 
motion from previous echocardiogram or CMR; (III) left 
ventricular ejection fraction (LVEF) less than 50% from 
previous echocardiogram or CMR. Patients who presented 
at least one of these conditions were recruited to increase 
the chance of having myocardial scar. We excluded patients 
with claustrophobia and those who could not complete 
CMR examination. This study was conducted in accordance 
with the Declaration of Helsinki (as revised in 2013). This 
study was approved by the Siriraj Institutional Review 
Board (SIRB) of the Faculty of Medicine Siriraj Hospital, 
Mahidol University, Bangkok, Thailand. All patients 
provided written informed consent prior to participation. 

CMR imaging

All patients underwent CMR function, perfusion and LGE 
acquisitions at 3.0 T (Ingenia, Philips Healthcare, Best, The 
Netherlands) using standard torso and posterior receiver 
coils. For LGE imaging the previously introduced DB 
method (15) with two-dimensional (2D) phase-sensitive 
inversion recovery (PSIR) preceded by a T2-preparation 
(T2-prep) pulse was employed. A simplified timing scheme 
with 35 ms T2-prep echo time and 150 ms inversion delay 
time (TI) was adapted on 3 T according to literature reports 
(16,17). This was first tested in five clinically confirmed 
CAD cases with documented scars (Figure 1) and was then 
fixed for the rest of the patient cohort. It was compared 
with two widely used bright-blood LGE scan protocols: 
conventional three-dimensional (3D) gradient-echo 
inversion recovery (3D-IR) that was routinely performed 
in our hospital, and conventional 2D PSIR. The imaging 
parameters are summarized in Table 1. All three techniques 
were applied in a randomized order in the study population, 
and all LGE images were acquired at end diastole during 
breath-holding obtained 10 to 15 minutes after injection of 
0.2 mmol/kg of gadobutrol (Gadovist, Bayer HealthCare 
Pharmaceuticals, Leverkusen, Germany) contrast medium.

Qualitative assessment: scar detection and confidence 
reading

CMR analysis was done in a blinded fashion to the clinical 
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Figure 1 DB-LGE CMR method used in this study. (A) Imaging pulse sequence diagram of a phase-sensitive inversion recovery (PSIR) with 
a T2-preparation pulse (16,17). A simplified timing scheme with fixed parameter (T2-prep 35 ms and TI 150 ms) were set according to five 
documented CAD patients with scars and fixed in the rest of the study. (B) Signal curve of DB-LGE showing the blood pool (red) is nulled 
according to the chosen timing scheme, whereas the scar signal (blue) has recovered due to much shortened T1. (C) DB-LGE images (above) 
obtained by using the aforementioned timing scheme and parameters with comparison to conventional PSIR (bottom) in five documented 
CAD patients. CAD, coronary artery disease; CMR, cardiac magnetic resonance; DB, dark-blood; LGE, late gadolinium enhancement.
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findings by two readers (Y Kaolawanich and S Nakyen) 
with more than 10 years’ experience in CMR. All three 
LGE methods were evaluated in a random order without 
knowing the findings of the other CMR techniques for (I) 
scar presence, (II) location, and (III) extent. Scar location 
refers to a per-segment analysis of its presence in the left 
anterior descending artery (LAD), left circumflex artery 
(LCX) or right coronary artery (RCA) territories based 
on a 17-segment model according to the American Heart 
Association (18), excluding the apical cap. Scar extent was 
assessed by the transmurality index with grade 1 (1–25% of 

the wall), grade 2 (26–50%), grade 3 (51–75%) and grade 4 
(76–100%). Consequently, grade 1 and 2 were classified as 
non-transmural (≤50%), while grade 3 and 4 as transmural 
(at least 51%). For scar presence and transmurality, two 
independent readers performed first-line reading. In 
case of disagreement, it was resolved by a third reader (R 
Krittayaphong). 

Confidence in scar detection and associated image quality 
was assessed using a 5-point scale: 1 = non-diagnostic with 
significant artifact, 2 = minimally diagnostic with strong 
artifact, 3 = diagnostic with moderate artifact, 4 = high 
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diagnostic confidence with minimal artifact, 5 = excellent 
diagnostic confidence with no artifact. CMR images were 
analyzed on the ISP workstation (IntelliSpace Portal 9.0, 
Philips Healthcare, Best, The Netherlands).

Consensus between all three readers was used as gold 
standard. This in combination of the per-segment analysis 
allowed comparative assessment taking scar location into 
account at both patient and segment levels for the presence 
or absence as well as the pattern of the myocardial scar. In 
addition, scar detection rate is defined as the rate of scars 
detected by each individual technique compared to the 
expert consensus as gold standard. 

Quantitative assessment: contrast ratio (CR)

For quantitative scar analysis, regions of interest (ROIs) 
were manually drawn on slices, where scar was identified, 
in areas of scar hyperenhancement, a remote area of normal 
myocardium, and in the blood pool. For calculation of the 
signal ratio (SR) and CR, the manufacturer’s applied scaling 
in the stored DICOM data was removed by converting the 

data to floating point values as this reflects the true magnetic 
resonance (MR) signal range directly after reconstruction. 
A linear intensity correction was applied to compensate for 
the negative value in the PSIR images (19) and relative SR 
was calculated referencing to the normal myocardium. For 
scar, SRscar = [(Sscar + 2,048))/(Smyocardium + 2,048)]·100−100, 
where Sscar indicated signal intensity of the ROI in arbitrary 
units. These were applied for all three LGE methods with 
no scaling for comparison purpose. Subsequently, CR was 
derived for the difference of the relative signal between scar 
and blood pool (CRscar-blood = SRscar − SRblood), between scar and 
normal myocardium (CRscar-myo), and between blood and 
normal myocardium (CRblood-myo). 

Statistical analysis

Continuous data with normal distribution are presented as 
mean ± standard deviation (SD) and as median (interquartile 
range) with non-normal distribution. Discrete data 
are presented as number (percentage). Scar presence, 
confidence reading, general image quality was evaluated 

Table 1 Imaging parameters of the LGE methods in the study

Method
Conventional bright-blood LGE Dark-blood LGE

3D-IR PSIR DB

Basic sequence 3D gradient-echo IR 2D PSIR 2D T2-prepared PSIR

FOV (mm2) 270×270 270×270 270×270

Matrix size 152×148 168×207 168×207

Pixel size (mm2) 1.78×2.19 1.61×1.74 1.61×1.74 

Slice thickness (ACQ) (mm) 10.0 8.5 8.5

Slice thickness (REC) (mm) 8.5 – –

Slice gap (mm) 0 0 0

# of slices 10 10 10

Echo time (TE) (ms) 1.17 3.00 3.00

Repetition time (TR) (ms) 3.5 6.1 6.1

Flip angle (degree) 15 25 25

Inversion time (TI) (ms) 200–300 300–400 150

T2-prep TE (ms) NA NA 35

Parallel imaging acceleration SENSE 2.5 SENSE 1.3 SENSE 1.3

Breathhold time (s) ap. 20 ap. 16×10 ap. 16×10

ap., approximately; LGE, late gadolinium enhancement; IR, inversion recovery; PSIR, phase-sensitive inversion recovery; FOV, field of 
view; 3D, three-dimensional; 2D, two-dimensional; mm, millimeter; ACQ, acquired; REC, reconstructed; NA, not available.
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using Friedman test, while CR was analyzed by repeated 
measures ANOVA. Intra- and inter-observer agreement 
was evaluated by Kappa (κ) analysis. A P value of less than 
0.05 was considered statistical significance. The data were 
analyzed using SPSS Statistics version 23 (SPSS, Inc., 
Chicago, IL, USA). 

Results

Patient characteristics 

Clinical characteristics of the patients are shown in Table 
2. Average age of the entire cohort at CMR exam was 
66.8±10.2 years, 30.4% female in a total of 46 patients, 
and mean LVEF was 48.7%±18.8%. Among 41 patients 
with suspected coronary artery disease, myocardial scar 
was identified in 30 patients (73.2%) according to expert 
consensus based on findings of all LGE techniques. Detailed 
findings of cardiac function and perfusion were analyzed but 
not reported here as they are not part of this study. 

Scar detection and transmurality 

LGE using routine 3D-IR, PSIR, and proposed DB 
method were successfully completed in all 46 patients 
with no imaging failures. No images were deemed non-
diagnostic with significant artifact. General image quality 
was rated highest in DB-LGE (3.91±0.63) compared 
to 3D-IR (3.51±0.76, P<0.001) and PSIR (3.83±0.72, 
P=0.376). Confidence scores for scar detection were 
significantly higher for DB-LGE (4.33±0.57) compared 
with 3D-IR (3.74±0.82, P<0.001) and PSIR (3.97±0.78, 
P=0.025). In general, the blood pool was completely and 
consistently nulled in all cases in DB-LGE. While the 
normal myocardium was partially nulled, scar showed 
hyperenhancement, which improved tissue delineation and 
visual inspection, in comparison to 3D-IR and PSIR. Figure 
2 exhibits case images in a series of exams with myocardial 
scar. In Figure 2A and Figure 2B slight Gibbs ringing artifact 
at the edge of the blood pool and myocardial wall in both 
3D-IR and PSIR (arrows) was not visible in DB-LGE. In 
addition, aliasing artifacts that obscured scar visualization 
(short arrows) was also clearly not evident in the blood 
suppressed images. 

Inter- and intra-observer agreement for scar presence 
was excellent for all methods (κ ≥0.87, P<0.001). 3D-IR 
tended to have relatively lower inter-observer agreement 
for scar transmurality detection (0.652 at the patient level 
and 0.562 to 0.739 at the segment level), compared to PSIR 
(0.826 at the patient level and 0.648 to 0.727 at the segment 
level) and DB (0.778 at the patient level and 0.729 to 0.761 
at the segment level). Details can be seen in Tables 3,4. 
Intra-observer agreement of LAD.

Subendocardial scar assessment
Examples of DB-LGE demonstrating better assessment 

Table 2 Patient characteristics of the study cohort 

Variables Mean ± SD or n (%)

Clinical characteristics 

Age (years) 66.8±10.2

Male gender 32 (69.6)

Weight (kg) 69.2±10.4

Height (cm) 164.0±8.0

Body mass index (kg/m2) 25.8±4.1

Hypertension 28 (60.9)

Diabetes mellitus 16 (34.8)

Hypercholesterolemia 28 (60.9)

Smoking 4 (8.7)

Prior myocardial infarction 8 (17.4)

Prior revascularization 10 (21.7)

History of chest pain 16 (34.8)

History of dyspnea 16 (34.8)

History of heart failure 7 (15.2)

Beta-blockers 23 (50.0)

Calcium antagonists 8 (17.4)

Nitrates 6 (13.0)

ACEI/ARB 18 (39.1)

Antiplatelet 20 (43.5)

Statins 27 (58.7)

CMR variables

LVEF (%) 48.7±18.8

LVEDVI (mL/m2) 107.9±40.5

LVESVI (mL/m2) 61.6±43.5

LVMASSI (g/m2) 57.8±21.5

ACEI, angiotensin converting enzyme inhibitor; ARB, angiotensin  
receptor blocker; CMR, cardiac magnetic resonance; LVEF, left 
ventricular ejection fraction; LVEDVI, left ventricular end-diastolic 
volume index; LVESVI, left ventricular end-systolic volume index; 
LVMASSI, left ventricular mass index; SD, standard deviation. 
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Figure 2 Typical cases of 3D-IR, PSIR and DB-LGE in patients referred to CMR for evaluation of coronary artery disease (CAD). 
(A,B) Fifty-three-year-old and 74-year-old male patients presenting transmural scar at the inferior wall, and anterior and anteroseptal 
wall, respectively. Arrows: Gibbs artifact manifested as ringing at the edge of the blood pool and myocardial wall (A,B); short arrows: 
inhomogeneous blood pool caused by image artifacts; white arrows: clear evidence of the scar without presence of the artifacts in DB 
images. (C-E) Three patients with subendocardial scar: (C) scar at the anterior and anteroseptal wall (arrows) in a 62-year-old male patient 
was visible in all three techniques but better delineated in DB images; (D) areas of scar were more conspicuous in DB images (white arrows) 
demonstrating multi-vessel involvement in a 73-year-old male patient at the inferior, inferoseptal and inferolateral wall, both with triple 
vessel disease; (E) scar at the anteroseptal wall was visible only in DB images (white arrows) in a 77-year-old female patient. AR, anterior 
right; F, foot; FPR, foot posterior right; CMR, cardiac magnetic resonance; 3D-IR, three-dimensional gradient-echo inversion recovery; 
DB, dark-blood; LGE, late gadolinium enhancement; PSIR, phase-sensitive inversion recovery.
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Table 4 Myocardial scar detection using 3D-IR, PSIR and DB-LGE techniques (n=46). Intra- and inter-observer agreement was reported by 
Kappa analysis

Analysis level
Intra-observer agreement Inter-observer agreement

3D-IR* PSIR* DB* 3D-IR* PSIR* DB*

Patient level

Scar presence 1.000 0.870 0.869 0.948 0.893 0.945

Scar transmurality 0.942 0.943 1.000 0.652 0.826 0.778

Segment level

LAD

Scar presence 0.939 0.880 0.828 0.562 0.648 0.729

Scar transmurality 1.000 1.000 1.000 0.665 0.815 0.725

RCA

Scar presence 1.000 0.680 0.932 0.739 0.635 0.761

Scar transmurality 0.929 1.000 1.000 0.533 0.704 0.692

LCX

Scar presence 0.823 0.471 0.702 0.642 0.727 0.746

Scar transmurality 0.842 0.842 0.721 0.495 0.326 0.496

*, P values <0.001. 3D-IR, three-dimensional gradient-echo inversion recovery; PSIR, two-dimensional phase-sensitive inversion recovery; 
DB, dark-blood; LGE, late gadolinium enhancement; LAD, left anterior descending coronary artery; RCA, right coronary artery; LCX, left 
circumflex artery.

Table 3 Myocardial scar detection using 3D-IR, PSIR and DB-LGE techniques (n=46). Qualitative assessment of image quality and scar reading

Assessment parameters 3D-IR PSIR DB P value

Scar presence, n (%) 33 (71.73) 34 (73.91) 35 (76.08) 0.223

Confidence score for scar reading, mean ± SD 3.74±0.82 3.97±0.78 4.33±0.57 <0.001a,b,c

Image quality, mean ± SD 3.51±0.76 3.83±0.72 3.91±0.63 <0.001a,b

a, significant difference between 3D-IR and PSIR; b, significant difference between 3D-IR and DB; c, significant difference between PSIR 
and DB. 3D-IR, three-dimensional gradient-echo inversion recovery; PSIR, two-dimensional phase-sensitive inversion recovery; DB,  
dark-blood; LGE, late gadolinium enhancement; SD, standard deviation.

of subendocardial scar than conventional bright-blood 
LGE methods are shown in Figure 2C,2E for 3 selected 
patients. In Figure 2C, a subendocardial scar is clearly 
present at anterior and anteroseptal wall for all techniques 
(arrows), whereas its extent is better appreciated due to 
better tissue contrast and lack of image artifacts. The multi-
vessel involvement seen in the DB images of Figure 2D 
is difficult to assess in the bright blood image (arrows). A 
subendocardial scar of the anteroseptal wall at the basal 
level (arrows) seen in DB-LGE in Figure 2E may have been 
missed entirely in the 3D-IR and PSIR images. 

Detection rate
Among 30 identified scar cases according to the reader 
consensus (73.2% of 41 patients), two were missed by 3D-
IR or PSIR, both rated as minimally diagnostic with low 
detection confidence. Figure 3 illustrates the performance 
of DB and bright-blood LGE CMR for detection of 
myocardial infarction (MI) based upon reader consensus (41 
patients, 656 segments). Overall, all techniques had a similar 
detection rate at the patient level, while DB had a highest 
rate for subendocardial scar detection (99.4%), followed by 
PSIR (61.0%, P<0.001) and 3D-IR (57.8%, P<0.001). 
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Figure 3 Scar detection rate of DB-LGE at patient and segment levels comparing to conventional bright-blood LGE using 3D-IR and 
PSIR. (A) Patient level. (B) Segment level of all scars. (C) Segment level of subendocardial scars. DB, dark-blood; 3D-IR, three-dimensional 
gradient-echo inversion recovery; LGE, late gadolinium enhancement; PSIR, phase-sensitive inversion recovery.

Scar-tissue contrast

The CR (%) between scar and blood CRscar-blood was 
significantly higher for DB (51.9±19.8% compared with 3D-
IR (13.1±10.6%), P<0.001) and PSIR (14.0±10.0%, P<0.001). 
There was no significant difference for CRscar-myo and CRblood-

myo among all three techniques (Figure 4). 

Discussion

This study evaluated DB-LGE using an adapted approach 
based on T2-prep PSIR (15) and segmented T1-weighted 
gradient-echo readout with a simplified timing scheme with 
fixed parameters on 3 T, with comparison to two widely 
used bright-blood protocols. The results demonstrate 
that consistent blood suppression in LV and higher scar-
blood contrast in DB-LGE improves scar detection in 
patients with known or suspected CAD, particularly in 
subendocardial scars, associated with higher confidence 
and easier interpretation. The proposed approach does 
not require additional scout scans, ROI measurements 
or prolonged acquisition, which have benefits for scan 
operation and clinical workflow (20).

Scar visibility with dark blood

Currently we use 3D segmented-gradient-echo inversion-
recovery (3D-IR) sequence (7) in our clinical routine, which 
covers the entire heart within one single but relatively long 

breathhold. PSIR images show contrast enhancement over a 
wide range of values and make nulling of normal myocardium 
less dependent on the chosen TI, with relatively longer 
scan time due to alternating RR-triggered acquisition (9).  
So far, several methods have been proposed to increase the 
scar-blood contrast including double inversions (21,22), 
magnetization transfer (11,23), and T2-prepared techniques 
(12,15). While a detailed explanation and comparison of 
these techniques are given in the recent review article (24), 
similar approaches based on T2-preparation so far (12,15) 
require additional steps before DB-LGE including scout 
scan and manual ROI drawing to determine the timing 
parameters as well as manual entry of myocardial and blood 
pool T1 in sequence user interface (12-15). This process 
typically takes about one minute and is an added level of 
complexity in the clinical workflow. The approach applied 
in this work is adapted from the same principle using user-
independent parameter setting with fixed values for 3 T. The 
inversion time and T2-prep echo time were selected based 
on the testing results in 5 clinically confirmed CAD cases 
with scars at the initial phase of this study for differentiation 
of scar and blood contrast that share a similar T1 but 
different T2 values. In all patients, DB-LGE exhibited 
consistently nulled blood. With myocardial scar much 
brighter than the blood pool, it improves scar-blood contrast 
and more readily allows for robust scar-blood delineation. 
As a result, general image quality was highest in DB-LGE 
compared to 3D-IR and PSIR. This also improves scar 
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Figure 4 Tissue contrast ratio (CR) in 3D-IR, PSIR and DB-LGE 
CMR. (A) Contrast ratio between scar and blood (CRscar-blood). (B) 
Contrast ratio between scar and normal myocardium (CRscar-myo). (C) 
Contrast ratio between blood and normal myocardium (CRblood-myo).  
CMR, cardiac magnetic resonance; 3D-IR, three-dimensional 
inversion recovery; DB, dark-blood; LGE, late gadolinium 
enhancement; PSIR, phase-sensitive inversion recovery.

visualization and leads to significantly higher confidence in 
scar detection than conventional 3D-IR and PSIR. Recently, 
DB-LGE techniques without additional magnetization 
preparation are proposed, which have achieved similar 
results at both 1.5 and 3 T (16,17). A direct comparison is 
not included in the present work and should be investigated 
in the future studies.

Scar detection rate of DB-LGE 

Overall detection rate of myocardial scar was higher in 
DB-LGE comparing to the standard 3D-IR and PSIR 
at both patient and segment levels. This is in accordance 
with its highest confidence and quality rating. 3D-IR tends 
to interpret more scar as transmural. This is likely due to 
its lower spatial resolution and associated partial volume 
effect, particularly at areas close to the ventricular apex (25).  
Although PSIR has a higher spatial resolution, its similar 
signal enhancement degree between myocardial scar and 
blood pool after contrast bolus injection, is deemed as 
the main difficulty in detecting infarcted myocardium, 
particularly in the subendocardial area, as also observed in 
conventional IR-based LGE (6,7,10). This is overcome by 
DB-LGE with improved scar-blood contrast, which has 
yielded highest detection rate (99.4% vs. 57.8% for 3D-
IR and 61.0% for PSIR, P<0.001) for subendocardial scar 
(Figure 3). For the two cases, where no scar was seen in 3D-
IR or PSIR, DB-LGE revealed positive scar reading and 
was in consistency to the findings from CMR perfusion and 
coronary angiography demonstrating myocardial ischemia 
and significant coronary artery disease, as seen in Figure 5.

Scar-tissue contrast 

Scar-to-blood contrast is deemed as one of the most 
important factors to interpret myocardial scar. Using CR, we 
have shown that DB-LGE exhibited highest value between 
scar and blood (51.9%±19.8%), significantly better than 
that in bright-blood LGE (13.1%±10.6% for 3D-IR and 
14.0%±10.0% for PSIR, both P<0.001, Figure 4). We did 
not measure contrast-to-noise ratio (CNR) directly, because 
this requires obtaining separate noise maps in each patient to 
account for influence from parallel imaging or compressed 
sensing reconstruction (17,26) which will prolong the 
examination times. Figure 6 shows one example of the 
conventional PSIR and DB images using T2-prep PSIR in 
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a patient with subendocardial scar. A marked difference of 
contrast difference between scar and blood with better border 
delineation to the LV cavity for DB-LGE is illustrated in 
the corresponding schematic plot (Figure 6B). The measured 
relative signal profiles referencing to normal myocardium in 
the same example also demonstrates a clearly improved CR 
between scar and blood (CRscar-blood), as seen in Figure 6C. 
Although scar-to-myocardium and blood-to-myocardium 
contrasts were slightly lower in DB-LGE compared to the 
other bright-blood techniques, the differences were not 
statistically significant and this was deemed not to influence 
image interpretation or scar detection, as reflected by the 
highest qualitative scores in image quality assessment and 
confidence reading for DB images. 

Limitations 

Whilst we have derived detection rate of DB-LGE based 
on expert consensus, there is no histological confirmation 
of myocardial scar performed. While recent studies 

have reported an excellent correlation of DB-LGE with 
histopathological specimen and provided measures on 
diagnostic performance (11,27), future studies validating the 
findings using the proposed method against histology would 
be of great value (7,28), though it is difficult to achieve in a 
clinical setup. Scar size was evaluated as transmural extent 
of myocardial wall thickness and was not used as a metrics 
for comparison in this study. Though different methods 
for quantitative size measurement have been seen in the 
published studies (11,12,26), there is no consensus and 
one cannot verify which method is more accurate. We did 
not study the effect of arrhythmia or fat signal or cardiac 
implants on DB-LGE image quality. While all patients in 
our study were in sinus rhythm during the examination, 
fat signal with similar T1 relaxation time to scar could 
potentially lead to false positive and further investigation 
incorporating robust fat saturation or separation is needed. 
For patients with pacemakers or implantable defibrillators, 
a wideband version of this LGE sequence could help to 
mitigate potential off-resonance artifacts and would be of 

Figure 5 Myocardial scar not visible in conventional bright-blood images but detected by DB-LGE CMR. (A) Subendocardial scar at the 
interventricular septum in a 74-year-old female patient clearly demonstrated in the DB image and minimally visible in PSIR (arrows), while 
completely missed in 3D-IR. The patient had a history of coronary artery bypass graft surgery presented with a recent history of non-ST-
segment elevation myocardial infarction. CMR perfusion showed myocardial ischemia at anteroseptal wall and lateral wall (arrows), while 
coronary angiogram showed occlusion of saphenous vein graft to circumflex artery and diffuse disease of left anterior descending artery after 
the distal anastomosis. She underwent successful stenting at LCX, while ischemia in the anteroseptal wall was treated with medication. (B) 
Areas of scar at the interventricular septum in a 66-year-old female patient only evident in the DB image (arrows). The patient had a recent 
history of with paroxysmal atrial fibrillation and atypical chest pain. CMR perfusion showed anterior wall and anteroseptal wall ischemia 
(arrows), consistent with LAD coronary artery disease. The angiogram showed significant proximal LAD stenosis. PCI with drug eluting 
stenting was successfully performed. AR, anterior right; F, foot; CMR, cardiac magnetic resonance; 3D-IR, three-dimensional inversion 
recovery; DB, dark-blood; LAD, left anterior descending coronary artery; LGE, late gadolinium enhancement; LCX, left circumflex artery; 
PCI, percutaneous coronary intervention.
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Figure 6 An illustrative case with comparison between bright-blood PSIR and DB-LGE CMR for detection of subendocardial scar. (A) 
Typical image appearance with presence of a subendocardial scar at the inferior and inferolateral wall in the same patient. (B) Simplified 
schematic diagram based on A demonstrating visual perception of tissue contrast. (C) Relative signal ratio profiles normalized to 
myocardium showing clearly improved scar-blood contrast ratio (CRscar-blood) for DB (straight) compared with bright-blood (dotted) PSIR, 
though myocardium-blood (CRblood-myo) and myocardium-scar contrast ratios (CRscar-myo) were slighted lower for DB compared with PSIR 
(details see text). For calculation of the signal ratio and contrast ratio, the manufacturer’s applied scaling in the stored DICOM data was 
removed by converting the data to floating point values as this reflects the true MR signal range directly after reconstruction. No additional 
scaling was applied for comparison between the LGE methods. CMR, cardiac magnetic resonance; DB, dark-blood; LGE, late gadolinium 
enhancement; PSIR, phase-sensitive inversion recovery.

interest in the future. DB images were only acquired in the 
short-axis planes, as was the case for 3D-IR that is currently 
routinely used in our hospital. Nevertheless, it would be 
interesting to observe DB-LGE in the other cardiac planes 
for scar detection and delineation. Last but not least, fixed 
timing parameters were applied for the DB-LGE approach 
in this work. These were weighted to prioritize nulling the 
LV blood pool based on clinically confirmed scars on 3 T at 
the initial phase of this study. This might lead to suboptimal 
blood suppression in certain cases, such as in the right 

ventricle (RV) cavity, where T1 of the deoxygenated blood 
is shorter than the LV blood (15). In particular, the selection 
of the timing parameters was not to achieve specific scar-
blood ratio, similar as in the other proposed methods  
(11-17,23,25,28). This could be done via patient-specific, 
data-driven or even machine learning-aided optimization (20),  
in which case full automation may be expected to address 
challenge in routine clinical workflow and to minimize 
additional examination times. Given these limitations, 
larger studies in patients are warranted to further assess 
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the diagnostic value and clinical impact of DB-LGE for 
scar detection, particularly in comparison to other existing 
methods either without additional magnetization preparation 
(16,17) or in free-breathing (29) or 3D imaging (30). 

Conclusions

In patients with suspected CAD, DB-LGE results in 
higher confidence in myocardial scar detection with 
increased overall image quality on 3 T. This approach 
allows improved scar detection, particularly in detecting 
subendocardial scars, compared to the current standard 
bright-blood methods, and thus may be of potential value 
in patient management of coronary artery disease. Future 
comparison to other available techniques in large clinical 
cohorts are warranted.
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