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ABSTRACT
Background: Microvascular obstruction (MVO) and
intramyocardial haemorrhage (IMH) are associated with
adverse prognosis, independently of infarct size after
reperfused ST-elevation myocardial infarction (STEMI).
Mitral annular plane systolic excursion (MAPSE) is a
well-established parameter of longitudinal function on
echocardiography.
Objective: We aimed to investigate how acute
MAPSE, assessed by a four-chamber cine-
cardiovascular MR (CMR), is associated with MVO,
IMH and convalescent left ventricular (LV) remodelling.
Methods: 54 consecutive patients underwent CMR at
3T (Intera CV, Philips Healthcare, Best, The
Netherlands) within 3 days of reperfused STEMI. Cine,
T2-weighted, T2* and late gadolinium enhancement
(LGE) imaging were performed. Infarct and MVO extent
were measured from LGE images. The presence of IMH
was investigated by combined analysis of T2w and T2*
images. Averaged-MAPSE (medial-MAPSE+lateral-
MAPSE/2) was calculated from 4-chamber cine
imaging.
Results: 44 patients completed the baseline scan and
38 patients completed 3-month scans. 26 (59%)
patients had MVO and 25 (57%) patients had IMH.
Presence of MVO and IMH were associated with lower
averaged-MAPSE (11.7±0.4 mm vs 9.3±0.3 mm;
p<0.001 and 11.8±0.4 mm vs 9.2±0.3 mm; p<0.001,
respectively). IMH (β=−0.655, p<0.001) and MVO
(β=−0.567, p<0.001) demonstrated a stronger
correlation to MAPSE than other demographic and
infarct characteristics. MAPSE ≤10.6 mm
demonstrated 89% sensitivity and 72% specificity for
the detection of MVO and 92% sensitivity and 74%
specificity for IMH. LV remodelling in convalescence
was not associated with MAPSE (AUC 0.62, 95% CI
0.44 to 0.77, p=0.22).
Conclusions: Postreperfused STEMI, LV longitudinal
function assessed by MAPSE can independently
predict the presence of MVO and IMH.

INTRODUCTION
Following reperfused acute myocardial
infarction (AMI), the left ventricle (LV)

undergoes structural adaptations both within
and outside of the infarct zone, referred to
as LV remodelling. In approximately 30% of
patients, coronary reperfusion is associated
with microvascular obstruction (MVO).1

KEY QUESTIONS

What is already known about this subject?
▸ Microvascular obstruction and intramyocardial

haemorrhage are independent adverse prognos-
tic markers after reperfused ST-elevation myo-
cardial infarction.

▸ Both these pathological process affect predom-
inantly the subendocardium.

▸ Subendocardial myocardial fibres are predomin-
antly longitudinal and mainly contribute to the
global left ventricular longitudinal function.

▸ Mitral annular plane systolic excursion (MAPSE)
is a marker of left ventricular longitudinal
function.

What does this study add?
▸ Left ventricular longitudinal function assessed

by MAPSE is independently associated with
microvascular obstruction and intramyocardial
haemorrhage.

▸ Acute left ventricular longitudinal function does
not demonstrate association with adverse left
ventricular remodelling.

▸ A cut-off of 10.6 mm for averaged-MAPSE was
89% sensitive and 72% specific for the detec-
tion of microvascular obstruction and was 92%
sensitive and 74% specific for the detection of
intramyocardial haemorrhage.

How might this impact on clinical practice?
▸ MAPSE can be evaluated at bedside by routine

echocardiography and is associated with the
presence of prognostic bioimaging markers.

▸ High-risk patients identified with MAPSE may
benefit from further more detailed imaging
assessment.

▸ Further research is needed to evaluate how this
patient group should be managed.
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Reperfusion may also lead to intramyocardial haemor-
rhage (IMH) in the infarct core2 associated with extrava-
sation of blood.3 MVO and IMH are associated with
adverse prognosis and adverse LV remodelling, inde-
pendently of infarct size.4–6

Acute myocardial ischaemia initially affects the suben-
docardium and progresses to the subepicardial layers in a
‘wave front’ manner.7 8 Similarly, MVO and IMH predom-
inantly affect the subendocardial layer. Endocardial fibres
are structurally longitudinal fibres9 and therefore pre-
dominantly contribute to longitudinal contractile func-
tion of the LV.10 MVO and IMH are therefore likely to
affect predominantly longitudinal function11 (figure 1).
Mitral annular plane systolic excursion (MAPSE) is a

well-established and easily obtained echocardiographic
parameter for the assessment of longitudinal function
and has been shown to correlate with LV systolic func-
tion.12 Post-AMI, MAPSE has prognostic importance in
the risk stratification of patients, for example, a MAPSE
of <8 mm is associated with a >3× higher incidence of
hospitalisation and mortality (p=0.0001).13

Traditionally, longitudinal functional assessment using
MAPSE has been based on M-mode transthoracic echocar-
diography. It can also be evaluated from a standard four-
chamber cardiovascular MR (CMR) cine image. CMR-based
MAPSE is easily measured, reproducible and strongly cor-
relates with the echocardiographic equivalent.14 15

We sought to investigate the effect of MVO and IMH
on MAPSE in patients with acute STEMI and to deter-
mine correlations of CMR derived MAPSE with other
markers of adverse outcome.

METHODS
Patient selection
Patients presenting with first ST-segment elevation AMI
who were revascularised by primary percutaneous coron-
ary intervention (PPCI) within 12 h of onset of chest
pain were prospectively recruited from a single tertiary
centre. AMI was defined as per current guidelines.16

Exclusion criteria were previous AMI or coronary artery
bypass grafting, cardiomyopathy, estimated glomerular
filtration rate <30 mL/min/1.73 m2, haemodynamic
instability or any contraindication to CMR. The study
protocol was approved by the institutional research
ethics committee and complied with the Declaration of
Helsinki. All patients gave written informed consent to
participate in this study. After PPCI, patients received
standard post-AMI secondary prevention therapy and
were enrolled in a cardiac rehabilitation programme.17

Image acquisition
All patients had CMR imaging at 3.0T (Achieva TX,
Philips Healthcare, Best, the Netherlands) within 3 days
(median 2 days) of their index presentation. A dedicated
32-channel cardiac phased array receiver coil was used.
Cine imaging was performed using a balanced

steady-state free precession (SSFP) pulse sequence with

a spatial resolution of 1.6×2.0×10 mm and 40 phases per
cardiac cycle. A four-chamber cine was planned perpen-
dicular to the ventricular long axis and through the
mitral annular plane and the LV apex.
T2w, T2* and late gadolinium enhancement (LGE)

imaging were performed using the ‘3-of-5’ approach by
acquiring the central 3 slices of 5 parallel short-axis
slices spaced equally from mitral valve annulus to LV
apical cap.18 0.1 mmol/kg gadolinium-DTPA (gadopen-
tetate dimeglumine; Magnevist, Bayer, Berlin, Germany)
was then administered using a power injector (Spectris,
Solaris, Pennsylvania, USA). LGE imaging was per-
formed at 16–20 min following contrast administration.
For each pulse sequence, images with artefact were
repeated until any artefact was removed or minimised.
The highest quality images were used for analysis.

Image analysis
Cine, T2w, T2* and LGE images were evaluated offline
using commercially available software (cvi42 v4.1.5,
Circle Cardiovascular Imaging Inc., Calgary, Canada).
Left ventricular volumes and ejection fraction (EF) were
analysed from cine images using standard methods.19

Infarct location was determined by LGE imaging,
according to standard guidelines.20 The presence and
size of infarction and MVO were measured from LGE
images. Infarct was defined as an area of LGE ≥2 SDs
(SD) above remote myocardium, and infarct volume esti-
mation included any hypointense core. We used the 2
SD method over the full-width halve maximum method
as there is more prognostic data for the 2 SD infarct size
estimation.21 The 2 SD cut-off was chosen for consist-
ency with analysis of T2w images. MVO was defined visu-
ally as a hypointense core within the infarcted zone on
LGE images and planimetered manually. Volumes of
infarct and MVO were calculated from planimetered

Figure 1 Illustration of orientation of myocardial fibres9 in

long-axis view with representation of infarct related zones. LV,

left ventricular.
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areas across the whole LV stack by the modified
Simpson’s method. The presence and extent of myocar-
dial haemorrhage was assessed by combined analysis of
T2w and T2* sequences.8 On T2w images, areas with
mean signal intensity more than 2 SD below the periph-
ery of the area at risk were considered to represent
haemorrhage.22 On the T2* images, the presence of a
dark core within the infarcted area by visual inspection
of the images was used as confirmation of myocardial
haemorrhage. Only when T2w and T2* images showed
concordant findings was an area considered to represent
haemorrhage. Presence of MVO and IMH were scored
in a binominal mode.
For longitudinal functional assessment, the four-

chamber cine images were used (figure 2). A
region-of-interest (ROI) line was drawn across the
medial and lateral mitral annulus as a reference point in
end-diastole ( just after closure of mitral valve). A second
ROI line was drawn across the same plane on an image
taken just after closure of the aortic valve, assessed from
the LV outflow tract cine. The longitudinal distance
between the two lines parallel to the left ventricular
walls was measured for medial and lateral walls. For
MAPSE, three parameters were assessed—septal wall
MAPSE; lateral wall MAPSE and averaged-MAPSE
(medial-MAPSE+lateral-MAPSE)/2).
Longitudinal functional assessment was carried out

independently by two physicians experienced in both
echocardiography and CMR imaging (PG, 5-year experi-
ence; JRJF, 4-year experience). For intraobserver variabil-
ity assessment, one observer (PG) repeated the analysis
after 90-days, blinded to the original results. Patients
with suboptimal four-chamber cine images were
excluded from analysis.

Follow-up scans
Follow-up scans were planned at 3 months following the
indexed event. For analysis, patients were divided into
two groups based on the presence of LV remodelling,
defined by the following: (A) an increase of LV end-
diastolic volume >20% at 3 months’ follow-up scan or
(B) as increase of LV end-systolic volume >20% at
3 months’ follow-up scan.

Statistical analysis
Statistical analysis was performed using IBM SPSS
Statistics V.21.0. Continuous variables are expressed as
mean±SD. Normal distribution for quantitative data was
established using the Kolmogorov-Smirnov test.
Demographic comparisons were performed with an inde-
pendent and paired two-sample t test. For follow-up data,
the paired two-sample t test was used to investigate differ-
ences. Multivariate linear regression was used for vari-
ables with statistical significance from univariate analysis
(p<0.1). The strength of a linear association between two
variables was tested using Pearson’s correlation coeffi-
cient (r). The accuracy of averaged-MAPSE in predicting
presence of MVO and IMH was examined using receiver-
operator characteristic curve analyses, using Medcalc
(v14.12.0). Intra/interobserver variability was tested
using coefficient of variation (CoV). All statistical tests
were 2-tailed; p values <0.05 were considered significant.

RESULTS
Fifty four patients met the inclusion criteria. In five
patients the infarct size was too small for accurate ana-
lysis; in another five patients the four-chamber cine was
of insufficient quality for longitudinal functional analysis

Figure 2 Multiparametric CMR examination of two cases of ST-elevation myocardial infarction. Case 1 (top row): Case of

inferior-lateral MI with presence of MVO on early gadolinium enhancement imaging (A) and LGE (B). IMH within MVO was

confirmed on T2-weighted maps (C) and T2*-maps (D). 4-chamber cine imaging (E) confirmed reduced averaged-MAPSE

(overlay of systolic and diastolic annular position shown in green). Case 2: Case of inferior MI without the presence of MVO (F

and G) or IMH (H and I) and comparatively better longitudinal displacement than case 1 ( J). CMR, cardiovascular MR; IMH,

intramyocardial haemorrhage; LGE, late gadolinium enhancement; MAPSE, mitral annular plane systolic excursion; MVO,

microvascular obstruction.
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due to breathing artefact. Therefore 44 patients were
included in the statistical analysis. Patient characteristics
are shown in table 1. Infarct characteristics on CMR are
listed in table 2. No gender-based differences in
characteristics were present (p>0.1 for all).

Baseline data
The mean EF of the study cohort was 48±10%, septal
MAPSE was 9.6±2.9 mm, lateral-MAPSE 11±2.3 mm and
averaged-MAPSE of 10.3±2.1 mm.
Twenty-six (59%) patients had MVO and 25 had IMH.

No patient had IMH without MVO. Averaged-MAPSE for
patients with MVO was significantly lower than for
patients without MVO (9.3±0.3 mm vs 11.7±0.4 mm;

p<0.001). Similarly, in patients with IMH, MAPSE was
significantly lower than in those without IMH (9.2
±0.3 mm vs 11.8±0.4 mm; p<0.001) (figure 3). On linear
regression analysis, using the variables in table 3, the
presence of IMH (β= −0.65, p<0.001) and MVO (β=
−0.57, p<0.001) demonstrated the strongest association
with averaged-MAPSE (table 3). The size of MVO corre-
lated negatively with averaged-MAPSE (r=−0.420,
p=0.03). Infarct location did not influence
medial-MAPSE (p=0.316), lateral-MAPSE (p=0.770) or
averaged-MAPSE (p=0.391). The area under the curve
(AUC) for determining the presence of MVO by
averaged-MAPSE was 0.84 (95% CI 0.70 to 0.93;
p<0.001) and for IMH was 0.88 (95% CI 0.77 to 0.96;
p<0.001) (figure 4). The optimal cut-off value deter-
mined by the Youden index for averaged-MAPSE was
10.6 mm for the detection of MVO (sensitivity 88.5%
and specificity 72.2%) and IMH (sensitivity 92.0% and
specificity 73.7%).23

Follow-up data
Thirty-eight of 44 patients underwent day-90 CMR, while
six patients refused follow-up scans. All 38 patients scans
were of good quality and could be analysed. All patients
had complete resolution of MVO and IMH on 90-day
scans. Infarct volume reduced from 14.1±11.8 mLs at base-
line to 8.2±6.7 mLs (p<0.001) at follow-up. As compared
to baseline, EF improved by 21±22% and averaged-MAPSE
improved by 28±22% (p<0.001 for each). On linear regres-
sion analysis taking into account day-2 CMR parameters
(LVEDV, LVESV, averaged-MAPSE, MVO, IMH), LVESV at
day-2 showed the strongest correlation with day-90 EF
(r=0.717, p<0.001).
Of 38 patients with follow-up data, 9 patients (24%)

demonstrated adverse left ventricular remodelling. LV
remodelling showed no significant association with day-2
averaged-MAPSE (AUC 0.62, 95% CI 0.44 to 0.77,
p=0.22) (figure 4C).

Observer variability
On intraobserver analysis, the means of septal MAPSE
(8.52±2.2 mm vs 8.54±2.1 mm; p=0.87, CoV 4%),
lateral-MAPSE (9.97±2.2 mm vs 9.99±1.9 mm; p=0.92,
CoV 5.9%) and septal MAPSE (9.24±1.8 mm vs 9.27
±1.8 mm; p=0.88, CoV 4.1%) were similar.
On inter observer analysis, the means of septal MAPSE

were (9.1±2.4 mm vs 9.3±2.2 mm; p=0.49, CoV of 8.3%),
lateral-MAPSE (11.1±2.4 mm vs 11.5±2 mm; p=0.37, CoV
8.4%) and averaged-MAPSE (10.4±1.8 mm vs 10.1
±1.8 mm; p=0.25, CoV 5.9%).

DISCUSSION
This study demonstrates that longitudinal LV function
measured by averaged-MAPSE on CMR is strongly asso-
ciated with the presence of MVO and IMH. Moreover,
the size of MVO adversely affects averaged-MAPSE.
MAPSE is a well-established and endorsed parameter

of global LV longitudinal function in echocardiography.

Table 1 Patient characteristics

Patient characteristic

n 44

Age, years 58.3±11.4

Male 37 (84%)

Body mass index, kg/m2 28.2±3.5

Current smoker 24 (55%)

Hypertension 11 (25%)

Hypercholesterolemia 13 (30%)

Diabetes mellitus 6 (14%)

Pain to balloon time, min (median (IQR)) 213 (268)

TIMI flow grade 0 or 1 pre-PCI 40 (91%)

TIMI flow grade 3 post PCI 42 (95%)

Peak troponin I, ng/L (median) >50 000

Peak CK, IU/L (median (IQR)) 615 (1510)

Infarct territory

Anterior 20 (45%)

Inferior 18 (41%)

Lateral 6 (14%)

Data as mean±SD or n (%) unless indicated.
CK, creatine kinase; PCI, percutaneous coronary intervention;
PPCI, primary percutaneous coronary intervention; TIMI, flow
grades based on results of the Thrombolysis In Myocardial
Infarction trial.

Table 2 Infarct characteristics at baseline

Characteristic First Scan

Ejection fraction, % 48±10

LV EDVi, mL/m2 82±16

LV ESVi, mL/m2 42±12

LV indexed mass, g/m2 65±14

LGE infarct volume, mL 15±12

LGE MVO volume, mL 3±5

MAPSE (septal) 9.6±2.9

MAPSE (lateral) 11±2.3

MAPSE (averaged) 10.3±2.1

MVO present 26 (59%)

n=44. Data as mean±SD. LV measurements are indexed to body
surface area, infarct volumes are unindexed.
LGE, late gadolinium enhancement; LV, left ventricular; LV EDVi,
left ventricular end diastolic volume (indexed); LV ESVi, left
ventricular end systolic volume (indexed).
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A lower absolute value of MAPSE in post-AMI is a poor
prognostic marker.12 Previous studies using speckle
tracking echocardiography in AMI patients have shown
that MVO determined on CMR adversely affects global
longitudinal strain (GLS) on echocardiography.24 25

However, with current technology, there remains
marked variability in GLS depending on the measure-
ment algorithms on the vendor’s software and also on
the sample volume definition. Therefore, no specific
vendor independent normal ranges are provided in
current American and European guidelines.26 MAPSE,
on the contrary, is a vendor independent parameter of
global longitudinal function, which can also be

measured from standard cine CMR images.27 Limited
data are available in the literature on the association of
MAPSE assessed by CMR to MVO and none for IMH.
This study demonstrated that reduced averaged-MAPSE
is associated the presence of MVO/IMH.
Myocardial deformation, including global longitudinal

function (GLS), can also be studied on CMR using
strain measurements derived from tissue tagging or
feature tracking (FT). Tagging derived strain requires
longer scanning time and both methods need dedicated
postprocessing software to analyse the data. In a
post-AMI study comparing tagging to FT-derived strain,
FT-derived strain was quicker to analyse, tracked

Figure 3 Box-plot of averaged-MAPSE with or without the presence of (A) MVO or (B) IMH. IMH, intramyocardial haemorrhage;

MAPSE, mitral annular plane systolic excursion; MVO, microvascular obstruction.

Table 3 Univariate and multivariate analysis of longitudinal parameters of LV function to CMR derived clinical and prognostic

markers

MAPSE (septal)

p value

MAPSE (lateral)

p value

MAPSE (averaged)

p value (β)

UV MV UV MV UV MV

Demographics

Age 0.36 0.11 0.13

Sex 0.27 0.44 0.74

Smoking history 0.79 0.86 0.77

Hypertension 0.64 0.65 0.94

Hypercholesterolemia 0.81 0.69 0.95

Diabetes mellitus 0.002 0.006 0.60 0.01 0.05

CK 0.26 0.72 0.33

Pain-balloon time 0.0 0.004 0.26 0.45

CMR parameters

Anterior infarct 0.33 0.91 0.54

LVEDVi 0.95 0.97 0.98

SVi 0.06 0.187 0.27 0.06 0.207

Ejection fraction 0.02 0.246 0.09 0.82 0.01 0.293

Infarct mass 0.11 0.49 0.48

Infarct volume 0.69 0.23 0.35

MVO 0.002 0.415 0.001 0.36 <0.01 (−0.57) 0.229

IMH <0.01 <0.01 <0.01 <0.01 <0.01 (−0.65) <0.001

CK, creatine kinase; CMR, cardiovascular MR; IMH, intramyocardial haemorrhage; LV EDVi, left ventricular end diastolic volume (indexed);
MAPSE, mitral annular plane systolic excursion; MV, multivariate; MVO, microvascular obstruction; SVi, systolic volume (indexed); UN,
univariate.

Garg P, Kidambi A, Foley JRJ, et al. Open Heart 2016;3:e000337. doi:10.1136/openhrt-2015-000337 5

Coronary artery disease



myocardium better, had better interobserver variability
and stronger correlations with infarct and oedema.28

Furthermore, similar to echocardiography, there
remains significant intervendor and intersoftware vari-
ability in FT-derived strain.29 Hence, MAPSE remains the
quickest, vendor-software independent and reproducible
method to assess GLS from routinely acquired cine
images.
Our data confirm previous observations of a weak

association of LV remodelling with LV global longitu-
dinal function,30 31 due to the fact that longitudinal
function of the LV is driven mainly by the endocardial
fibres (figure 1). Also, longitudinal fibres contribute
only 19% to the total stroke volume of the LV versus
circumferential fibres which contribute 43%.32 Hence,
even though MAPSE may be more adversely affected in
patients with MVO or IMH, MAPSE does not necessar-
ily result in LV remodelling. LV remodelling is directly
proportional to the infarct transmural extent and
hence more related to strain parameters, which involve
more mid, and epicardial fibres, for example, circum-
ferential strain.

Clinical implications
Our findings have potential clinical implications and
suggest that MAPSE can be performed easily on stand-
ard cine CMR images, without the need for additional
MR tissue characterisation techniques (T2W and T2*)
and analysis methods. As shown, MAPSE can potentially
predict the presence of MVO/IMH early after primary
PCI for STEMI. MVO and IMH are independent histo-
pathological and cardiac imaging markers of adverse
prognosis and their early detection from routinely
acquired CMR images by MAPSE may help tailor appro-
priate pharmacological interventions. Patients with previ-
ous history of allergy to gadolinium-based contrast or
patients with end-stage renal failure may also benefit
from this technique to predict the likelihood of pres-
ence of MVO or IMH. MAPSE can also be evaluated by
bedside M-Mode echocardiography in post infarct
patients and it could potentially act as a gatekeeper for
further assessment by CMR.

Study limitations
The study sample size is relatively small and the results
are therefore mainly hypothesis generating. In this study,
we also excluded patients who were unstable post PPCI
(higher Killip class, not able to lie flat because of short-
ness of breath and use of invasive monitoring). These
patients are more likely to represent a higher risk group
with more adverse prognosis. In our study population,
the majority of patients with MVO had IMH and only one
patient with MVO had no IMH. Hence, it was not pos-
sible to investigate whether there remains an incremental
value of using averaged-MAPSE for the detection of IMH.
Additionally, the absolute measure of MAPSE does not
take the total length of the LV into account, which is
potentially a better measure of LV longitudinal function
as it measures absolute change in longitudinal para-
meters. In some diseases, like apical pericardial effusion,
the apex may be mobile and this may influence the longi-
tudinal function independently.

CONCLUSIONS
Averaged-MAPSE, evaluated using cine CMR is strongly
associated with the presence of MVO and IMH when
compared to advanced MR relaxometry techniques
(T2w and T2*), in patients with recent reperfused AMI.
Global left ventricular longitudinal function, assessed by
averaged-MAPSE, is feasible and shows high reproduci-
bility. In this study, the size of MVO adversely affected
averaged-MAPSE. However, averaged-MAPSE did not
show any significant correlation with left ventricular
remodelling.

Acknowledgements The authors thank Gavin Bainbridge, Caroline Richmond,
Margaret Saysell and Petra Bijsterveld for their invaluable assistance in
recruiting and collecting data for this study. The authors thank British Heart
Foundation (BHF) to fund open access publication.

Contributors PG was involved in the conception and design, analysis and
interpretation of data, drafting of manuscript. AK was involved in the
acquisition, interpretation of data, critical and intellectual revision of
manuscript. JRJF, DPR and JPG were involved in the interpretation of data,
critical and intellectual revision of manuscript. AKM, LED, PPS, TAM and BE
were involved in the critical and intellectual revision of manuscript. SP was
involved in the conception and design, interpretation of data, drafting of
manuscript, overall custodian of the data.

Figure 4 Receiver operator

characteristics curve for the

detection of (A) IMH, (B) MVO

using averaged MAPSE. IMH,

intramyocardial haemorrhage;

MAPSE, mitral annular plane

systolic excursion; MVO,

microvascular obstruction.

6 Garg P, Kidambi A, Foley JRJ, et al. Open Heart 2016;3:e000337. doi:10.1136/openhrt-2015-000337

Open Heart



Funding British Heart Foundation (FS/10/62/28409).

Competing interests SP is funded by a British Heart Foundation fellowship
(FS/1062/28409).

Ethics approval REC (12/YH/0169), The Leeds teaching Hospitals.

Provenance and peer review Not commissioned; internally peer reviewed.

Open Access This is an Open Access article distributed in accordance with
the terms of the Creative Commons Attribution (CC BY 4.0) license, which
permits others to distribute, remix, adapt and build upon this work, for
commercial use, provided the original work is properly cited. See: http://
creativecommons.org/licenses/by/4.0/

REFERENCES
1. Moens AL, Claeys MJ, Timmermans JP, et al. Myocardial ischemia/

reperfusion-injury, a clinical view on a complex pathophysiological
process. Int J Cardiol 2005;100:179–90.

2. Roberts CS, Schoen FJ, Kloner RA. Effect of coronary reperfusion
on myocardial hemorrhage and infarct healing. Am J Cardiol
1983;52:610–14.

3. Basso C, Thiene G. The pathophysiology of myocardial reperfusion:
a pathologist’s perspective. Heart 2006;92:1559–62.

4. Morishima I, Sone T, Okumura K, et al. Angiographic no-reflow
phenomenon as a predictor of adverse long-term outcome in patients
treated with percutaneous transluminal coronary angioplasty for first
acute myocardial infarction. J Am Coll Cardiol 2000;36:1202–9.

5. Wu KC, Zerhouni EA, Judd RM, et al. Prognostic significance of
microvascular obstruction by magnetic resonance imaging in
patients with acute myocardial infarction. Circulation
1998;97:765–72.

6. Mather AN, Fairbairn TA, Ball SG, et al. Reperfusion haemorrhage
as determined by cardiovascular MRI is a predictor of adverse left
ventricular remodelling and markers of late arrhythmic risk. Heart
2011;97:453–9.

7. Ambrosio G, Weisman HF, Mannisi JA, et al. Progressive impairment
of regional myocardial perfusion after initial restoration of
postischemic blood flow. Circulation 1989;80:1846–61.

8. Judd RM, Lugo-Olivieri CH, Arai M, et al. Physiological basis of
myocardial contrast enhancement in fast magnetic resonance
images of 2-day-old reperfused canine infarcts. Circulation
1995;92:1902–10.

9. Greenbaum RA, Ho SY, Gibson DG, et al. Left ventricular fibre
architecture in man. Br Heart J 1981;45:248–63.

10. Birkeland S, Westby J, Hessevik I, et al. Compensatory
subendocardial hyperkinesis in the cat is abolished during coronary
insufficiency outside an acutely ischaemic region. Cardiovasc Res
1992;26:285–91.

11. Reimer KA, Lowe JE, Rasmussen MM, et al. The wavefront
phenomenon of ischemic cell death. 1. Myocardial infarct size vs
duration of coronary occlusion in dogs. Circulation 1977;56:786–94.

12. Hu K, Liu D, Herrmann S, et al. Clinical implication of mitral annular
plane systolic excursion for patients with cardiovascular disease. Eur
Heart J Cardiovasc Imaging 2013;14:205–12.

13. Brand B, Rydberg E, Ericsson G, et al. Prognostication and risk
stratification by assessment of left atrioventricular plane
displacement in patients with myocardial infarction. Int J Cardiol
2002;83:35–41.

14. Bulluck H, Ngamkasem H, Sado D, et al. A simple technique to
measure TAPSE and MAPSE on CMR and normal values.
J Cardiovasc Magn Reson 2014;16:P22.

15. Abdel-Aty H, Katus HA, Lehrke S, et al. CMR derived MAPSE and
TAPSE Measurements in hypertrophic cardiomyopathy: comparison
to healthy volunteers. J Cardiovasc Magn Reson 2012;14:P168.

16. Thygesen K, Alpert JS, Jaffe AS, et al. Third universal definition of
myocardial infarction. J Am Coll Cardiol 2012;60:1581–98.

17. Steg PG, James SK, Atar D, et al. ESC Guidelines for the
management of acute myocardial infarction in patients presenting
with ST-segment elevation. Eur Heart J 2012;33:2569–619.

18. Messroghli DR, Bainbridge GJ, Alfakih K, et al. Assessment of
regional left ventricular function: accuracy and reproducibility of
positioning standard short-axis sections in cardiac MR imaging.
Radiology 2005;235:229–36.

19. Schulz-Menger J, Bluemke DA, Bremerich J, et al. Standardized
image interpretation and post processing in cardiovascular magnetic
resonance: Society for Cardiovascular Magnetic Resonance
(SCMR) board of trustees task force on standardized post
processing. J Cardiovasc Magn Reson 2013;15:35.

20. Cerqueira MD, Weissman NJ, Dilsizian V, et al., American Heart
Association Writing Group on Myocardial Segmentation and
Registration for Cardiac Imaging. Standardized myocardial
segmentation and nomenclature for tomographic imaging of the
heart. A statement for healthcare professionals from the Cardiac
Imaging Committee of the Council on Clinical Cardiology of the
American Heart Association. Int J Cardiovasc Imaging
2002;105:539–42.

21. Kwon DH, Asamoto L, Popovic ZB, et al. Infarct Characterization
and Quantification by Delayed Enhancement Cardiac Magnetic
Resonance Imaging Is a Powerful Independent and
Incremental Predictor of Mortality in Patients With Advanced
Ischemic Cardiomyopathy. Circ Cardiovasc Imaging
2014;7:796–804.

22. Kidambi A, Mather AN, Motwani M, et al. The effect of microvascular
obstruction and intramyocardial hemorrhage on contractile recovery
in reperfused myocardial infarction: insights from cardiovascular
magnetic resonance. J Cardiovasc Magn Reson 2013;15:58.

23. Ruopp MD, Perkins NJ, Whitcomb BW, et al. Youden Index and
optimal cut-point estimated from observations affected by a lower
limit of detection. Biom J 2008;50:419–30.

24. Bergerot C, Mewton N, Lacote-Roiron C, et al. Influence of
microvascular obstruction on regional myocardial deformation in
the acute phase of myocardial infarction: a
speckle-tracking echocardiography study. J Am Soc
Echocardiogr 2014;27:93–100.

25. Bière L, Donal E, Terrien G, et al. Longitudinal strain is a marker of
microvascular obstruction and infarct size in patients with acute
ST-segment elevation myocardial infarction. PLoS ONE 2014;9:
e86959.

26. Thomas JD, Badano LP. EACVI-ASE-industry initiative to
standardize deformation imaging: a brief update from the co-chairs.
Eur Heart J Cardiovasc Imaging 2013;14:1039–40.

27. Andre F, Lossnitzer D, Buss S, et al. Reference values of mitral and
tricuspid annular plane systolic excursion for the evaluation of left
and right ventricular performance. J Cardiovasc Magn Reson
2012;14:M3.

28. Khan J, Singh A, Nazir S, et al. Comparison of cardiovascular
magnetic resonance feature tracking and tagging for the assessment
of left ventricular systolic strain in acute myocardial infarction.
J Cardiovasc Magn Reson 2015;17:P102.

29. Almutairi H, Zemrak F, Treibel T, et al. A comparison of cardiac
motion analysis software packages: application to left ventricular
deformation analysis in hypertensive patients. J Cardiovasc Magn
Reson 2015;17:P57.

30. Bochenek T, Wita K, Tabor Z, et al. Value of speckle-tracking
echocardiography for prediction of left ventricular remodeling in
patients with ST-elevation myocardial infarction treated by
primary percutaneous intervention. J Am Soc Echocardiogr
2011;24:1342–8.

31. Buss SJ, Krautz B, Hofmann N, et al. Prediction of functional
recovery by cardiac magnetic resonance feature tracking imaging in
first time ST-elevation myocardial infarction. Comparison to infarct
size and transmurality by late gadolinium enhancement. Int J Cardiol
2015;183:162–70.

32. Maciver DH. The relative impact of circumferential and longitudinal
shortening on left ventricular ejection fraction and stroke volume.
Exp Clin Cardiol 2012;17:5–11.

Garg P, Kidambi A, Foley JRJ, et al. Open Heart 2016;3:e000337. doi:10.1136/openhrt-2015-000337 7

Coronary artery disease

http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://dx.doi.org/10.1016/j.ijcard.2004.04.013
http://dx.doi.org/10.1016/0002-9149(83)90036-X
http://dx.doi.org/10.1136/hrt.2005.086959
http://dx.doi.org/10.1016/S0735-1097(00)00865-2
http://dx.doi.org/10.1161/01.CIR.97.8.765
http://dx.doi.org/10.1136/hrt.2010.202028
http://dx.doi.org/10.1161/01.CIR.80.6.1846
http://dx.doi.org/10.1161/01.CIR.92.7.1902
http://dx.doi.org/10.1136/hrt.45.3.248
http://dx.doi.org/10.1093/cvr/26.3.285
http://dx.doi.org/10.1093/ehjci/jes240
http://dx.doi.org/10.1093/ehjci/jes240
http://dx.doi.org/10.1016/S0167-5273(02)00007-4
http://dx.doi.org/10.1186/1532-429X-16-S1-P22
http://dx.doi.org/10.1186/1532-429X-14-S1-P168
http://dx.doi.org/10.1016/j.jacc.2012.08.001
http://dx.doi.org/10.1093/eurheartj/ehs215
http://dx.doi.org/10.1148/radiol.2351040249
http://dx.doi.org/10.1186/1532-429X-15-35
http://dx.doi.org/10.1161/CIRCIMAGING.114.002077
http://dx.doi.org/10.1186/1532-429X-15-58
http://dx.doi.org/10.1002/bimj.200710415
http://dx.doi.org/10.1016/j.echo.2013.09.011
http://dx.doi.org/10.1016/j.echo.2013.09.011
http://dx.doi.org/10.1371/journal.pone.0086959
http://dx.doi.org/10.1093/ehjci/jet184
http://dx.doi.org/10.1186/1532-429X-14-S1-M3
http://dx.doi.org/10.1186/1532-429X-17-S1-P102
http://dx.doi.org/10.1186/1532-429X-17-S1-P57
http://dx.doi.org/10.1186/1532-429X-17-S1-P57
http://dx.doi.org/10.1016/j.echo.2011.09.003
http://dx.doi.org/10.1016/j.ijcard.2015.01.022

	Ventricular Llongitudinal Ffunction is Aassociated with Mmicrovascular Oobstruction and Iintramyocardial Hhaemorrhage
	Abstract
	Introduction
	Methods
	Patient selection
	Image acquisition
	Image analysis
	Follow-up scans
	Statistical analysis

	Results
	Baseline data
	Follow-up data
	Observer variability

	Discussion
	Clinical implications
	Study limitations

	Conclusions
	References


