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Abstract

Background

Late gadolinium enhancement (LGE) imaging is validated fagribsis and quantification of
myocardial infarction (MI). Despite good contrast betweesar @nd normal myocardium,
contrast between blood pool and myocardial scar camlited. Dark blood LGE sequences

attempt to overcome this issue.
Purpose

To evaluate T1 rho preparedllp) dark blood sequence and compare to blood nulled PSIR

(BN) and standard myocardium nulled PSIR (MN) for detectioch quantification of scar.
Study type

Prospective

Population

30 patients with prior Mi

Field Strength/Sequence

Patients underwent identical 1.5T MRI protocols. FollowingineuLGE imaging a slice with
scar, remote myocardium and blood pool was selected. IESERvas repeated with inversion
time set to null myocardium (MN), to null blood pool (BN) anp FIDDLE in random order.
Assessment:

3 observers. Qualitative assessment of confidence sgorssar detection and degree of
transmurality. Quantitative assessment of myocardialreaas (grams), and contrdsthoise

ratio (CNR) measurements between scar, blood pool andantdjom.

Statistical Tests:



Repeated measures ANOVA with Bonferroni correction, @oefit of variation, Cohemn

statistic.
Resaults:

CNRscar-bloodVas significantly increased for both BN(27.1+10.4) @&mg(30.2+15.1) compared

to MN(15.3+8.4 P<0.001 for both sequences). There was no signitldéerence in CNRear-

myo between BN(55.9£17.3) and MN(51.1+17.8 P=0.512); both had significanglyethi
CNRscar-myccompared to th&1p(42.6+16.9 P=0.007 and P=0.014 respectively). No significant
difference in scar size between LGE methodsN(R128+1.58¢ BN(2.16+1.57g) and
T1p(2.29+2.5g) Confidence scores were significantly higher for BN(3.87+0.346pemed to

MN(3.1+0.76 P <0.001) an#@i1p(3.20+0.71 P<0.001).
Data Conclusion:

PSIR with TI set for blood nulling and thelp LGE sequence demonstrated significantly
higher scar to blood CNR compared to routine MN. PSIR withséfl for blood nulling
demonstrated significantly higher reader confidence scorapared to routine MN and@1p
LGE, suggesting routine adoption BN PSIR approach might be appropriate for LGE

imaging.
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Introduction

Late gadolinium enhancement imaging (LGE) is both diagnéstimyocardial infarction as
well as prognostic in patients with ischaemic heart dis€&s8). The presence of late
enhancement has been shown to confer increased risk @f alerse cardiovascular events
(MACE) and cardiovascular mortality above and beyondadirand angiographic findings (1,
4). Furthermore, the transmural extent of myocardiérction (MIl) demarcated on LGE
imaging accurately identifies the likelihood of myocardwahctional recovery following
revascularisation (2, 5). Clinical progress has teduh a reduction in the number of fa&al-
segment elevation myocardial infarctions (STEMYwever this has led to increased numbers
of patients living with ischaemic scar. Thus accurate nalstbdscar quantitation/transmurality

assessment are required to guide revascularisation decaidrior prognostication (6)

LGE imaging is typically performed 10-20 minutes following @&ustration of a gadolinium-
based contrast agent, by a two-dimensional (2D) inversiavery (IR) spoiled gradient echo
sequence (7). Conventionally this is preceded by a Look-Lasauence enabling the MR
operator to set an appropriate inversiong(TI) to null normal myocardium, and thus give
high contrast betweefbright scarred myocardium (where gadolinium contrast agent is
retained), and the daek healthy myocardium. Phase sensitive inversion reco(eBIR)
sequences have been developed to overcome the need toyodcsse the correct Tl to null
the normal myocardium (8A large proportion of infarctions are sub-endocardialabse
ischaemia causes a wavefront-phenomena of necrosaffiets the sub-endocardial fibres of
the myocardium first (9). Despite good contrast betwssar and normal myocardium,
contrast between blood pool and myocardial scar can bedingading to uncertainty for the
reporting clinician as to the precise location of therddood pool interface, which then can

impact on the assessment of the transmural exteheadar.



Several dark blood sequences have been described thgttatiesmercome the issue of poor
contrast between contrast enhanced blood pool and sub-eshdba#earction by addition of
extra magnetization pulses (¥). FIDDLE (Flow-Independent Dark-blood DelLayed
Enhancement) incorporates an additional magnetispt@&paration prior to the inversion pulse
in a PSIR LGE sequence (16, 17). Numerous radiofrequency (Bpamation types may be
employed, such a$lirho (T1p), T2 preparation, additional inversion pulses @&ttp is the
decay rate of magnetisation during application of a Rkl fapplied parallel to the net
magnetisation of spins, in the rotating frariMore complex composite RF preparations for
T1p weighting can be used to compensate for variations in the B1 field, and BO inhomogeneity.

The preparation pulse incorporates a spin locking time {8ting which T1p decay occurs
(18). Then standard LGE imaging follows. The magnetisation pagpa effects a different
starting value for the magnetisation of tissues bef@& limaging. Then when LGE image
acquisition immediately follows, adjusted contrast riesaetween these tissues. In each case,
the intention is that blood pool remains the most nmgletely recovered longitudinal
magnetization compared to the other tissues of intehest,yielding the lowest signaldak
blood - in the PSIR LGE image. A PSIR reconstruction reducesitbéty to inversion time
precision and removes the risk of tissues with differ€ht relaxation times appearing
isointense. Recently a method usigtandard PSIR sequence with the inversion time set to
null the blood pool rather than the myocardium was dsesdrin a group of 9 patients (19).
This method, albeit in a small number of patients, leonfaroved scar to blood Contrast to

Noise ratio (CNR) and improved reader confidence.(19)

The aim of this study was to prospectively evaluate alribieFIDDLE dark blood sequence

and compare this to the recently described blood nulled EBNIRand the standardlinical’



myocardium nulled PSIR (MN) technique for the detection gunahtification of scar in the

setting of ischaemic heart disease.

M ethods
Study population

Patients with prior myocardial infarction were receditbetween April 2017 and June 2017.
Myocardial infarction was confirmed by cardiac biomarkelsctrocardiography and coronary
angiography (20). Inclusion criteria were agE8 years, no contra-indication to contrast-
enhanced cardiaMRI, glomerular filtration rate >60mL/min/1.73n3. Patients with atrial
fibrillation, non-MR compatible implants, renal failuoe claustrophobia were excluded. The
study was performed in accordance with the Declaratibtetsinki, approved by the National

Research Ethics Service, with all patients providingrmfed written consent.

Cardiac MRI data acquisition

CardiacMRI was performed on a 1.5 Tesla Philips Ingenia system (Bhilgalthcare, Best,
The Netherlands) equipped with a 28 channel digital recewi and patient-adaptive RF
shimming. Image acquisition included survey images, assessfrmagocardial function using
standard SSFP cine imaging (spatial resolution 1.09x1.09x8mneard@&c phases TR/TE
3.0/1.48ms, flip angle 40 field of view 360-360mm, SENSE acceleration) and 2D LGE
imaging. For LGE imaging, an intravenous bolus of 0.15mmaj&dobutrol (Gadovist®,
Bayer Inc.) was administered. At 10 minutes post-conttt@stpptimal inversion time to null
the myocardium was determined by a Look-Locker sequenceute 2D breathhold phase
sensitive inversion recovery sequence with 12 slicesrcmvthe full LV (thickness 10mm, no

gap, repetition time 6.1 ms/echo time 3.0 ms, flip angle 25%heagerformedising a spoiled



GRE readout and the 12 slices were acquired in separatb-bmdds.A single short axis slice
that included scar, remote healthy myocardium and blood paolhea selected, and a repeat
Look-Locker sequence was performed for this slice to re{cordppropriate inversion times
for tissues of interesThe selected short axis slice was then re-acquired usnB3$IR LGE
sequence with the inversion time set to null myocardiurN)Nhe inversion time set to null
the blood pool (BN) and @1p FIDDLE sequence. A dedicated noise scan (identical pulse
sequence without excitation pulses) was performed aftér €ame acquisition, in order to
enable accurate measurement of the signal-noise (&9%l TheT1p-prepared and the two
standard PSIR sequences were all performed in randomtoraenid systematic bias caused

by differences in contrast washout.

Imaging parameters were as follows:

2D breath-hold phase sensitive inversion recovery sequentted2vslices covering the full
LV, thickness 10mm, no gap, repetition time 6.1ms, eche 8rims, flip angle 25°, field of
view 300x300mm, matrix 127/256, acquiriedplane resolution 1.59x2.20nimeconstructed
to 0.91x0.91mrh effective SENSE factor 2.2. The turbo factor was 20 Gts$hwith an
acquisition duration of 123.3ms. The receiver bandwidth wa2 250px. The same sequence
was used for both the single slices of the MN and theM@Nthe TI set to null myocardium

and blood pool respectively.

For the T) FIDDLE sequence, th€1p preparation employed a ABO and B1 insensitive spin

lock (21) consisting of 90SLy,18Q,,SL-y,90« pulses as seen in Figure 1, with the two spin lock
(SL) pulses using a locking frequency of 500Hz. The spin look\wias 40ms. The SL pulses
with opposed phase compensate for B1 variation, and theab&80 pulse compensates for

BO inhomogeneity. Following th&1p preparation routine the standard PSIR sequence is



Cardiac MRI data analysis

CardiacMRI data were analysed quantitatively using commercially avaikditware (CV142,
Circle Cardiovascular Imaging Inc. Calgary, CanadaR d&ta analysis of the three types of
LGE images was performed blinded in random order by a cagisbObserver 1 with gears
cardiac MRI experience). For all patients, quantitatinalysis was performed again 4 weeks
later to assess intra-observer variability and to assemsdbserver variability for all patients
by a second (Observer 2 with 3 years cardiac MRI éxpeg) and third cardiologist (Observer
3 with 3 years cardiac MRI experienc&pr volumetric analysis, endocardial borders were
traced on the LV cine stack at end-diastole and end-syst@ialculate end diastolic volume
(EDV), end systolic volume (ESV), stroke volume (SV) ajettion fraction (EF). Contours

were traced to exclude papillary muscles and trabeculations.

Image analysis
Qualitative L GE assessment

Maximum scar transmurality was visually assessadg a 5 point scale (0=no LGE, 1=1-25%,
2=26-50%, 3=51-75%, 4=76-100%). Confidence in scar detection gneledef transmurality

was assessed using a 4 point scale (1=non-diagnodtiey,Z2=moderate, 4=high confidence).

Quantitative L GE assessment



Quantitative assessment of the myocardial scar burdenpedsrmed using the semi-
automated full-width half-maximum method (threshold of 50%hef maximum intensity
within the scar) which has been proposed as the mosidegpble method (22, 23). On the
2D BN, MN andTlp LGE short-axis images endocardial and epicardial costowere
manually outlined (excluding trabeculations and papillary hesycmanual delineation of two
separate user-defined regions of interest (ROIs) werertfagle on the LGE short axis slice
where infarcted myocardium was present. One ROI was drasemiote myocardium (where
no scar was present); a second ROl was drawn within hypewsthanyocardium where
infarcted myocardium was present. Scar tissue mass ggmaas then calculated on the BN,

MN andT1p LGE LV short axis slice based on these ROIs.

CNR measurement

ROIs were drawn on each single slice MN, BN, drg LGE images in areas of hyper-
enhancement, a remote area of normal myocardium, aihe inlood pool. ROIs contained at
least 30 pixels, aside from the areas of hyper-enhancevhent size of the ROl was governed
by the size of the scar. A further ROI covering therertV myocardium was drawn on the
corresponding noise image, the standard deviation of th@ésumement was then used to
calculate CNR measurements. CNR was calculated agithefrthe difference in mean signal
intensity between ROIs on the LGE images to the standardtievof signal intensity in the
whole LV ROI from the separate noise image. CNR was akediffor difference between scar
and blood pool (CNRar-bioog, Scar and myocardium (CNR-my9 and between blood and

remote myocardium (CNJRod-myq.

Statistical analysis



Continuous variables are expressed as means + SD. Ceddgariables are expressed as N
(%) or proportions. Normality of data was tested using piEnaVilk test Repeated measures
ANOVA with post hoc Bonferroni correction was used to corapaeans of the three groups.
P<0.05 was considered statistically significant. Coefficeinvariation was used to assess
interobserver and intraobserver variability for scae.s Cohenk statistic was used for

interobserver and intraobserver agreement for traradityurassessment and the image
confidence score. Statistical analysis was performed UIBMgSPSS® Statistics 22.0 (IBM

Corp., Armonk, NY).

Results

Study population

A total of 30 patients (26/30 male, mean age 63.8+10.7 years; nwla?6B+3.6kg/m; mean
LV ejection fraction 47+11%; LVEDV 167+53ml; LVEDVi 87+25mifylVSV 75+17ml/nf;

LVESV 92+48nl) were prospectively examined.

MR imaging

Imaging using routine PSIR, blood nulled PSIR drig were successfully completed in all
patients with no imaging failures. There was no significdifference in time of image
acquisition between the three pulse sequences (MN 17:58+0.58m)inuBN

18.07+£0.47minutesl'1p 18.11 +0.46minutes P=1 between all.)

Qualitative image analysis

Transmurality assessment
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The transmural extent was deemed significantly larger ilBth€66 + 346) andT1p (66
36%) compared to MN 48 = 37%P<0.001 compared to both BN afidp). Interobserver
agreement for transmurality assessment was excelleatl imethods (observer 1= 0.81
(MN), 0.95 (BN), 0.85 Tlp) observerl:3x=0.846 (MN), 0.901 (BN), 0.90QT1p)).

Intraobserver agreement for transmurality assessmestalga good or excellent for all

methods € = 0.70 (MN), 0.85 (BN)T1p 0.85(T1p)).

Confidence scores for assessment of transmurality

No images were deemed non-diagnostic. Confidence scoresigmeifecantly higher for BN
(3.87 £ 0.346) compared to MN (3.10 + 0.76 P <0.001)Bind(3.20 =+ 0.71 P<0.001), there
was no difference in confidence scores Tdp compared to MN (P=0.977Interobserver
agreement was excellent for the three methods (obsk2er0.843 (MN) 0.865 (BN), 0.870
(T1p) observer1:%=0.839 (MN), 0.896 (BN), 0.74@'1p)). Intraobserver agreement was also
excellent for all three methods £ 0.948 (MN), 0.839 (BN), 0.86&'1p)). In one patient both

BN and T) identified sub-endocardial scar that was mistakendutffow tract by both readers

on the MN LGE image (figure; 2urther representative images are seen in figures 3 and 4).

Quantitative image analysis

Scar size

There was no significant difference in scar size betvike three LGE methods: MN (2.28 +
1.589 BN (2.16 + 1.57g) and'lp (2.29+ 2.5g) (MN:BN P=0.066, BNE1p P=0.385, MN:

T1p P=1). Interobserver coefficient of variation was gémrdall three methods (Observer 1:2

MN 9.32%, BN 7.63%,T1p 9.40% Observer 1:3 MN 8.86%, BN 7.09%]p 9.45%)

11



Intraobserver coefficient of variation for scaresiwas also good for all three methods (MN

7.36%, BN 7.39%T1p 9.18%)

CNR analysis

The CNRcar-bioodvas significantly increased for both the BN (27.1 + 10.4)taed'1p (30.2
15.1) compared to the MN (15.3 = 8.4 P<0.001 for both sequencgsjgMB) There was no
significant difference in CNRar-mydetween BN (55.9 £17.3) and MN (51.1 + 17.8 P=0.512);
these both had significantly higher CNRmysccompared to th&1p (42.6 + 16.9 P=0.007 and
P=0.014 respectively). The CMRd-myo Was significantly higher for MN compared to BN
(28.0 £ 12 P<0.001); CNJRod-myowas also significantly higher for both MN and BN compared

to T1p (13.6 £ 7.2 P<0.001 for both sequences).

Discussion

The main findings of this study are: i) both PSIR withs&t for blood nulling and th&1p
LGE sequence demonstrated significantly higher scar to bldiitlc@mpared to routinkIN;

i) PSIR with TI set for blood nulling demonstrated sigrafitly higher reader confidence
scores compared to both routine MN and the nd¥elLGE sequence iii.) quantitative LGE

scar size measurement showed no statistical diffetseteecen the three LGE methods.

Current conventional LGE imaging using IR and PSIR spoiledigma echo sequensegive
high resolution images that are firmly established as ¢fierence standard for viability
imaging by cardiacMRI. Accurate determination of transmurality is vitéd guide
revascularisation; currently howevarsignificant limitation is that of the limited contrast

between hyperenhanced scar and residual contrast in the bd ptmol. Several previous

12



studies have used a variety of different preparatiorepulsicluding T2 preparation, double
and triple inversion recovery, arlp with spin locking to produce dark or black blood LGE
images (1616). Most recently focus has been concentrated on usi@gaeparation pulse to
null the blood pool; Basha et al noted a significantlyaased signal ratio between scar to
blood using a T2 preparation pulse sequence versus a standarglomuwecovery LGE
sequence (24). Furthermore, recently a non-breath heldwmodrrected method using an
inversion recovery T2 preparation combined with SSFP ingagemonstrated an increase in
CNR of 13% for scar to blood comparedstandard IR LGE sequence (15). This sequence has
subsequently been assessed in 172 patients and identifieccaigiyfimore LGE compared to
standard LGE imaging (25). Most of these sequences currentgim research investigations
and are vendor/platform specific and are yet to see maanstcénical adoption. The recent
study by Holtackers et al demonstrated an increased scar tbdaotrast when nulling blood

in a standard PSIR pulse sequence, without the need foroaddipreparation pulses (19).

Both theT1p and blood nulling PSIR LGE images in our study significainttyeased the CNR
between scar and blood pool compared to routine myocardillmgnPSIR images. Notably
this only led to an increased reader confidence in the BNhdbdtowever for th&1p sequence
despite this increased CNR. The lower confidence scoreékdd1p compared to thBN are
likely representative of the lower CNRd-myo for the T1p compared to th®&N leadingto
difficulty in ascertaining the true anatomy of the ledntricle (distinction between remote
myocardium and blood pool); this finding suggests that high &iNiRods not the only facet
necessary for high reader confidenthe anatomy of the ventricle can potentially be derived
from the previously acquired SSFP images and transposedhenid images in order to
clarify scar location; this however would add time to readearpnéetation. ThaBN images

retain the excellent image quality that characteriseimteuD MN PSIR images, whilst

13



increasing the confidence of the reader for the ideatibn of scar border Quantitatively
derived scar size was not significantly different betwiénenthree LGE methods despite the
two dark blood methods objectively identifying greater transhextent of scar to the two
readers Other LGE studies have demonstrated an increase in igeausing dark blood
sequences, however these have been by visual assessryeat using less conventional
methods of LGE quantitation (19, 25). There is no histoldgicaelation for these findings

this corroborates those seen previously where histalbgarelation was performed (17)

This study compared PSIR with blood nulling and myocardiutinguto a dark blood
sequence using additional preparation pulses. A primary bemé¢fie BN method is that the
acquisition used in pulse sequence is already establishegtime clinical use and requires no
additional magnetisation pulses to perform. Importantlys makes it simple for standard
clinical adoption as it requires very little radiograph@rician training to employThis is in
contrast to the recently described T2 sequence that ledtomacative doubling of acquisition
time for a stack of 9 short axis slices (typically 12 shais slices are acquired suggesting this
length of time would increase further) (185 cardiadMIRI becomes ever more established in
clinical guidelines efficient workflow in cardiddRI departments is vital especially given that
viability assessment is currently the third highest irtibcafor cardiacMRI assessment in

Europe (26).

In this study, we only used single slices and did not coveertiee ventricle with the three
different acquisitions. This approach however minimisedithe elapsed between acquisition
of the different sequences and consequent reduced theebsdrange in CNR to be due to

the washout kinetics of the gadolinium contrast agdmre was no true histological reference

14



standard to compare the actual presence or size of semtatkty the three sequences
consequently small areas of apparent enhancement dbes single pulse sequence could be

artifactual. A further limitation is that there were oslyall numbers of patients.

In conclusion, bottBN images andl'lp increase CNR for scar to blood compared to MN
images with the Tl set to null the myocardium. Rouaeption of the blood nulled PSIR
would seem appropriate as reader confidence is heightengraiceirto MNimages and T1p
sequencesas this LGE sequence is already in clinical use it reqtitkestraining to enable

widespread clinical implementation.
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Figure L egends

Figure 1. shows the T1 rho preparation for the FIDDLE] pulse sequence

Figure 2 A, B, C (Patient 1) shows a small sub-endocardial amtgrfiarct imaged with each

of the pulse sequences.is Tlp, Bis MN and C is Bl. B shows limited contrast between the
blood pool and scar and it could be mistaken for outflow traeéreas in C the scar is clearly
apparent. A demonstrates increased contrast betweeargtaiood pool but limited contrast

between myocardium and blood pool.

Figure 3.A, B, C (Patient 2) shows an acute inferior infarctiorhwiV involvement and
microvascular obstruction (MVO). B is MN compared to Ad& (T'1p and BN respectively)
it is difficult to discern the extent of the RV infamti D, E and F (Patient 3) show an acute
lateral infarction with extensive MVO imaged withp, MN and BN respectively. It is difficult

to discern the papillary muscle MVO except in THe (D).

Figure 4. shows 2 patients with chronic infarction imaget wdgtch of the pulse sequences: A

and D arel'lp, B, E is MN and C, F BN.

Fig 5. show CNR for the respective sequencBownward lines of the asterisked (*) bars

demarcate significant difference between the CNRs ofagective pulse sequesce
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