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Highlights:

e The presenting ECG in Takotsubo is subtly different than the presenting ECG of
myocardial infarction, by fewer total abnormal leads, lesser total magnitude of ST-
elevation and lesser pathological Q waves.

e The 4-day evolution of the Takotsubo ECG compared to acute myocardial infarction
is characterised by much more widespread and deeper T wave inversion. The

mean QTc progressively increases in takotsubo whilst in Ml decreases.
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Abstract

Background: Takotsubo syndrome mimics acute myocardial infarction (MI) at
presentation.

Objectives: To explore differences in ECG time-course that could further help
distinguish the two conditions.

Methods: Serial ECG’s (day 0-4) of 27 acute takotsubo and 37 MI patients, all
presenting with anterior ST-elevation, were analysed for detailed morphology and
timing of de/re-polarisation. All underwent cardiac magnetic resonance.

Results: The presenting ECG (day 0) showed significantly fewer total abnormal
leads (p=0.001), comparable number of ST-elevation leads but lesser total
magnitude of ST-elevation (p=0.003), smaller sum of positive T wave amplitude
(p=0.006) and lesser number of pathological Q waves (p=0.005) in takotsubo vs the
MI group. After day 0, takotsubo patients developed more widespread T wave
inversion (p=0.001, day 3) and/or deeper T waves compared to Ml, (sum of the T-
wave amplitude slope of change between days 0-3: -43.1+9.6 vs -16.6+5.4 mm,
p=0.02). Although there was no difference in mean QTc between the groups on any
day, between days 0-3 there was a progressive increase in QTc in takotsubo vs a
decrease in Ml (34.1+12.2 vs -29.5+9.3 ms, slope of change p<0.001). There was
significantly more myocardial oedema (native T1 mapping) in takotsubo vs M
(p=0.02), which resulted in increased left ventricular mass index in takostubo
(p=0.04).

Conclusions: The differences in presenting (day 0) ECG between takotsubo and Mi
are significant but subtle, reinforcing the importance of acute cardiac catheterisation
for accurate diagnosis. During the next 3 days there is progressive increase in the

depth and spread of T-waves and QTc duration in takotsubo vs MI - these may aid
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the diagnostic confidence in patients with bystander non-obstructive coronary

disease.
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Abbreviations

MI = Myocardial Infarction

LV = Left Ventricular

CMR = Cardiac magnetic resonance

ECG = Electrocardiograph

LAD = Left anterior descending

TIMI = Thrombolysis in Myocardial Infarction
MVO = Microvascular Obstruction

HR= Heart rate
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Introduction

Takotsubo syndrome has a dramatic clinical presentation, indistinguishable
from acute myocardial infarction (MI)®. It is often triggered by an intense episode of
emotional or physical stress, and is usually diagnosed when invasive cardiac
catheterisation demonstrates unobstructed coronary arteries and typical ballooning of
the left ventricle (LV).

Unfortunately no acute ECG findings alone or in combination are specific
enough to obviate or delay urgent coronary angiography in routine clinical care®*.
The most characteristic takotsubo ECG feature remains prolongation of the QT/QTc
interval, seen at presentation and peaking 24-48 hours thereafter”’. However, it
remains unclear if this is a reliable differentiating feature from MI after correcting for
gender differences in the QT interval since all published studies compared cohorts of
takotsubo where most patients were women versus predominantly men in the Ml
groups.

Furthermore, there is a different resolution dynamic in the immediate
aftermath of a takotsubo event compared to myocardial ischemia: in the classical
stunning/hibernating myocardium following acute MI, the ECG and the wall motion
abnormalities resolve in tandem, once the coronary blood flow is restored®. In
contrast, in takotsubo, the ECG appears to continue to evolve despite rapid
restoration of the wall motion and a relatively preserved coronary blood flow®. Whilst
undoubtedly further data will be necessary to fully characterise the takotsubo
coronary flow and microcirculation, there remains a gap in knowledge for the
comparative description of the ECG evolution in takotsubo versus Ml and the
pathophysiology that can be inferred therein.

In this study we compare the progression of the 12 lead ECG in takotsubo

patients presenting with ST-elevation versus age and gender matched anterior ST
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elevation acute MI patients and draw a parallel between these ECG changes and the
left ventricular morphological changes seen on cardiac magnetic resonance imaging

(CMR).

Methods

Study population: This was an observational case-control study of 27
patients (25 women) admitted to the cardiology department with ST-elevation on their
presenting ECG subsequently diagnosed with takotsubo syndrome and 37 (31
women) age and sex matched patients admitted with anterior ST-elevation MI. All
takotsubo cases had a diagnosis fulfilling the Mayo Clinic*® and the European Society
of Cardiology - Heart Failure Association criteria’', plus absence of any macroscopic
fibrosis on CMR. All patients had emergency invasive coronary angiography and
takotsubo patients had left ventriculography. All patients in the MI cohort underwent
primary PCI at the time of diagnosis. Patients were enrolled through two separate
studies, (NCT02897739 Pathogenesis of Acute Stress Induced (takotsubo)
syndrome: Energy Shutdown or Intense Inflammation and NCT01388504 Nitrates in
acute myocardial infarction) and all provided written informed consent. The studies
were approved by the North of Scotland Research Ethics Committee 1 and Scotland

Research Ethics Committee A. Both studies comply with the Declaration of Helsinki.

ECG Analysis

All subjects had a 12-lead ECG recorded on presentation (day 0) and daily for
the subsequent 4 days. Due to the nature of the emergency, ECG’s at presentation
were obtained as soon as possible from the onset of symptoms at the first medical

contact, and therefore from different ECG machines, however each ECG was
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obtained at a sweep speed of 25mm/s and an amplitude of 20mV/mm. ECG analysis
was performed by an experienced cardiac physiologist and a random sample of 10
were reanalysed by a cardiologist for inter-observer variability. A full list of ECG
parameter measured can be found in Table 1.

The inter-observer variability for our ECG measurements was 4.5£10.5%.

(meanxSD)

Cardiac Magnetic Resonance Imaging

CMR was performed as soon as possible after admission [median day 4 (range 0-9)
in the takotsubo group and median day 9 (range 6-12) in the MI group]. All
participants were scanned on a 3T Philips Achieva scanner (Best, The Netherlands).
A 6-channel cardiac coil was used to acquire cine imaging, early and late gadolinium
enhancement (Gadovist, 0.1 mmol/kg) with swap of the phase-encoding direction
and pre-contrast Modified Look-Locker Imaging for T1 mapping*2. Data for T1
mapping were acquired with 5(3)3 scheme. The CMR images were analysed in CMR
Tools (Cardiovascular Imaging Solutions, London, UK) for computation of left
ventricular volumes and mass and a wall motion score was calculated for each of the
16 myocardial segments (excluding the true apex). T1 maps were imported into
Segment (Medviso, Lund, Sweden) and T1 values were generated for each of the 16
segments of the 17-segment model **(omitting the true apex). Infarct size (IS) and
microvascular obstruction (MVO) were measured as previously described**. Our
inter-observer variabilities for CMR have been reported previously and ranged 1.5-

2.7+0.5-1.5% for cardiac magnetic resonance inclusive of T1 mapping ***".

Coronary Angiography
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Coronary angiography was performed as part of the clinical investigations as
soon as possible at presentation in keeping with guidance for treatment by the
clinical cardiology team. Coronary blood flow was estimated using the TIMI frame
count method*®. As all MI’s were in the left anterior descending (LAD) territory we
used the LAD TIMI frame count in the takotsubo group as a comparison; as we

assessed LAD only we did not correct for vessel length.

Statistical Analysis

Data are presented as the meantSEM, or as the median with range if not
normally distributed. Comparisons between groups were made using t tests or
equivalent non-parametric tests for non-normally distributed data. Data examining
changes over time were analysed by analysis of variance of the absolute values, and
of changes from day 0. Variabilities were calculated as meanzSD of the percentage

ratios between differences and means of each 2 independently measured variables.
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Results

Baseline characteristics of patients are summarised in Table 2. The age of the
two cohorts was comparable, whereas the MI patients had a significantly higher body
mass index. The majority of the takotsubo patients had apical variant (85%) and
most had an emotional stressor (55%). All patients with of Caucasian ethnicity.

All ECG’s were in sinus rhythm. ECG data is shown in Table 3. On the
presenting ECG (day 0) there was no difference in the HR, PR interval, QRS duration
or corrected QTc. There were however a number of significant differences: 1) there
were fewer abnormal leads (defined as a lead with pathological ST elevation, T wave
inversion , ST depression or Q waves) in the takotsubo vs MI group (p=0.001), albeit
a comparable number of leads with ST elevation (p=0.1); 2) a lower total magnitude
of ST elevation in the takotsubo vs MI group (p=0.003); and 3) a significantly smaller
sum of T wave amplitude in the takotsubo group when compared to the Ml group
(p=0.006). By day 1 the difference in the T wave amplitude between takotsubo and
MI groups increased (p=0.003) and grew further apart on day 2 (p=0.009) and on day
3 (p=0.007). By day 3 the T wave inversion had become more widespread in the
takotsubo group compared with Ml (number of leads with abnormal T wave inversion
8.24+0.6 vs 3.4+1.0 p=0.001) Table 3. When the progression of the sum of T wave
amplitude was analysed in each individual cohort, it was noted that it decreased
significantly after presentation (between day 0 and day 3) in both the takotsubo and
MI groups, but this change was greater in the takotsubo group when compared to the
MI group (-43.1+£9.6mm vs -16.6+5.4mm, takotsubo vs MI slope of change, p=0.02),
Figure 1la and Table 3. There was no significant difference in the rate of change
between the two groups in any other time periods. The differences in the sum of T

wave inversion were driven by either the more progressive deepening of T waves in



272

273

274

275

276

277

278

279

280

281

282

283

284

285

286

287

288

289

290

291

292

293

294

295

296

297

takotsubo, or the more widespread pattern (sometimes developing in leads that had
normal morphology on presentation ECG), or both (Figure 1c).

The was no significant difference in the QTc between the groups at any stage,
however QTc increased between day 0 and day 3 in the takotsubo group (by
34.1+12.2 ms) but fell in the MI group (by 29.6£5 ms) with a significant difference
between takotsubo vs MI, slope of change p<0.001, Figure 1b and Table 3.

Takotsubo patients had fewer Q waves across all leads and generally these
were less deep than in patients with MI, albeit the latter did not reach statistical
significance except in day 3 after acute presentation (Table 3).

On CMR, as seen from Table 2, there was no difference in the LV ejection
fraction or indexed LV volumes between the two groups. However, there was a
significantly higher indexed LV mass as well as higher native T1 in the apical and
midcavity segments of the LV in the takotsubo group when compared with MI. None
of the takotsubo patients had any evidence of late gadolinium enhancement. The
infarct size as a percentage of LV mass and size of microvascular obstruction (MVO)
in the MI group, as shown in Table 2, were typical of a primary percutaneous
intervention treated cohort. There was no difference in the wall motion scores or TIMI

frame counts between the takotsubo and MI groups (measured post-intervention).

Discussion

We describe for the first time a head to head comparison of daily ECG
progression in the early convalescent phase post-acute takotsubo versus acute Ml in
age and gender matched subjects, which is especially relevant to the QTc interval
which is gender dependent. Whilst LAD coronary blood flow (TIMI frame count) was
comparable in resting conditions in all patients (post primary percutaneous

intervention status in the case of the MI group) and the wall motion scores were also
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comparable, there were distinctive differences in the evolution of the ECG’s between
these patients.

On the presenting (day 0) ECG, we observed a lesser number of total
abnormal leads (most likely due to the lack of reciprocal changes as shown by
Kosuge et al”), comparable number of leads with ST-elevation, less magnitude of ST-
elevation and less Q waves in the takotsubo patients. Kosuge et al reported more
ST-elevation in the takotsubo patients, however, the two groups were not gender
matched’. We believe that the lesser magnitude of ST-elevation and more frequent
absence of Q waves in takotsubo suggest less myocardial necrosis, which is
confirmed by the CMR finings of no late gadolinium enhancement present.
Examining the subsequent evolution of the ECG, firstly, there appears to be a greater
magnitude of T wave inversion in takotsubo which deepens further and/or becomes
more widespread in the first 4 days post-acute event. Secondly, although there were
no significant differences in the absolute mean QTc between groups at any time
point, there was an obvious pattern of opposite directional change of daily increasing
mean QTc in takotsubo contrasting with gradual shortening towards normal values in
the MI group. This is the first study comparing age and gender matched populations,
and since the normal QTc is different in women (2450 ms) compared to men (5440
ms) in those aged 40-69™ this is an important finding. This suggests that the deeper
T waves and longer QTc is indeed a feature of early convalescent takotsubo ECG
compared to MI, and despite some overlap this characteristic can be used in the
future to further add towards diagnostic certainty. These ECG abnormalities are seen
in LV myocardial tissues which show different degrees of myocardial oedema, with a
much higher amount of water-derived signal (native T1 mapping) in the takotsubo
patients, to the extent that the calculated left ventricular mass becomes significantly

increased in the acute phase in takotsubo versus MI. The striking oedematous
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changes in takotsubo without significant myocyte death are most likely responsible
for the differences in ECG findings, as a larger number of viable myocytes still
undergo repolarization compared with MI. It is unclear whether the QT changes are a
simple consequence of the thicker, oedematous myocardial wall or originate from
specific abnormalities of the conductive system per se.

It has previously been hypothesised that there is a link between this oedema
and the amount of T-wave inversion in takostubo. Migliore et al >**'described a
number of patients with deep T-wave inversion in a takotsubo-like pattern associated
with significant myocardial oedema and reversible LV dysfunction of different causes.
Marra® then went on to demonstrate a correlation between regional myocardial
oedema and T-wave inversion in patients with takotsubo syndrome. A further study
by Lazzari et al*? similarly demonstrated patients with myocarditis were more likely to
have T-wave inversion on ECG if myocardial oedema was present on MRI and that
the distribution of the T-wave inversion correlated with the area of myocardial

oedema.

Study Limitations

There are some weaknesses to our study that we must acknowledge. We have only
studied those patients with Takotsubo presenting with acute ST elevation, therefore
these findings may not be applicable to Takotsubo patients presenting with other
ECG changes; secondly due to the acute nature of the presentation it was not
possible to standardise the intervals from onset of symptoms to 1% ECG and for the

purposes of the presenting ECG we used that taken at 15" medical contact.

Conclusion
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In this study we show that despite comparable coronary artery blood flow and degree
of left ventricular systolic dysfunction, the ECG changes seen in the early
convalescent takotsubo significantly contrast with those seen after acute MI.
Takotsubo patients develop widespread and progressive deepening of T wave
inversion across the 12 lead ECG and although there are no significant differences in
the QTc between the two groups on each individual day, there is a progressive
increase in the QTc in takostubo contrasting with a decrease in QTc post MI. These
changes may further add in the diagnostic algorithm between these groups of
patients in the early convalescent phase, especially in the presence of by-stander
coronary artery disease, as well as reinforce the need to appropriately monitor the
QTc in Takotsubo and avoid prescription of QT-prolonging drugs. Although subtle
ECG differences are present, these are not specific enough to obviate the need for

cardiac catheterisation in the acute setting.
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Figure Legends

Figure 1. a) Sum of T wave amplitude by day post-presentation; b) Mean QTc in
takotsubo vs Ml patients.

p= takotsubo vs Mi

*p= slope of change takotsubo vs MI;

c) ECG examples of a patient with takotsubo syndrome (top) and anterior ST
elevation Ml (bottom) on days 0 and 3, demonstrating that takotsubo patients
develop more widespread and deeper T-wave inversion compared to acute Ml

patients.
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e Rhythm

e Heart Rate (HR, bpm)

e R AXis (°)

e P wave axis (°)

¢ PR interval (ms)

e QRS width (ms)

e Uncorrected QT (ms)

e QTcin each lead (ms) with Bazett correction (QT/VRR)

e Mean QTc across all leads

e QT dispersion (max-min QTc)

e Total number of abnormal leads

e Q wave depth in each lead (mm)

e R wave height in each lead (mm)

e Total number of leads with ST elevation

e Total ST elevation (mm)

e Total anterior ST elevation, leads V1-V4 (mm)

e Total lateral ST elevation, leads I, aVL, V5-V6 (mm)

e Total inferior ST elevation, leads II, Ill, and aVF (mm)

e T wave axis (°)

e Total number of leads with abnormal T wave inversion

e T wave amplitude in each lead (mm) (maximum height of the T wave,
negative T waves were indicated by a negative number)

e Sum of the T wave amplitudes across all leads (the sum of the height of the

positive T waves minus the depth of the negative T wave)




462

463

464

Table 1. ECG Parameters measured in takotsubo and Ml patients.

Female n (%)
Age, years (meanzSD)
BMI (kg/m?)
12 hour troponin (ng/L)
Takostubo Stressor

Emotional

Physical

None
Takotsubo Variant

Apical

Mid-cavity
LVEF (%)
LVEDV index (ml/m?)
LVESV index (ml/m?)
LV Mass index (g/m?)
Native T1 (ms)

Basal

Mid

Apical

Whole Heart
Ml size (% of LV mass)
MVO (% of LV mass)
LAD TIMI Frame count
WMS

Basal

Mid

Apical

Whole Heart

Takotsubo
(n=27)

25 (92)

653

27+1
38774860

15 (56%)
6 (22%)
6 (22%)

23 (85%)
4 (15%)
5313
783
37+3
833

1239423
1271+23
1305+28
1301+40

21

1.4+0.5
2.3+0.2
2.8+0.3
1.9+0.1

MI
(n=37)

31 (84)
623
3142

94111432450

1245437
1194+17
1180+31
1208+15
24+4
3.1+1.4
21

2.0+0.2
1.9+0.1
2.1+2.1
1.9+0.1

P value

0.89
0.6
0.02
<0.001

0.4

0.1

0.2
0.04

0.5
0.003
0.001
0.02

0.9

<0.001
0.2
0.06
0.7

Table 2. Demographics and CMR data in takotsubo and Ml patients.
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Data shown as meantSEM. BMI= body mass index; LVEF= Left ventricular ejection

fraction; LVEDV=left ventricular end diastolic volume; LVESV= left ventricular end

systolic volume; MVO= microvascular obstruction; LAD=left anterior descending;

WMS= wall motion score.

Takotsubo M P value
Patients Patients
(n=27) (n=37)

Heart Rate (bpm) 7845 7813 0.9
Total number of abnormal leads (n) 6.9+0.6 9.5+0.4 0.001
Number of leads with ST elevation 4.0+0.6 4.9+0.3 0.1
ST elevation Anterior (mm) 1.3+0.2 2 6+0.3 0.001
ST elevation Lateral (mm) 0.940.2 2 6+0.3 <0.001
ST elevation Inferior (mm) 0.6+0.2 0.4+0.2 0.6
Total ST elevation (mm) 2.7+0.4 4.0+0.6 0.003
Number of leads with T wave inversion

Day 3 8.2+0.6 3.4+1.0 0.001
Sum of the T wave amplitudes across all leads (mm)

Day O 16.8£2.6 26.312.5 0.006

Day 1 -0.2+3.4 13.9+2.8 0.003

Day 2 -12.4+0.6 4.7+2.8 0.009

Day 3 -26.31£9.2 6x4.7 0.007

Day 4 -13.749.1 4.4+9.6 0.2
QTc (ms), Day O 437+6.4 449+4.3 0.1
QT Dispersion (ms), Day 0 122+8 100+7 0.04
Change in T wave amplitude(mm)

from day O to day 3 -43.1+9.6 -16.6+£5.4 0.02
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Change in QTc (ms)

from day O to day 3 34.1+12.3
Number of leads with pathological Q 1.32+0.4
waves

Sum of the Q wave amplitudes across all leads (mm)

Day 0 -13.5+3.9
Day 1 -10.1£3.3
Day 2 -3.7+1.9
Day 3 -2.4+2.0

-29.6+5.7

2.69+0.3

-22.6%3.8

-19.2+3.8

-17.7+¥4.5

-5.5+2.1

<0.001

0.005

0.09

0.08

0.01

0.3

Table 3. ECG parameters in takotsubo vs Ml patients.

All data from day of presentation unless stated otherwise. Data shown as mean

+SEM



