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Abstract

Microvolt T-wave alternans is thought to predia tiisk of ventricular arrhythmias in
patients with heart disease, although recent @irstudies have conflicting results.
Understanding the cellular basis for alternans nayonly inform more effective
utilisation of the clinical test, but also providew insights into the causes of lethal
arrhythmias in man. Cellular repolarisation altexés thought to underlie T-wave
alternans and in recent years, the concept of diaob repolarisation alternans has
emerged as a new paradigm for the induction ohteaat ventricular arrhythmia. This
experimental observation has not been examinelihically relevant models of pathology
and so the aim of this study was to investigatethdrancreased transmural heterogeneity
of repolarisation as a result of heart failuredwoling myocardial infarction in the rabbit
would predispose to the development of arrhythmmgaiscordant alternans. A rabbit
ventricular wedge preparation was developed antrdmsmural electrophysiology of
intact rabbit ventricle was characterised usingoaptmaging techniques. This revealed
transmural gradients of repolarisation in intattiamyocardium, which appeared to be
influenced by electrotonic load, rather than puteding a reflection of intrinsic cellular
differences. Interestingly, repolarisation altemafso appeared in transmural patterns,
which were also modified by activation sequence&leuiming the role of conduction and
electrotonic influences in dictating the spatiatt@ans of alternans, which may be crucial
in determining spatially discordant alternans.hiis study, similar baseline
electrophysiological characteristics were appairettie remodelled myocardium of failing
hearts compared with normal hearts, underliningptiesible importance of dynamic
factors in producing the increased vulnerabilitygeentrant arrhythmias observed in
failing hearts. Repolarisation alternans, elicilydow temperature and rapid pacing,
occurred at lower heart rates in failing heartspAysiological temperature, repolarisation
alternans was also more common in failing heagati8lly discordant alternans was not
consistently observed on the transmural surfacedahdot appear to be directly related to
the development of arrhythmia. Failing hearts digptl an increased vulnerability to
ventricular arrhythmia. Although heart failure wassociated with both alternans and
ventricular arrhythmia, there was no demonstral#ehanistic link between alternans and
ventricular arrhythmias in failing hearts. Thes#adastablish the occurrence of
repolarisation alternans in a clinically relevaatimplogy, and so constitute an important
step forward in our understanding of the experimgmaradigm. However, a definitive
mechanistic link between alternans and arrhythmiaeiart failure is yet to be shown.
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Sudden cardiac death in heart failure

Heart failure is a common condition which is asatezl with an extremely high mortality

It is a diverse, complex clinical syndrome in whjgditients are exposed to competing
risks, of sudden arrhythmic death or death frongpessive pump failufe Prevention of
arrhythmic sudden cardiac death (SCD) constitufgarticular challenge because accurate
risk prediction is difficult in such a large andém@geneous populatidnrAchieving

effective prevention of SCD in heart failure is afaéhe principal challenges facing

contemporary cardiovascular medicine.

The prevalence of SCD in heart failure
Defining and classifying SCD

Sudden cardiac deaths are, by definition, unexfdeate so are often unwitnessed, making
the classification of the exact cause of deathatilffin many cases. Estimates of the
prevalence of SCD in heart failure come mainly frolaservational studies or from clinical
trials, in which the definition of SCD is necesbatioth arbitrary and pragmaticThe
accepted definition is death from a cardiac causietwis sudden and unexpected, in the
absence of progressive cardiac deterioration, reititein one hour of cardiac symptoms,

in bed during sleep or within 24 hours of last lpeseen alivé Where these tight

definitions in endpoint classification are usediragch as 50% of total mortality in heart
failure is due to SCbH

Aetiology of SCD in heart failure

Sudden cardiac death may be caused by a numbéferédt underlying pathologies,
including ventricular arrhythmia, acute cardiogesiiock, tamponade, acute pulmonary
embolism. The relative importance of arrhythmicascular events as causes of SCD in
heart failure is debatédData regarding the specific aetiology of SCDdifficult to

gather, but where they are available, recording® fmonitored episodes of SCD show
that the cause is ventricular arrhythmia in aro86# of casés It is therefore reasonable

to conclude that the majority of SCD in heart feglis arrhythmic in nature.

The main substrate for ventricular arrhythmia iaféailure is left ventricular (LV)
remodelling, which includes varying degrees of $oanation, chamber dilatation and

hypertrophy, depending on the aetiology of healuri. Electrophysiological changes
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have been shown to accompany LV remodelling in botihan hearts and animal
models®. In man, pharmacological attenuation of LV rembrglis associated with a
reduction in mortalit}*. Coronary heart disease (CHD) is among the mastoan causes
of heart failuré® and patients with heart failure and CHD remairisit of acute
myocardial ischaemia and myocardial infarction (Mijher of which may trigger
ventricular arrhythmia. Autopsy studies suggest sicate coronary events are implicated
in around 50% of sudden deaths in heart failureeptst®. Optimal pharmacological
therapy for low ejection fraction heart failure naweludes renin-angiotensin-aldosterone
system blockadé often with multiple agents and in addition toreiic therapy, in
patients who commonly have impaired renal funcfiofhese combinations may
precipitate electrolyte abnormalities, particulatynormalities of serum potassium, which

can predispose to ventricular arrhythmia.

Prevention of SCD in heart failure
Pharmacological therapy

Until recently, attempts to prevent SCD have relipdn pharmacological therapy to
reverse LV remodelling. Disease modifying theragith\§-blockers®'’, angiotensin-
converting enzyme inhibitors (ACE?) angiotensin receptor block&tsand aldosterone
antagonistS modestly reduces the risk of SCD in patients \nihrt failure and after M.
However, even patients on optimal medical therapyain at high risk of SCt3® and

more specific anti-arrhythmic therapy has failednprove surviva®?2

Implantable cardioverter-defibrillator

The treatment of ventricular arrhythmia has beeoltgionised by the implantable
cardioverter-defibrillator (ICGY which is extremely effective in treating the métjpof
ventricular arrhythmigé. However, ICD implantation has numerous potential
complications and it is estimated that as manynasquarter of those who receive an ICD
will experience a complication over a 5-year pefiotCD therapy is also associated with
significant financial costs.

Secondary prevention

The indication for ICD implantation in survivors aflife-threatening ventricular
tachyarrhythmia (secondary prevention) is cleaf’clihese patients are at high risk and a
favourable risk: benefit ratio has been well demaisd®*°. Also, the secondary
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prevention population is relatively small and réadientified, thus the financial costs are

not insurmountabf8,

Primary prevention

The majority of victims of SCD do not experiencpreor arrhythmic event to identify
them as high risk, and because of this, a primary prevention ICBtegy is also required.
A significant mortality benefit has been demongdah large randomised controlled trials
of prophylactic ICD therapy in patients with a Iéeft ventricular ejection fraction (LVEF)
and a history of either chronic heart faildfer MI*%. Analyses based on these results have
suggested an acceptable cost-effectiveness pfofifimary prevention ICD therapy
However, the available evidence suggests thattsmhefor ICD therapy on the basis of
LVEF alone is inefficient. For example, in the lastypublished trial, the Sudden Cardiac
Death in Heart Failure Trial (SCD-HeFT), 79% ofipats in the ICD arm did not use their
device over the first five yedfs Moreover, the absolute risk reduction in theugro
randomised to ICD implantation was modest (7.2% &wgears). This suggests that there
is scope for better definition of the target popiolaand underscores the need for
improved risk stratification to achieve substantirtality benefit without prohibitive cost

or the morbidity related to unnecessary device amiaitior.

Risk stratification for SCD in heart failure

Although ICDs have reduced the risk of SCD, theyatpensive and can be associated
with significant morbidity, hence precisely targetitheir use is crucial. None of the many
available non-invasive risk stratification tools/bahe required sensitivity or specificity
for predicting SCB"** The challenge of delivering effective populatieite prevention

of SCD through ICD therapy is dependent upon theld@ment of improved risk
stratification techniques. The use of microvolt awe alternans (MTWA) testing provides

a potential solution to this complex problem.
Microvolt T-wave alternans

Background

T-wave alternans (TWA) describes regular fluctuaion the amplitude, morphology or
polarity of the ECG T-wave which occur on an evetlyer-beat basis. Macroscopic TWA
is relatively rare in clinical practice, but noneltss has been anecdotally noted to occur
immediately prior to the onset of ventricular artigia™. Building on this association,
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Cohen and colleagues have developed ECG signatgsimg techniques which are able to
resolve TWA at the microvolt-lev&?®’. In initial clinical studies, MTWA during atrial
pacing was measured during cardiac electrophyscdbgtudies (EPS) in selected patients
being evaluated for risk of SCD. The occurrenc®®WA below a threshold heart rate
was associated with an increased risk of spontaneeniricular arrhythmia during follow-
up®. Since, there has been an interest in developiig/M testing for widespread clinical
use and in determining whether it may be usefa asn-invasive risk stratification tool

for patients at risk of SCD.

M ethodol ogy
Spectral MTWA testing

MTWA testing is now usually performed during a heate limited exercise, using a
commercially available system (CH2080or HearTWav&”, Cambridge Heart), which
employs an automated spectral analysis algorithdetect alternans. Similar algorithms
can be used to detect action potential (AP) altesma experimental recordings, or
alternans in intracardiac electrogram recordingsftCD traces or during EPS. The
spectral analytic method for alternans detectiaghustrated in Figure 1.1. Firstly, a series
of ECG complexes are recorded at a stable heartThey are then aligned by the QRS
complex and the amplitude of each T-wave at theesame with respect to the QRS
complex is plotted. These data are then transfotiméte frequency domain, using a Fast
Fourier Transform, which determines the magnitudé-aave fluctuation occurring on
alternate beats (i.e. a frequency of 0.5 cycles)Be@his process is then repeated for each
point along the ECG T-wave and spectral poweragtternans frequency for the whole
T-wave is then noise-corrected and averaged fdr E&G lead. If sufficient alternans is

sustained at heart rates <110bpm, the test is adkpositive.
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Figure 1.1 The spectral analytic method for the detction of alternans

An illustration of the determination of alternansthe spectral method for the ECG T-
wave and the cardiac action potential. ECG or agbatential traces for each beat are
separated and consecutive traces are alignedinmylss artefact for APs and by QRS
complex for ECG traces. The section of the tradeetanalysed is then determined. For
ECG traces the section from the end of the QRS t®uotp the end of the T-wave is
interrogated. For AP traces arbitrary definitiomslepolarisation and repolarisation are
required. In published algorithms depolarisatiodeined by a 8ms window centred on
the maximum upstroke, and the remaining part otriee is designated as

repolarisatiof’. The designated sections of the superimposedstareethen sampled at
different points in time and the amplitude of e&elte at that point is plotted. This results
in a plot of trace amplitude fluctuation over tifioe each point along the trace. These data
are then transformed to the frequency domain, lysusing a Fast Fourier Transform. The
power of the frequency spectrum at 0.5 cycles pat imdicates the magnitude of trace
fluctuation occurring on an every-other-beat beamig] therefore indicates the magnitude of
T-wave, or repolarisation alternans.
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Absence of MTWA at a heart rate of 110bpm con®g# negative test. A test satisfying
neither set of criteria is classified as “indetarate”. The system presents the data, along
with an automated classification, as shown in Fedu. Indeterminate test results occur
relatively frequently (20-50%) and are commonlysediby ectopy, excessive motion
artefact or inability to reach target HR. MTWA tesgt by this method is not applicable to
patients in atrial fibrillation (AF) as the irreguity of the R-R intervals confounds the
frequency analysis. Small studies have shown Hight serm reproducibility}, but little is

known about the reproducibility of MTWA testing side a timescale of a few hoffts
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Figure 1.2 Microvolt T-wave alternans

An example of an Alternans Report Classificatidrgwing a positive MTWA result,
courtesy of Dr Colette Jackson. Left panel showmftop: smoothed heart rate (HR)
profile, percentage irregular (“bad”) beats andsedevels over the duration of the test.
Alternans magnitude recorded from the six chestdes then shown, with significant
alternans shaded in grey. The right panel showsldR beats and noise as before, then
alternans magnitude from the orthogonal leads.lda$tethree panels show potential
sources of false alternans- respiratory variatiohanges in HR and any R-R interval
alternans.



Rachel C. Myles, 2008 Chapter 1; 28

Time-domain analytic methods

Microvolt T-wave alternans can also be measurechéthods which employ averaging in
the time-domain rather than the frequency-domaire 8uch system is the modified
moving average (MMA) methdd In MMA analysis a 15 second stream of ECG
complexes is sampled and divided into odd and éeats. An averaged morphology is
then calculated for odd and even beats. The difterén amplitude between the averaged
odd and even beat is then used to calculate thaitmdg of alternans. This method has
some practical advantages over the spectral meihdlaat it is applicable to patients with
AF, and that it can be analysed from ambulatory E€s®rds. This makes MMA testing
potentially more widely applicable, simpler to inaplent and would theoretically allow
simultaneous assessment of autonomic function arulest arrhythmias in a single test.
MTWA testing by this method has been validatedtifabpacing studie§ and Holter-
based testing has been correlated with arrhythistdm retrospective cohofts However,
there are no prospective data regarding the praignasdity of MTWA testing by this
method.

Predictive value of MTWA

The studies which have assessed the predictive wdlMTWA testing during exercise in
patients with sinus rhythm are summarised in Table Predictive value is presented both
in terms of the risk of events (relative risk oz&al ratio) and in terms of the positive and
negative predictive value. The positive predictredue (PPV) describes the proportion of
patients who experience an event who are corratelytified as at risk by the test. The
negative predictive value (NPV) describes the progo of those who do not experience
an event who were correctly identified as beingpatrisk by the test. A value as close as
possible to 100% is desirable for each. It shoelahted that in an early study,
indeterminate MTWA test results were common andéhmatients were found to have
similar event rates to the group with positivegesb these groups were pooled and
designated as abnormal (or non-negatfvé) the majority of studies discussed here, the

comparison is made between negative and non-neggtsitive or indeterminate) tests.

Following myocardial infarction

Three studies have investigated the prognostityutt MTWA in patients following Ml,
regardless of LVEF. The largest enrolled 850 com$ee patients and found that MTWA
predicted SCD or resuscitated VF, although the erada in this population was low at

3%"’. Another large study confirmed this result in pats with preserved LVEF following
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MI“8, Two smaller studies have suggested that MTWAotspnognostically useful after
MI. In one, 140 consecutive patients were investidan the first 30 days following Ml,
and MTWA result did not predict events (death antvieular tachyarrhythmic events
[VTE])*°. The second examined the predictive value of MTatAall-cause mortality
(ACM), 17% were MTWA positive and none of the 2@thes occurred in this grotih

MADIT-II eligible patients

Three studies specifically selected patients mgéflADIT-Il entry criteria (previous M,
LVEF < 30% without prior VF/VT). In 129 such patients necof the twelve who
experienced SCD or resuscitated VF were in the MTieégative group. In a subgroup
analysis of a larger study, 177 patients meetingMAII criteria had MTWA tests
classified as abnormal (positive/indeterminate, H8%normal (negative, 32%), and again
the event rate in the MTWA negative group was’fowowever, results from the

Microvolt T-Wave AlternanS Testing for Risk Stratdtion of Post MI Patients
(MASTER)-I study, suggest the NPV in MADIT-II eligee patients may not be so high.
MASTER-1 performed MTWA testing on 654 MADIT-II gible patients, all of whom
then underwent ICD implantation. MTWA test resukégative vs. non-negative) did not

predict the primary endpoint of arrhythmic deattappropriate ICD dischartfe

Ischaemic left ventricular systolic dysfunction

Three studies have specifically examined the prsgowalue of MTWA in patients with
ischaemic LVSD. The first performed MTWA testinglii4 non-consecutive patients
referred for cardiac EP3 A positive MTWA test did not predict the primaepdpoint
(death/VTE) in the primary prevention subgroup. $eeond study examined 768
consecutive patients with CHD and LV&DThe authors analysed positive and
indeterminate tests together and separately, askttemuse-specific mortality as a
secondary endpoint and performed a more extensiVévariable analysis than has been
seen in other studies. A non-negative MTWA tesepehdently predicted all-cause
mortality (HR 2.24 [95% CI:1.34-3.75]) and arrhytiermortality (HR 2.29 [95% CI:1.0-
5.24]) in the whole population. The Alternans Bef@ardioverter Defibrillator (ABCD)
study recruited 566 patients with ischaemic LVSH &ASVT, and compared the ability of
MTWA and EPS to predict VTE. Preliminary result®atthat the 1-year event rate was
lowest when both tests were negative (2.3%), higlvhen both were abnormal (12.6%)
and intermediate when only one test was abnorm@M non-negative 5%; EPS

abnormal 7.5%). Appropriate ICD therapies (shochri-tachycardia pacing) accounted
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for the majority (55/65) of endpoints. However, I@bBplantation was not mandated if
both tests were normal, and so patients in thisg(o = 99) may have been less likely to
reach an endpoint. Furthermore, as appropriateth@iapies occur more frequently in
patients with ICDs than do sudden deaths in patiesthout ICDs, a significant proportion

of the endpoints in this study may have been aitzibie to subclinical arrhythmi&s

Left ventricular systolic dysfunction, irrespectnfeaetiology

One study recruited 549 patients with LVSD, inchglpatients with ischaemic (n = 267)
and non-ischaemic (n = 282) cardiomyopathyhe primary endpoint was a composite of
death and VTE. Over 20 months, there were 2 deaiti® ICD discharges in the normal
MTWA group (n = 189) compared with 38 deaths an@D discharges in the abnormal
group (n = 360) (the proportion with an ICD in eaghup was the same).

Non-ischaemic left ventricular systolic dysfunction

Three studies have examined the prognostic utfityiTWA in non-ischaemic
cardiomyopathy. The first performed MTWA testinglid4 patients and concluded that a
positive MTWA test was associated with \PFEHowever, the number of endpoints was
very small (n = 12), as was the sample size, Ingithe multivariable analysis. The second
study recruited 137 patients and compared MTWA witrer arrhythmic market$

MTWA was the only independent predictor of VTE aftenean of 14 months follow-up.
However, the multivariable model did not include ag LVEF. The cohort included
patients with an ICD (27%), mostly for prior vegtriar arrhythmia, limiting extrapolation
of these results to a primary prevention populatidre largest study (n = 263) excluded
secondary prevention patients and conducted Idojew-up>’. A positive MTWA test

was not associated with the occurrence of VTE.



Mean Mean Prior Pre-test MTWA result (%) Primary Endpoint Predictive Value

P?Eiﬂﬁty'on n Age  LVEF VA pblocker - . . Mean FU RR/HF
0, 0, 2 =
(years) (%) (%) stopped? Positive Indeterminate Negative  Event (months) n (95%Cl) PPV NPV

Prior myocardial infarction
Ikedd”’ 850 63 NA 0 NA 36 13 51 SCD/ VE 25 25 EF;?’Z% 7% 99%
Schwalf® 140 60 56 0 One dose 20 27" 53 [i/eTaéh/ 15 3 NS 4% 97%
Tapanainetf 323 62 45 0 No 17 38 45 ACM 14 26 NS 0% 99%
Ikedd® 1041 64 55 0 No 17 9 74 VTE 32 18 19.7 9% 99%
Low LVEF with prior myocardial infarction
Hohnloset* 129 63 26 0 NA 60 13 27 S\?lf)/ 17 12 RR 5.5 13% 99%
Bloomfield*® 177 61 23 0 No 27 41 32 ACM 20 20 (TFi_‘;'g) NA NA
Low LVEF with coronary heart disease

3 ACM/ HR 2.2 . .
Rashba 144 64 28 39 >24hrs 49 25 26 VTE? 17 50 (1.1-4.7) 40% 84%
Chow? 768 ~67 27 0 >2ahrs 46 21 33 ACM 18 99 ('IR?, _23'2;) 15% 92%
Low LVEF

6 ACM/ HR 6.5 o o
Bloomfield® 549 56 25 0 No 29 35 36 VTE? 20 51 (2.4-18) 13% 98%
Low LVEF without coronary heart disease
Kitamurg” 104 52 41 0 NA 44 20 36 VTE 21 12 RR gf (2= 3806 95%
Hohnloset® 137 55 29 20 NA 48 27" 25 VTE! 14 18 RR 3.4 22% 94%
Grimm®® 263 ~49 ~30 0 >24hrs 52 21 27 VTE 52 38 NS 13% 90%
Heart failure with low LVEF
Baravellf® 73 64 36 10 >48hrs 41 23 36 VTE?! 17 8 % 24% 100%
Sarzf! 46 59 29 0 NA 52 20" 28 C;‘églﬁc 19 7 NA 30% 100%
Klingenhebeff 107 56 28 0 NA 49 20 31 VTE 14 13 o 21% 100%

ACM, all-cause mortality; CI, confidence intervelkJ, follow-up; HR, hazard ratio; LVEF, left verttilar ejection fraction; NA, not available; NPVegative predictive value; NS, not
significant; PPV, positive predictive value; RRlative risk; SCD, sudden cardiac death; VTE , nemiar tachyarryhthmic event&xcludedfincluding ICD therapie&nultivariable.

Table 1.1 Published prospective observational stugs of the predictive value of MTWA testing
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Symptomatic heart failure with low LVEF

A number of small studies have suggested that MTid&ANg is useful in patients with
low ejection fraction heart failut&®% However, these studies are small, appear to be
highly selected, and lack proper multivariable atinent. Two larger studies have now
reported preliminary results. The Microvolt T-wakkernans in Patients with Heart
Failure (ALPHA) study recruited 446 patients withnaischaemic cardiomyopathy (LVEF
< 40%) and stable NYHA 1I/1ll CHF on optimal medidakerapy°. A non-negative

MTWA test was associated with an increased riskaofliac death or VTE over 18-24
months. However, patients in this group were alderp more symptomatic and had a
lower mean LVEF, imbalances which highlight thedh&sa careful multivariable
adjustment in such studies. In the SCD-HeFT T-walte¥rnans sub-study, MTWA testing
was performed in 490 patients with LVER5% and NYHA II/lIl CHF3. 41% of tests
were indeterminate and over 35 months there wakffevence in the rate of VTE between

MTWA groups for patients receiving either ICD oapébo.

Specificity of MTWA for arrhythmias

The contradictory results in these large studieamibkat some doubt remains regarding
the value of MTWA for predicting arrhythmic risklkawing MI and in CHF. In

MASTER-1, MTWA result could not predict verifiedraythmic events, although a
negative test was associated with a lower risk ©MA the secondary endpoint. These data
tend to question the specificity of MTWA for arrhynias, and should be interpreted in the
broader context of all the large MTWA studies. Aswn in Table 1.1, the endpoints used
have varied, making direct comparisons betweenedystoblematic. However, if we
examine outcomes in MTWA positive and indetermirgataups from studies which have
examined ACM, in each case, mortality was highgh@indeterminate group (Table 1.2).
Clearly, an indeterminate test indicates an unfeafole prognosis, but the nature of this
risk is unclear. Only one study enrolled a sufiithg large cohort to examine cause-
specific mortality (Table 1.8). Indeterminate tests accounted for 159 of 514 @bab
MTWA tests and predicted both arrhythmic and natmghmic death, whereas a positive
test only predicted all-cause mortality. Therefoneeterminate, rather than positive tests
accounted for the predictive value for arrhythngagstioning the proposition that MTWA
identifies a specific pro-arrhythmic substrate.sTtaises the possibility that an
indeterminate test may actually predict both nawahmic and arrhythmic risk. Patients
with extensive comorbidity may be more likely td fae HR requirements for completion
of the MTWA test, and so to have an indeterminasaiit.
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Table 1.2 Distribution of all-cause mortality by MTWA test result

Study n= Population Mean All-cause mortality (%)
follow-up  Posive Indeterminate Negative
(months)
Chow* 768  Ischemic 18 12 21 8
LVSD
Bloomfield*® 177  Ischemic 2-year 14.5 20.1 3.8
LVSD mortality
rate
Bloomfield® 549  LVSD  2-yearevent 12.3 17.8 2.4
rate (51CD (41CD (2 1CD

discharges) discharges) discharges)

Tapanaine?‘? 323 Post MI 14 0 15 <1

*all-cause mortality and ICD discharges.

Table 1.3 Cause specific mortality by MTWA in Chowet al>*

MTWA result
HR (95%Cl) Non-negative Positive Indeterminate
(n = 514) (n = 355) (n = 159)
All deaths 2.24 (1.34-3.75) 2.08 (1.18-3.66) 2.78 (1.55-4.99)
Arrhythmic deaths 2.29 (1.00-5.24) NS 3.62 (1.44-9.13)
Non-arrhythmic deaths NS NS 2.47 (1.17-5.22)

Cl, confidence interval; HR, hazard ratio; NS, rsignificant.
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They are also likely to be at higher risk of norhgthmic mortality due to their
comorbidity. It is also possible that patients withsustained alternans or ectopy on
exercise may be prone to ventricular arrhythmiadReanalyses of indeterminate tests
concluded that such patients were at high"ti&kas distinct from those patients with
indeterminate tests due to noise, artefact or gpsise in HR. This suggests that the
prognostic value of MTWA may be improved by recifisation of indeterminate tests

The key to reconciling the divergent results okthelinical studies lies in understanding
the relationship between alternans and arrhythBExperimental evidence to date suggests
that there may be a mechanistic link between atesrand arrhythmia, although the
relevance of this paradigm to heart failure hashean tested. If alternans and arrhythmia
merely coincide in patients with heart disease the rationale for widespread use of
MTWA testing for the prediction of arrhythmias miag weak. However, if a specific
relationship exists between alternans and arrhyththen MTWA testing could be refined

and developed in order to exploit that associdorelinical benefit.
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Repolarisation alternans

Understanding of the cellular basis for MTWA is ionfant, not only as it may inform
better clinical use of MTWA testing, but also amiy well provide new insight into the
causes of the lethal arrhythmias associated witMMTin man. Repolarisation alternans is
believed to be the cellular basis for TWA, and diéges a regular variation between two
patterns of repolarisation on an every-other-baats) at a constant cycle length. The
evidence linking alternate changes of the rep@#ada phase of the ventricular AP to ECG
T-wave alternans comes from two experimental modktstly, in a canine wedge
preparation, pharmacological prolongation of thei@&rval in conjunction with rapid
pacing produced TWA on a pseudo-E¥.@hese measurements were graphically
correlated with alternation of the action potentiatation (APD) recorded from an
intracellular microelectrode in the midmyocardialddll layer. Secondly, in the isolated
guinea-pig heart after endocardial cryoablatioterahting AP morphology has been
recorded from the epicardial surface during ragidimpg at low temperatut® Alternans
occurring during the repolarisation phase of thewe® co-incident with TWA on a
pseudo-ECG. In this model, at high stimulationsatepolarisation alternans became
spatially discordant, a state which was assocwmattdsignificant gradients of
repolarisation and the induction of re-entry. Thés lead to the emergence of the concept
of repolarisation alternans as a new paradigmhieniriduction of re-entrant ventricular
arrhythmid® and also raises the possibility that repolamsasiternans may cause the
ventricular arrhythmias for which MTWA is a marké&or this reason, repolarisation

alternans has become the focus of much experimstoidy.

Céellular mechanisms of repolarisation alternans

A striking feature of both cellular and clinicateinans is that they arise under a wide
range of conditions. In the laboratory, repolar@atlternans has been induced by
hypothermi&®, rapid pacind®*®® pharmacological APD prolongati$if®, acute
ischaemi& and acidosi<. Clinically, macroscopic TWA has been associatétl w
electrolyte disturbanéé tachycardi&, the long QT syndrome (LQTS)and coronary
arterial spasfit. MTWA is induced by elevation in heart rate, the heart rate threshold is
lower in patients with CHE, coronary disead&>* LVSD® left ventricular hypertrophy
(LVH) and hypertrophic cardiomyopatffy A major challenge in understanding
repolarisation alternans is to reconcile whetherdttan be a single mechanism for a

phenomenon that occurs under a diverse range efiex@gntal circumstances.
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Determinants of cellular repolarisation

At a cellular level, repolarisation is governeddmth sarcolemmal ion currents and
intracellular calcium ([C4])), as illustrated in Figure 1.3. Voltage-gated sadichannels
(VGNa) open in response to a depolarising stimwdusg]n, causes rapid depolarisation
before inactivating. The L-type calcium channel QQ) is also activated, producihgh,
which maintains depolarisation during the platehase. Given the stoichiometry of NCX,
which exchanges one €aion for every three N@ons, reverséyacafavours

repolarisation. NCX then switches to forward magepoving C&" from the cytosol. The
remaining C& is taken up into the SR by the sarcoplasmicuktin ATPase

(SERCA2a). Inactivation oth;, along with increased magnitude gfdnd activation ofd
and ki reset \4. Intracellular C&" cycling is responsible for linking the AP to myotey
shortening (excitation-contraction coupling). Dgrithe AP upstroke, the increase in local
[Ca?"]; produced byca triggers C&' release from the sarcoplasmic reticulum (SR) selea
channels (RyR) by a process called’daduced C4' release (CICR). Cytosolic &€aions
bind to the myofilament protein troponin C, actimgtcontraction. During the diastolic
interval (DI) of the cardiac cycle [€3; falls, allowing relaxation. This is achieved by
pumping of C&" back into the SR via SERCA and extrusion of‘Geom the cell via

NCX, with minor contribution from sarcolemmal ATRas

Vm and [C4"]; are bidirectionally coupled, such that the AP @fehe concurrent €a
transient (C&7) and vice versa. G is dictated by both the AP trigger and by the SR
Cd" load. As C4&' reuptake to the SR occurs during the diastolierirtl (DI), the SR C&
load also indirectly depends upon the APD of ttevijmus beat. ¥ is affected by [CH];

in opposing ways: SR Garelease inactivates the L-type calcium currégy ) favouring
repolarisation, but the increase in fJaalso drives calcium extrusion from the cell by
NCX, which carries an inward current tending to mi@in depolarisation. In some species,
including rabbit, a Cdactivated chloride current also exists and wilkaffthe AP. A
larger C&'7 can either lengthen or abbreviate APD, dependimghich of these
predominates. In order to maintain a long-termitglof the intracellular C&' levels
within a cardiac cell, the Gaentering the cytosol via the L-type Caurrent and the SR
Ccd"* release must be removed before the next beas 6Baurs by Céextrusion from the
cell mainly via NCX and Cd reuptake to the SR via SERCA. APD and the sys@éft:
have been shown to display alternans at a celieNat, and occur linked in space and
time, independent of activation siteBoth have therefore been implicated as the pgmar

cause of repolarisation alternans.
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Figure 1.3 The determinants of cellular repolarisaibn

A. The changes in membrane potential which prodlieeardiac action potential, along
with the currents responsible. B. A cardiac cethvthe sarcolemmal ion currents and
intracellular calcium fluxes which influence repagation. LTCC, L-type Ca channel,
Myo, myofilaments; RYR, ryanodine receptor; SReeatasmic reticulum; SERCA,
sarcoplasmic reticulum ATPase; NCX, sodium calcaxohange; VGNa, voltage gated
sodium channel; KC, potassium channel. F indicitesard mode NCX and R indicates
reverse mode.
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AP restitution

The main hypothesis for the generation of repaddios alternans is based on the AP
restitution relationship. AP restitution descrilbles change in APD which occurs when DI
is altered (usually by a change in stimulation)rated is attributable to the time-
dependence of recovery from inactivation of thedamrrents responsible for the AP. The
relationship is quantified by the APD restitutiaimee, which is plotted using experimental
measurements of APD and DI, typically during thplegation of extrastimuli at
progressively shorter coupling intervals. A steegtitution curve describes the situation
where a change in DI has a larger effect on theeeent APD. The generation of
repolarisation alternans by steep APD restituti@s first described in 1968 by Nolasco
and Dahleff. The authors constructed a cobweb diagram tariéltesthe way in which the
slope of the APD restitution curve dictated thesprece or absence of APD alternans
following a shortening in cycle length (CL) (segtie 1.4) In the case of a steep
restitution curve, shortening of DI produces a s A®D in the next cycle and, given that
cycle length is constant, a long DI. This in tuimeg rise to a long APD with an associated
short DI, and so to alternans. In contrast, a sheAPD restitution curve means that
variation in APD would be progressively diminish@tiere is both experiment&f®and
simulation-baset®®? evidence that an APD restitution slope > 1 promogpolarisation
alternans. Although the cobweb diagram illustréibesgeneration of alternans on a single
restitution curve, in reality the situation is ma@mplex. In isolated myocytes, restitution
curves differ depending on whether the extrastimiliows the beat with the long or
short action potenti&. Temporal heterogeneity of restitution has alsenbgemonstrated

in multicellular preparatior{&®’:%
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Figure 1.4 Theory of the production of APD alternars by AP restitution (Adapted

from Nolasco and Dahler??)

lllustration of the production of APD alternansaagesult of APD restitution, adapted from
Nolasco and Dahléh The dashed line satisfies the condition: APD +=RJcle length

(CL) and is illustrated to describe behaviour witkpect to the curve, assuming that CL is
constant. Example action potentials are illustrddeadach step. A: indicates a system
operating on a steep part of the AP restitutiovewand PS indicates the application of a
premature stimulus to that system. Because thesdarsteep, the short DI produced by the
extrastimulus (1) means that the associated AR@gs (2), which in turn leads to a short
DI (3), which dictates a longer APD (4), meaningttthe subsequent DI will be short, and
producing self-sustaining alternation. B: indicade®sy/stem operating on a shallow part of
the AP restitution curve and PS indicates the appbtn of the same premature stimulus to
that system. Where the APD restitution curve idlsivaa perturbation in DI has a
negligible effect on APD and no alternans is geteera
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ca* cycling

Simultaneous measurements of {giaand \f, have shown that APD alternans is
accompanied by alternating changes iA"€4%* In isolated ventricular cells and whole
hearts a reduced &a amplitude generally accompanies a shorter APD
(electromechanically in-phase alterndfi8j®* There have been fewer reports of the
opposite phenomenon: a largeFGassociated with a shorter APD (electromechanically
out-of-phase alternaf$f® C&*; alternans does not appear to require APD altersiacs
the former has been observed in isolated voltagenotd cardiomyocyt&s®® Recent

work suggests that at particularly high SR'Gaads, small variations in the SRa
content can give rise to large variations in SR'@alease and therefore amplitude of the
cd”* transient’. If this behaviour is coupled to a very steeptiefeship between
cytoplasmic C& and the C# efflux from the cell, then prominent alternangtie SR

Cd" release will be generat®dAn additional factor is the steepness of theti@iahip
between cytoplasmic Ca and SERCA activity, as destnated by theoretical studiég?
Other mechanisms for €aransient alternans involve alternation in theabetic

regulation of SR functidfi or alternating properties of the SR*Ceelease channel that are

independent of the SR €acontent®.

Interactions of restitution and G&cycling

Intracellular C&" modulates the magnitude of ionic currents activeng) the
repolarisation phase of the action potential. Tloeeeit is conceivable that instabilities in
the SR C4' release mechanism and the subsequefitt@msient may affect APD
alternans. In support of this theory, APD alterni@nisolated cardiomyocytes can be
abolished using interventions which affec€Ceycling, including blockade of SR €a
releas&’, application ol antagonists, depletion of SR G4 *° and chelation of
intracellular C&" °® These findings are borne out in multicellulargaiations under long-
QT condition&® and with acute myocardial ischaemia, wher& @hannel blockade
reduced both the occurrence of TWA and suscefiitidi VF®'. A study on single rabbit
cardiomyocytes provides a potential explanatiothese resulfs. It showed that the
presence of an intracellular €dransient, rather than a steep restitution curas avpre-

requisite for repolarisation alternans.

Discordant alternans

Repolarisation alternans has been mechanistiéaked to the production of re-entrant

ventricular arrhythmia in experimental models. Wtie combination of low temperature
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and high stimulation rates in the cryoablated gaipig heart, optically recorded action
potentials alternated with opposite phase in adjaegions of epicardiufft During this
discordant alternans, spatial gradients of repsd#ion were significantly increased and
these gradients appeared to be responsible forrectidnal conduction block, which was
consistently seen when pacing cycle length wastehed during discordant alternans. Re-
entrant VF in this context was therefore not singplyonsequence of elevated heart rate
but was due to a specific interaction between enptare impulse and the extreme
gradients of repolarisation produced by discor@détetrnans. Interestingly, during rapid
pacing in a canine model of LQTS, in which dispamsivas extreme, a premature stimulus
was not required for the induction of ventriculathgthmia from discordant altern&fs®

On the basis of these observations, spatially dissd alternans has emerged as a possible
mechanism of re-entrant arrhythmia and much expariad study has focused on

understanding the conditions creating discordantistinct from concordant alternans.

Mechanisms of discordant alternans

The paradigm of discordant alternans identifiegiaplheterogeneity of alternans as the
link to ventricular arrhythmia, and there are a bemof theories as to how such
heterogeneity of alternans arises. These arer#iiest in Figure 1.5, and can be broadly
classified as underlying tissue heterogeneity aradyic modulation of repolarisation.
Normal cardiomyocytes exhibit heterogeneities itht®PD restitution behaviour and €a
handling, giving rise to physiological spatial lretgeneity of repolarisation. Furthermore,
in intact ventricular tissue, electrotonic couplimgfween cells, cardiac memory,
conduction velocity restitution and ectopic beats ead to dynamic spatial and temporal

modulation of repolarisation.

Heterogeneity of repolarisation

In the guinea-pig model, spatial patterns of ahemin the surviving subepicardium are
consistently orientated along an apex-base axigpendent of activation sffeas are
epicardial gradients of repolarisation and resttutn this specie¥’. This suggests that the
development of discordant alternans may be relat@atrinsic spatial differences in
cellular repolarisation. If baseline APD or rediibn characteristics differ between cells,
then these cells will be expected to respond diffdy (in terms of APD) to a uniform DI.
This is a relatively straightforward concept in thenea-pig model, in which the only
viable myocytes are a thin layer of epicardialdl the intact left ventricle, however,

spatial gradients of repolarisation also existietransmural plad&. In the canine wedge,
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under long QT conditions, transmural heterogenditgiternans was attributed to the
differing repolarisation properties of cells acrdss ventricular waff™: These

differences in repolarisation have been shownadd te discordant alternans in this

modef®. The relative contributions of apex-base and tramal gradients of repolarisation

to the development of discordant alternans havéoylee established. Moreover, although
the apex-base gradient of repolarisation is knawexist on the epicardial surface,

whether this gradient is maintained through thetllepthe ventricular wall is not known.
Indeed, optical mapping studies of repolarisatioperfused ventricular sheets suggest that

no such gradient exists at the endocardfim

Heterogeneity of calcium cycling

Under normal conditions, €ahandling in ventricle exhibits both apex-b&3and
transmurdi® heterogeneity, and these patterns have been liokieeterogeneity of Ga
alternan®'%* As has already been discussed’*@gcling is important in the generation
of repolarisation alternans, and it is therefosomable to propose that spatially
discordant alternans may also be mediated throatgrdgeneity of Ca cycling. In tissue
with heterogeneous €acycling it is certainly conceivable that spatiatigncordant
alternans could be converted to discordant altex;fandifferential coupling between
[Ca®]i and \{, or by spatial heterogeneities in phase df'@#ternans (Figure 1.5B).
Intercellular C4" diffusion is limited®, so the phase of &aalternans between cells can
desynchronise more easily thap.\Indeed, both dyssynchronous®Calternans between
cells and subcellular Gaalternans have been demonstrated in intact amigventricular
myocardium®*°” Thus spatial heterogeneities in“Chandling may be crucially
important in desynchronising APD alternans and pcaty discordant alternans.

Disruption of electrotonic coupling

Under normal circumstances, gradients of repolaoisare minimised by intercellular gap
junctions, which mediate electrotonic coupling betw cells. Therefore, gap junction
uncoupling, which increases spatial gradients pblarisation, would be expected to
increase vulnerability to discordant alternans.Red intercellular gap junction coupling
occurs during LV remodelling following myocardiaffarctiont®® which is associated both
clinically and experimentally with an increasedreg ventricular arrhythmia. So, this
‘unmasking’ of repolarisation heterogeneity is @fble mechanism by which alternans-
induced arrhythmia may be more likely to occur athmlogy, although, this has yet to be

demonstrated experimentally. In the guinea-pig rhotlalternans, an epicardial laser burn
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has been shown to promote the production of discdrds distinct from concordant
alternan®’, presumably by electrically isolating differengiens and promoting any
differences in phase which might arise from différeaseline cellular properties. However
the relevance of this type of structural barriecaodiac pathology is limited. Traditionally,
full-thickness myocardial infarction is thoughtpgooduce an electrically inert scar.
However, there are viable myocytes within infarategbcardium and recent evidence
shows that electrical impulses propagate intornferct®®. Moreover, following

myocardial infarction the border zone and remodebentricular myocardium both have
altered electrophysiological properties. The wayw/lich these changes might influence

the development of discordant alternans are unkredvpnesent.

Dynamic mechanisms

The role of conduction velocity restitution in Sply discordant alternans
Conduction velocity (CV) displays restitution belwar at short cycle lengths and

theoretical work has suggested that engagemenVaestitution could mediate a localised
change in alternans phase, resulting in spatiadigoddant alternans (Figure 1.5C). If CV
is slowed when DI is short, then as the impulseaisafrom the stimulus site, DI will
prolong, producing inhomogeneity of DI in spaceisiill result in inhomogeneity of the
subsequent APD which, during alternans, could teapatial discordance. This

mechanism has been illustrated both experimentaihd in simulatiorfs.

Ectopic stimulation can induce discordant alternans
In simulated sheets of cardiac cells derived frammputational models, an ectopic

premature stimulus can induce discordant alteraaipacing rates which, in the absence of
ectopic stimulation, would be expected to produmecordant alternafis Indeed, an

ectopic may induce discordant alternans even dlteynans is present at baseline. The
premature ectopic produces an altered gradient of Epace, which in a way analogous to
that described for CV restitution, produces inhoseraty of APD in space and allows

APD alternans to become discordant (Figure 1.5B¢ Jpatially discordant alternans
observed following ectopic stimulation is typicathansient, reverting back to concordant
alternans, or to baseline behaviour over a peridone.

Dynamic instability arising from C cycling
In a model of a paced one-dimensional cable ofigarcklls, in which alternans was

induced by rendering SR Eaelease steeply dependent on SR'&mtent, variation of
the coupling between [&3; and \{, from positive (generating electromechanically in-
phase alternans) to negative (generating electroamécally out-of-phase alternans)
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promoted the induction of discordant alterfahsThe authors postulated that the negative
bidirectional coupling between [€% and \f, amplified minor spatial differences between

cells, eventually resulting in discordant alternans

A. Heterogeneity of repolarisation B. Heterogeneity of calcium cycling

Cell 1: short baseline APD and steep restitution Cell 1: in-phase Ca*‘alternans
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Figure 1.5 Potential mechanisms of discordant repatisation alternans

A. The effect of spatial heterogeneities of reitiuon concordant alternans. The same
diastolic interval will elicit different responsesterms of APD from different areas of the
tissue which have different restitution properasl leading to desynchronisation of
alternans in space. B. Where heterogeneity &t 6aling exists, differential feedback
effects of C&" on Vi, produce spatially discordant alternans of APDW®Ben conduction
velocity (CV) restitution is present (i.e. whenrieasing stimulus rates produce a slowing
of conduction), DI will increase with increasingtiince from the stimulus. Over that
distance, the lengthening DI elicits different r@sges in terms of APD, setting up
spatially discordant alternans. D. An ectopic premeastimulus during concordant
alternans will result in shortening DI as it proptas through the tissue. This means that
different areas of the tissue will receive a déf@rDI, so resulting in different responses in
terms of APD in space, which may produce spati@ibgordant alternans.
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Is spatially discordant alternans alone sufficieminduce re-entry?
The theoretical link between spatially discorddtdraans and re-entrant ventricular

arrhythmia describes the production of such extrgradients of repolarisation that re-
entry can occur. Whether there is an absolute reau@nt for a premature stimulus prior to
induction of re-entry is an important question.ekfpharmacological prolongation of the
QT interval, a premature stimulus was not requicede-entry; however, this constitutes
an extreme baseline abnormality of repolarisatiah lzas limited relevance to the majority
of clinical arrhythmia®. In the guinea-pig model, extreme gradients oblasation

during spatially discordant alternans lead to titriction of re-entry after a shortening of
cycle lengtf®. This may indicate that in the absence of an @sirg stimulation rate or a
premature beat, spatially discordant alternans fadt a stable situation. More research is
required to determine whether spatially discordapblarisation alternans is sufficient for

re-entry in the absence of an ectopic trigger.
Is there a mechanistic link between alternans andrenythmia?

The fact that MTWA is linked to the occurrence ehtricular arrhythmia, along with the
experimental evidence that discordant repolarisadlternans may promote re-entry, raises
the possibility of a mechanistic link between aitars and arrhythmia in man. However,
there are a number of important questions whicht ineisnswered before such a link

could be established. In particular, clarificatafriaboratory data is required before it can
be translated to the clinical setting.

The experimental paradigm
Temperature

Low temperature has been used to elicit altermamasnumber of studig%®” 8711

however, the mechanisms underlying the temperaependence of alternans have not
been established. It is recognised that cooling theerange used in these experiments
(27-34°C) has significant effects on the physiolofynammalian ventricle. Firstly, there

is marked positive inotropy at low temperatdfewhich has been linked to changes in the
dynamics of C& cycling, principally a slowing of G extrusion from the cytosol, leading
to increased [C&]i****** Cooling also results in a reduction in the atyigif energy-
dependent processes, such as the sarcolemmal spdiaph>. This raises intracellular
sodium ([N4&];), thereby promoting Gaentry into the cell via NCX and increasing fQa
Hypothermia, in the range commonly used to elitgraans, may therefore be regarded as

a C&*-overload state. APD is also modulated by tempegasuch that APD is longer at
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lower temperaturé$’. The exact mechanism for this is unknown, but &Enmpire-
dependence of ion channel gating kinetics is vaglbgnised, and differing activation and
inactivation of ionic currents will have potentiatomplex effects on the action
potentiat'’. It is also important to consider the effects @bling at the organ level. In
guinea pig papillary muscles, APD restitution isegter at 27°C than 37°C degréés
Spatial dispersion of repolarisation has also &emnwn to be increased during
hypothermid®® and this may be expected to predispose to thelalgwment of discordant
repolarisation alternans. Conduction velocity Eoaslowed at low temperatdf@and this

may increase the propensity of discordant altert@apsoceed to unidirectional block.

Even from this brief exploration of the cellulafesfts of low temperature, it is clear that
there are a number of ways in which cooling may ifgazkllular processes to promote
alternating behaviour. Indeed, many of the cellatarsequences of lowering temperature,
raised [N&]; and [C&"]; and prolonged APD, resonate with other experimenta
interventions that provoke alternans. It is inténgsto note that investigators working with
intact guinea pig hearts at physiological tempeestiave failed to induce discordant
repolarisation alternans with rapid padthdnstead Choét al observed transient
alternating behaviour following an abrupt reductiorcycle length, and production of
alternans relied upon the longer refractory pedbthe base of the ventricle producing
slowing of conduction on alternate beats. Theserelmncies only serve to emphasise that
the mechanisms underlying the temperature deperd#nepolarisation alternans must be

investigated before extrapolating the paradignritoyghmogenesis vivo.

Amplitude alternans

Alternating behaviour is not usually confined te tlepolarisation phase of the AP. Indeed,
a striking feature of many published records ddralins is that changes in action potential
duration are frequently accompanied by changestinrapotential amplitucf@®’:/787:111
In many cases, the alternation of amplitude app®are marked, in percentage terms,
than that of APD. It is not clear whether AP amyali alternans occurs in single cells, and

POSTAL I the alternation in

published records from microelectrode studies andlicting
AP amplitude were primary, then this might be expedo have an effect on the APD (i.e.
producing “secondary” repolarisation alternans).plitnde alternans requires careful
consideration, because it raises the possibilay tither parameters, aside from cellular
repolarisation, may display alternating behaviawt ao may conceivably be responsible

for both TWA and proarrhythmia.
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Much of the experimental work examining repolai@aglternans at the whole-heart level
has employed optical mappifi§”®®""#which relies on the spectral properties of voltage
sensitive dyes. Although the time-course of optilas has been shown to correlate well
with those recorded using intracellular microeledes'®, the amplitude of an optical AP

is a function of the intensity of fluorescence proeld by the dye in the cardiomyocyte
plasma membrane. The absolute fluorescence ledependent on a number of variables
aside from YV, including dye penetration into the tissue, memenaptake of dye and
excitation light levels at a given site. Moreowveéepending on the particular conditions in
each experiment, the signal recorded in a singlel pnay represent the summation of
electrical activity from a few hundred to a few tisand cardiomyocytes. Despite this,
consecutive action potentials from a single pixeuld be expected to have the same
amplitude, given the same magnitude of change,uling depolarisation. As the
depolarisation phase of the cardiac AP is thoughietan all or nothing phenomenon, it is
unlikely that this represents alternating amplisidédepolarisation at the level of a single
cell. Alternating amplitude in consecutive actiartgntials from the same site may
therefore indicate an alternating magnitude ofsiim@med depolarisation from the cells
contributing to the AP in a given pixel area. Howe\the possibility exists that some cells
in the pixel area are failing to respond on an ywéner beat basis. For example, if some
cells displayed rate-dependent 2:1 phase-lockintewathers responded 1:1 then an
alternating amplitude might be observed in theagly recorded AP. The precise cellular
basis for alternating changes in action potentighlgude has yet to be uncovered. If
alternans of AP amplitude is seen in single céllsn the mechanisms, which remain
uninvestigated, may be quite different from thossaiibed for repolarisation alternans.
Similarly, if amplitude alternans is an artefacogtical records then the possible
explanations for this extend beyond alternans pdlegisation. In either case, it is
conceivable that changes in recorded AP amplitua Imave implications for the
development of unidirectional conduction block. Aityale alternans therefore requires
careful consideration, as it raises the possitifit other aspects of electrical activity,
aside from repolarisation, may responsible for BOA and the accompanying

proarrhythmic status
Translation to the clinical setting

In the guinea-pig model, discordant alternans i$ desnonstrated as a potential
mechanism for ventricular arrhythmia, as it wasaglsvpresent prior to unidirectional
block and re-entry. However, in order to determwinether re-entry commonly occurs by

this mechanism in man, a number of questions nmuistdressed.
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I nterspecies correlation

Although alternation of cellular repolarisatiorcisrrelated with ECG TWA in animal
models, the link to MTWA in patients needs to basidered. There are three studies
regarding the occurrence of repolarisation altesriathumans®*?? In a small group of
patients with coronary heart disease, rapid ghaaing induced MTWA, and this was
associated with alternation in the amplitude ofgibgion of the intracardiac electrogram
corresponding to repolarisatitth Although alternans of the intracardiac electragra
commonly occurred without body surface MTWA, thdig appear to be a correlation, in
that patients with electrogram alternans at a greaimber of intracardiac sites were more
likely to display MTWA. Another study recorded attans of endocardial monophasic
action potentials and found that this correlatethwody surface MTWA during atrial
pacing, but not to endocardial monophasic AP (M#gJitution slop&?. The relationship
between spatially discordant repolarisation altesnTWA and ventricular arrhythmia in
humans remains to be explored, for instance howadlyadiscordant alternans would be

manifest in an ECG signal is unclear.

Temporality

The link between cellular repolarisation alternand MTWA in patients involves a further
order of complexity. In the clinical context, MTWA a marker of distant arrhythmic risk
whereas the experimental paradigm suggests a causale immediately prior to the
onset of ventricular arrhythmia. There are a lichibeimber of case reports from
ambulatory ECG data and bipolar electrograms restbly implantable defibrillators that
suggest an increase in MTWA may occur immediatelyr o some spontaneous
ventricular arrhythmias in maf¥*?% but this requires further substantiation.

Alternans and heart rate

It is clear that the relationship between alterreamd heart rate is crucial. Experimentally,
repolarisation alternans is almost universallyrection of rapid stimulation rates and
MTWA in patients occurs with an elevation of haate. Ventricular arrhythmia and
sudden cardiac death, however, are not always ¢eeday an increase in heart rate, and
this is difficult to reconcile with a causative edbr repolarisation alternans in arrhythmia.
If tachycardia is indeed a pre-requisite for aléers) as it appears to be in the laboratory,
then repolarisation alternans may be a mechanistinéodegeneration of VT to VF, rather
than for initiation of tachycardiper se In experimental studies metabolic derangement,

pharmacological QT prolongation and adrenergic@tition have been demonstrated to
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produce alternans at normal heart rates, angissible that these may play an important
role in the production of T-wave alternans at ndrh&art rates in man.

Repolarisation alternans as a mechanism for arrhythmia in heart failure
Electrophysiological heterogeneity

The theory of discordant alternans identifies sppdeterogeneity of alternans as the link to
ventricular arrhythmia. Although in simulations hogenous cardiac tissue is capable of
developing discordant alternans when conductioncig restitution is steéf it occurs
more readily in the presence of tissue heterogghiein the guinea pig model, spatial
patterns of alternans were consistently orientateth apex-base directittf”,

independent of pacing site, as are gradients alaepation and restitution in this
specie¥’. This suggests that the development of discoraiégnans is related to intrinsic
spatial differences in cellular repolarisationthe left ventricle, gradients of repolarisation
also exist transmuraf$f. Transmural heterogeneity of alternans has beemndstrated in
LQTS®®® and in isolated ventricular myocytésas has increased magnitude of calcium
transient alternans at the sub-endocardium in meamedge preparatid¥f. The relative
contribution of transmural and apex-base heterages¢o the development of discordant

alternans has not been established.

Under normal circumstances, gradients of repolawisare attenuated by intercellular gap
junctions, which allow electrotonic coupling betwesells. Therefore cellular uncoupling,
as occurs as part of LV remodelling following ¥ would also be expected to increase
vulnerability to discordant alternans. In the gaitpeg preparation uncoupling was
modelled by the introduction of an epicardial sedrich did indeed facilitate the
development of discordant alterndh$harmacological potentiation of gap junction
conductance during ischaemia has been shown toesspgiscordant alterndf% but the

effect of pharmacological gap junction uncouplimgadternans has not been investigated.

Electrophysiological remodelling in heart failure

Experimentally, ventricular arrhythmias are moradity generated in hearts that have
undergone remodelling following myocardial infaceti In Langendorff perfused human
hearts explanted at the time of transplantatiorefm-stage heart failure, re-entrant
excitation has been demonstrated. In these stutieestructural arrangement of the scar,
and particularly the surviving myocardial strandthim the scar and in the border zone,

appeared important for the initiation and mainteeanf re-entr{?’. The
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electrophysiological changes manifest in the remue-infarcted myocardium are also
important?®, APD prolongation is the most consistent changadaoin animal¥® and
human$®***°with heart failure. The increashdterogeneity of APD in the remodelled
hypertrophied LV can restitt dispersion of refractoriness, a critical suldstfar the
development of re-entrant tachyarrhythmkdgpertrophy-induced increase in interstitial
tissue with possiblenpairment of cellular coupling can also contribtdgehe occurrence
of re-entryProlongation of APD is considered the priming dtapthe developmeraf
early afterdepolarisations (EADs). EADs are nemsily induced in the hypertrophied
rabbit wedg&®. Triggered activity from DADs is yet another pdiahmechanisnof
arrhythmias in the post-MI heart. DADs have beeswshtobe more easily induced in
hypertrophied myocytes under the influenééncreased extracellular €d*?or in the

presence of R-adrenergigonist$®

Heterogeneity of repolarisation in the rabbit coemp ligation model

Our group has developed and extensively charaeteasnodel of heart failure produced
by coronary arterial ligation in the rabft**” Following ligation, rabbits develop a heart
failure syndrome and have decreased survival comdpaith sham-operated controls.
Ligated hearts have a lower VF threshold, sugggskiat re-entry occurs more readily
Furthermore, this model displays two major areasl@ftrophysiological heterogeneity as
a consequence of heart failure following MI. In tien-infarcted hypertrophied
myocardium, APD is prolonged, as has been demdedtia humans with heart faildr&
However, this APD prolongation is not uniform acrdse waft**and transmural
dispersion of repolarisation, as measured in isdlatlls, is increased. Secondly, there is a
defined infarct border zone where surviving myosytgerdigitate with scar tissue at the
epicardium and form a thin layer in the subenddcandLocal dispersion of

refractoriness, estimated by the VF interval teghaij is increased in this border zane

Discordant repolarisation alternans as a mechanism of re-entry in heart failure

Heart failure gives rise to increased electropHggical heterogeneity, which would be
expected to increase propensity to discordant agjsaktion alternans. However, this has
yet to be shown definitivelynvestigation of contractile dysfunction has dentmatsd that
mechanical alternans occurs more readily in faitiegrt$****° Calcium transient
alternans was observed with rapid pacing in mica-@xpressing cardiac tumour necrosis
factor (TNFp**®, but this was not mechanistically linked to artmgta. Although the

transgenic animals developed a heart failure syndrahey displayed an overall reduction
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in heart rate. There were no tachyarrhythmic deatlgcating important differences from

human heart failure.

In summary, our current knowledge offers some enqgtlan for the use of alternans as a
marker for arrhythmic risk, and raises the positjbihat repolarisation alternans may be
causative in the clinical arrhythmias predictedWA. Although the cellular
mechanisms of repolarisation alternans are becosstaplished and the theoretical
conditions which may promote spatially discorddtgraans are well understood, the link
between repolarisation alternans and clinical MTWAot yet made. Moreover, although
the link between discordant repolarisation altesnamd arrhythmias has been shown in
animal models, its relevance to clinical arrhytheniaheart failure has yet to be
demonstrated directly. An important step in exttapog the experimental paradigm to the

clinical situation is to examine it in a clinicaltglevant model of heart failure.
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Aims and hypotheses

Aims

This study was designed to investigate whetheeas®d regional heterogeneity of
repolarisation as a result of heart failure wikgispose to the development of
arrhythmogenic spatially discordant alternans.

Hypotheses

In the presence of alternans, at a given cycletkenige transmural pattern of alternans is
dependent on intrinsic cellular repolarisation gnties, and hence is independent of

stimulus site.

Heterogeneity of alternans is greater in the tramahplane than across the epicardial

surface.

Heterogeneity of alternans increases with incrgpsiimulation rate until discordant
alternans develops. Discordant alternans is a sagepre-condition for unidirectional
conduction block and re-entry.

In heart failure, there is increased transmuratiogieneity of repolarisation in the
surviving hypertrophied myocardium. This predisgoediscordant alternans, such that it

occurs at slower stimulation rates and with greatagnitude than in normal hearts.

In failing hearts, the onset of discordafternans and the induction of re-entry occur at

slower stimulation rates than in normal hearts.



Chapter 2: Methods
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The rabbit coronary artery ligation model

This study used a model of left ventricular dystiomefollowing myocardial infarction in
the rabbit.

Methods

Surgical procedures amal vivo echocardiography were carried out by Dr Martinkdiand
Mr Michael Dunne in accordance with the UK Animgientific Procedures) Act 1986
under Project Licence (PPL60/3538) and confornnéoGuide for the Care and Use of
Laboratory Animals published by the US Nationaltitnges of Health (NIH Publication
No. 85-23, revised 1996). Adult male New Zealandté/fabbits were given
premedication with 0.4ml/kigitramuscular Hypnorm [fentanyl citrate (0.315mg/ml
fluanisone (10mg/ml), Janssen Pharmaceuticals]esthasia was induced with 0.25-
0.5mg/kg midazolam (Hypnovel, Roche) given via antda in the marginal ear vein. The
rabbit was intubated and ventilated using a Hargamdll animal ventilator with a 1:1
mixture of nitrous oxide and oxygen containing 1&tokhane at a tidal volume of 50ml
and a frequency of 40 per minute. Preoperativéoitic prophylaxis was given with 1ml
intramuscular Amfipen (ampicillin 100 mg/ml, Mycofa UK Ltd). A left thoracotomy
was performed through th& 4ntercostal space. Intravenous quinidine hydradtéo
10mg/kg (Sigma Pharmaceuticals) was administerned far coronary artery ligation to
reduce the incidence of ventricular fibrillatiorh& marginal branch of the left circumflex
coronary artery was ligated halfway between thiewantricular groove and the cardiac
apex to produce an ischaemic area of 30-40% detheentricle. As there is relatively
little collateral circulation in the rabbit, a hogenous apical infarct was produced
occupying on average 14% of the total endocardidlepicardial surfaces towards the
apex of the left ventricfe If VF occurred, defibrillation was undertaken hvi 5-10J
epicardial DC shock. Once the animal was stab&thbracotomy was closed. The animal
was then given 20ml of isotonic saline intravenguslreplace perioperative fluid losses
and allowed to convalesce in a warm clean envirariwéh adequate monitoring for any
early signs of distress. Analgesia was given wi@dthg/kg intramuscular Vetergesic
(buprenorphine hydrochloride 0.3mg/ml, Reckitt &@an Products Ltd) immediately
after surgery and the next morning. Sham-operatedas underwent thoracotomy with
the heart manipulated in a similar fashion excleat the artery was not tied.
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Characteristics of the rabbit coronary ligation model

Previous work has detailed the effects of coroitigation in the mid-course of the
marginal artery in the rabbit after 8 wegk83"*4! As shown in Figure 2.1, ligated
animals have reduced survival compared with shaemated controls. Echocardiography
was performed 1 week prior to sacrifice to asgess/o cardiac function, using a 5 MHz
paediatric probe with a Toshiba sonograph (Sonola98). The rabbit was sedated with
0.3 mg/kg Hypnorm and a small area of the antehest wall was shaved to allow a
satisfactory echo window. Echocardiographic exationaeveals that the ligated animals
have LV hypertrophy, significantly increased ldfia diameter and LV end diastolic
diameter; and reduced LV ejection fracfibhDirectin vivo haemodynamic measurements
demonstrate a reduction in cardiac output and erase in LV end diastolic pressaré
Post mortem measurements reveal that lung andvigeweights are also increased as a
consequence of LV dysfunction. Heart failure isstehogeneous clinical syndrome, and
therefore difficult to reproduce in animal modelad because of this an objective Heart
Failure Index has been proposed to determine #wepce of heart failure produced by
experimental manipulations in anim&fs The criteria for heart failure by this measure ar
met in the rabbit coronary ligation model. Ligateshrts display an increased dispersion of
refractoriness along with an increased suscefsitidi ventricular arrhythmias and a
lowered VF thresholéh vitro 3¢ Optical mapping studies have demonstrated slowed
conduction in the infarct border zdfté along with prolongation and heterogeneity of
calcium transients (Gjin the intact heal>. Detailed studies in isolated cardiomyocytes
have characterised the changes manifest at aardiwiel as a result of remodelling
following MI. These include increased cell sized @hanges in AP§ and Ca.

Importantly the magnitude and of the changes in 4RIdd Ca depended on which
transmural layer of myocardium the cells were iwmdrom, resulting in significantly

increased transmural electrophysiological hetereiggin heart failur&”.
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Figure 2.1 Survival following surgical coronary arterial ligation in rabbits
Kaplan-Meier curves showing survival in rabbitddaling coronary artery ligation
compared with that in sham-operated controls.

The arterially perfused rabbit left ventricular wed ge preparation

The study of ventricular electrophysiology at tiesue level has relied on a number of

different experimental techniques, each of whick lbeen designed to closely reproduce

different aspects of normal physiology. Open-cleggieriments have the advantage that

they employ blood perfusion and preserve cardid@reumic innervation. However, the

imaging techniques and experimental protocolsiargdd by the practicalities of working

with anaesthetised animals. Isolated Langendorfiuped hearts are commonly used in

cardiac electrophysiology, as the technique igixgly straightforward and hearts remain

stable over a period of many hours. Depending erp#iticular set of experimental

conditions being studied, modified blood perfusmoay be more appropriate. In working

heart experiments, preload and afterload are reext] such that electrophysiology can

be studied under different mechanical conditiorahEof these has their own advantages,

but they share a common drawback, namely that dewys of electrical activity are

confined to the immediate subepicardial layer efimanyocytes. Significant heterogeneity

exists in the electrophysiological properties atdoamyocytes isolated from different

layers of the ventricular wall. Therefore, giveatthegional heterogeneities of membrane

repolarisation properties can influence the elgttysiological substrate for re-entry, the

transmural axis may be extremely important in thiely of arrhythmogenesis. The study of

repolarisation in isolated cardiomyocytes is lirditeecause electrotonic coupling between
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cells is an important determinant of repolarisatiomtact ventricl&*2. For these reasons,
arterially perfused LV wedge preparations, whidbvalaccess to the transmural surface in
intact ventricle, have been developed in caninesérare now well established for the
study of transmural ventricular electrophysiologyng both microelectrod&8***and
optical imaging with voltage-sensitive dy&s However, canine ventricle has a prominent
M-cell layer, which is not thought to be found iarhans*’. Moreover, circulatory
differences mean that the pattern of myocardiarctfon in canine is quite different to that
seen in humans. For these two reasons, a rabibitelefricular wedge preparation was

developed for this study.

Development of the preparation

An arterially perfused rabbit LV wedge preparati@s been developed by one group of
investigator™. Published accounts of the methodology of prepaginabbit LV wedge
preparation describe a similar approach to thad usérger canine hearts. Blocks of
tissue are dissected from the left ventricular fadl around a major coronary branch,
which is then cannulated and through which the gmagon is then perfused. Although
these preparations have been used for the stumgramural electrophysiology, because
of the difficulties associated with impaling singlells on the cut surface, this has only
been possible by inserting shank intracellulartedeles more than 2mm into the tissue.
These manipulations are technically challengingamirey that electrode recordings can
only be taken from three discrete sites at anytine"*>. These issues have limited the use
of the rabbit wedge preparation in the study afigraural ventricular electrophysiology,
and to date there have been no reports of optitagding of voltage across the entire

transmural surface of the rabbit LV wedge.

A series of different techniques were exploredmyithe development of the arterially
perfused rabbit LV wedge preparation used in thidys Trials of initial techniques were
undertaken in hearts already used in Langendortferior other experiments. Various
different cannula types and cannulation approauslegs tried and the area of perfusion
achieved with each was assessed by perfusing épagation with methylene blue dye.
The largest area of reliable perfusion was achievitd direct cannulation of the left main
coronary artery from its aortic ostium, and thissvi@und to be superior to arterial cut-
down approaches. Various adaptations to allowibxabf the cannula in the artery were
tested. These included purse-string sutures arthendannula in the aortic wall and
addition of struts to the cannula to facilitateusurtg. The most reliable method was found

to be oversewing of the cannula proximal to a blziferent flow settings were trialled to
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achieve a perfusion pressure of 50-60mmHg. A sefiekambers was designed, custom
built (by the IBLS workshop, University of Glasgoafd tested before the final design

was chosen.

Method

Rabbits were killed with an intravenous injectidrsodium pentobarbitone (100mg/kg).
Hearts were excised and immersed in ice cold Tysogtdution, and transferred to a
custom-built Perspex chamber for dissection angjinta The method for preparing the
perfused LV wedge from an isolated whole hearhsas in Figure 2.2. The aorta was
opened, and the left main coronary arterial ostidentified. The modified cannula was
passed into the artery with perfusate running mdgir embolism. As soon as the cannula
was in position the flow rate was immediately irmsed to 30ml/min. The correct cannula
position was verified by visual inspection, by itdgnng washout of blood from the
perfused area of myocardium, and by observing anogpiate pressure rise in the
perfusion system (~50-60mmHg). The time from extido cannulation and perfusion

was < 4 minutes. The right ventricular outflow tréRVOT) was then removed to allow
identification of the cannula marker for suturiagd the cannula was secured by
oversewing. The left and right atria and the riggnitricular (RV) free wall were then
removed. In most preparations this could be dornleont compromising perfusion; in

some suturing of atrial and RV vessels was requoedaintain perfusion pressure. At this
stage, the preparation was loaded with voltageipenslye by a slow bolus injection
through an injection port in line with the cannuda incision was then made through the
interventricular septum (IVS) at the base of theaaand any unperfused tissue at the base
of the aorta was then removed. Any cut vesselsimgasreduction in perfusion pressure
were sutured closed. Once the perfusion was stalilithe septum was removed with a

microtome blade, leaving a cut surface of perfusédree wall for optical imaging.
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Figure 2.2 The method for producing the left ventrcular wedge preparation.

An illustration of the isolated whole heart fromthaides, along with the modifications to
the cannula, which include placement of a markguide suturing, a bleb which sits distal
to the suture and a bevelled tip to facilitate cdaton with minimal risk of arterial
trauma. B. An illustration of the method of canniga employed for the perfused LV
wedge preparation. The ascending aorta is opentdavongitudinal incision (1) and the
left main coronary ostium is identified (2) and nalated (3). From the other side of the
heart, the RVOT is then removed (4), the cannufation is ascertained using the suture
maker and the bleb and a suture is placed betvweetwb (5) and the cannula is then
secured (6). Next the atria and RV are removed@¢ipwed by the IVS (8), before the
transmural imaging surface is cut with a dissechlagle (9).
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Figure 2.3 The LV wedge preparation mounted for ogtal imaging

A photograph of the LV wedge preparation mountedrinsmural imaging. The optical
imaging window is indicated by the black squaree €rtracellular disc electrodes for
recording the pseudoECG can be seen above and bedguweparation, as can pairs of
epicardial and endocardial stimulating electrodes.

The perfused LV wedge preparation was then movéadetamaging part of the chamber
and secured with dissecting pins to Sylgard modessgned to optimally orientate the

preparation for imaging, as shown in Figure 2.3.

Viability of the preparation

Ensuring the viability of the preparation was paoamt throughout these studies. Viability
parameters were noted during each dissection, ghmut each experiment as well as
during the analysis of each dataset. Only preparativhich satisfied all of these checks

were included in the final dataset.

During the procedure, it was usual for healthy prapons to develop spontaneous activity
following cannulation and perfusion with warm sadat (usually in under 1 minute).
Spontaneous activity tended to persist followingogal of the atria and the RV free wall
and following the first cut into the IVS, and waeh usually lost around the time of the
second cut to completely remove the IVS. As anycé&dn in perfusion pressure was
quickly reversed by ligating cut vessels, this loEspontaneous activity is likely to be due
to a loss of LV muscle mass and His-Purkinje tisgugy deviations from this normal
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pattern were recorded and considered in the viglalisessment. Ventricular arrhythmias
during dissection were unusual, but where they weduvere recorded and considered in
the viability assessment. In all experiments, atehd of the protocol the perfusion was
changed to oxygenated Tyrode’s solution withoutiamotncouplers at 37°C and
stimulation was continued for 15-20 minutes to astke contractile state of the
preparation. Only wedge preparations which corgichetell at the end of the experiment

were included in the final dataset.

In all experiments, the perfusion pressure was toced throughout and recorded at
regular intervals during each experiment, suchadhgtmajor changes indicating either a
change in cannula position or an insult to the grajoon could be addressed. Any slow
increment in pressure was taken into account dahegiability assessment. In a subset of
initial experiments (n = 3), viability was also assed using 2,3,5 triphenyltetrazolium
chloride (TTC, Sigma-Aldrich, Steinheim, Germanigising, which indicated good
perfusion of the LV free wall including the transralusurface, as shown in Figure 2.4.

(ErLgypN v d

Figure 2.4 Perfusion of the LV wedge preparation ssessed by TTC staining

An example of a wedge preparation after stainirthp WirC at the end of the experiment.
The preparation has been sectioned, and both gidesch section are shown. TTC stains
viable myocardium red and leaves unperfused tiggie.

In a subset of initial experiments (n = 2), théosity of transmural optical AP morphology
during baseline pacing was assessed and indidadedP parameters were stable over a
timescale of 90-120 minutes, despite a progresieeement in signal amplitude and S/N
ratio, which was partially restored by further ttjens of voltage-sensitive dye (see Figure
2.5). As APD shortening is an early and sensitiga sf ischaemia, and no major APD
shortening was seen in these experiments, subsegudocols were designed such that all
transmural recordings were performed within tmsescale, and dye levels were

supplemented at ~ 40 minute intervals.
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Figure 2.5 Stability of transmural optical APs ove time
A. Signal parameters over time (n = 2) shows tlaelgal reduction in S/N ratio and
amplitude, which responds to dye loading. B. Me&Dé and APD50:90 ratio over time.

In a further subset of experiments (n = 3), thednaural surface APs were compared to
those recorded from the epicardial surface. Thegtface was positioned at the top border
of the imaging window, and mean ARvas compared for each pixel row back from the
cut surface, to quantify the gradient of damageims of AP3o. The results are shown in
Figure 2.6, and indicate a 5% shortening of meabgRelative to that which would be

expected on the epicardial surface. Due to thentai®n of the cut surface during
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epicardial imaging, this should not be confoundg@jex-base gradients of ARPwhich
should be comparable in each pixel row.

® Transmural O Epicardial = Whole epicardium
(n=29) (n=3)

110+

1054 T -

1004 n T

95+ -

% of epicardial APDg, (ms) Mean (SEM)

85~

0 1 2 3 4
Distance from cut surface (mm)

(¢, K

Figure 2.6 The gradient of epicardial APL3, relative to the cut surface

Mean epicardial APEB for each row of pixels back from the cut surfagpen squares),
expressed as a percentage of meangBEross the whole epicardial imaging window
(grey square). The mean subepicardial value framstnural imaging is shown for
comparison (black square). n = 3 at 37°C.

Perfusion system

A single pass perfusion system was built for théysed LV wedge preparation. This
comprised heating components and a pumping systelaliver warmed oxygenated
physiological solution to the preparation. Pressuss monitored using an inline pressure
monitor. Pressure, temperature and flow calibratiwere performed regularly, and after
any change in equipment to ensure a constant ff@@ml/minute and a constant

temperature of 30°C or 37°C, depending on the exyertal protocol.
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Physiological solution

The LV wedge preparation was perfused with Tyrodelsition at pH 7.4, containing, in
mmol/L: N& 134.5, Mg* 1.0, K' 5.0, C&" 1.9, CI 101.8, SQ 1.0, PO, 0.7, HCQ 20,
acetate 20 and glucose 10. The solution was filtdreough a pm filter (Millipore) and
continuously bubbled with gaseous mixture of 95%qgen (Q) and 5% carbon dioxide
(COy) to maintain pH 7.4.

Stimulation

LV wedge preparations were paced using bipolarmlat stimulating electrodes, placed
on the endocardial or epicardial surface, at thredrowith the transmural surface, in the
mid portion of the LV free wall. Preparations weeed at twice diastolic threshold at a
baseline pacing CL of 350ms. Electrodes were cdrddo a pulse generator (Digitimer
DS7) which provided a constant voltage square puigea width of 2ms. Timing of the
pulse was controlled using a computer program erilly Dr Francis Burton. The
preparation was stimulated at twice diastolic thodd. Pairs of silver chloride disc
electrodes (Laboratory Instruments) were arrangehbe tissue bath to record a pseudo
ECG from the preparation. The pseudo ECG was aontisly recorded onto a laptop
computer using a USB compatible digitizer (DI-15&ataq Instruments Inc).

Numbers

A total of 56 animals were used for these experisarcluding 30 normal animals, 4
sham operated animals and 12 ligated animals. Sipmrated animals were included in
the normal group, except for the comparison of eatlgiographic data between sham and

liagted animals in Chapter 5.
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Optical mapping

In this study, an optical mapping system was useddord electrical activity from across

the transmural and epicardial surfaces of the pedlLV wedge preparation.

I ntroduction

Optical mapping is a method which allows recordihglectrical activity by staining a
preparation with a voltage-sensitive dye and usipdpotodetector to measure the changes
in fluorescence during depolarisation and repadéing. Since the development of voltage
sensitive dyes which are non-toxic and able tdfaily represent membrane potential
measured with microelectrodes, optical mappingbdez®me widely used in experimental
cardiac electrophysiology. One of the major attoenst of this technique is that
instrumentation with electrodes is not requiredltijle electrode impalements or contact
points are difficult to maintain and this signifitly limits the number of simultaneous
recordings which can be made from different aresaisguelectrodes. Optical mapping
allows simultaneous sampling from many hundredsites, and is therefore ideally suited
to the study of electrophysiology in multicellulameparations. Moreover, unipolar
electrode recordings do not allow accurate studepblarisation. Equally, there are some
drawbacks to optical mapping. The recordings angigee to movement artefact and
preparations must be immobilized, either mechalyicalwith uncoupling agents, some of
which may have effects on cellular electrophysiglothe spatial resolution, depending on
the exact parameters used in each system, is sathach optical AP, derived from a
single pixel, may represent the summation of tkeetaktal activity from a number of cells,

rather than a single cell AP, meaning that op#d2$ must be interpreted accordingly.

Voltage sensitive dyes

Voltage-sensitive dyes are compounds which disgitigring spectra of fluorescence
depending on membrane potential. Once bound toattomyocyte plasma membrane,
dye molecules can be excited by incident photorssgfen wavelength, and on returning
to their basal state, they then omit photons af@igvavelength. The wavelength spectrum
of this fluoresced light varies with,y such that the intensity of fluoresced light abave
given wavelength is nearly proportional t.\Excitation and emission takes aroundf 10
ms, meaning that even the rapid (~5ms) upstrokbeoAP can be represented accurately
by changes in dye fluorescence. Side effects dégetsensitive dyes on cardiac tissue can
include phototoxicity and pressure changes, althdhgse are reduced by careful dye

loading. The voltage-sensitive dye used in thigginas RH237 (Molecular Probes Inc,
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Oregon), which has been widely used in the studyaadiac electrophysiology. The dye
was made up into 1mg/ml stock solution in DMSOwabich aliquots were then protected
from the light and stored at -20°C, to be thawesd prior to use. A 100ul bolus of RH237
(concentration 2mmol/L) was injected slowly int@ thort proximal to the modified

cannula.

Optics

In order to follow \,, changes, a simple series of optics must be skt apllect the
fluorescent light produced by the voltage-sensitiye. Excitation light is passed through a
filter to produce the optimal wavelength for extida of the chosen voltage-sensitive dye.
For light collection, long-pass (LP) or band-paBBX filters remove the shorter
wavelength excitation light and so allow exclustedlection of the longer wavelength
emitted light. When these filters are correctlycgld with respect to the spectral shift of the
dye fluorescence on depolarisation, they providaetgoint above which changes in the
intensity of the emitted light will represent chasgn \,. Magnification reduces the
amount of light collected, by reducing the areallatsée as a source of fluorescence, and
so a balance must be struck between light colledand consequently, signal to noise

ratio) and spatial resolution.

CCD-based optical mapping system

The CCD-based optical mapping system used in thdyss illustrated in Figure 2.7A.
lllumination was provided by four tungsten halodemps, directed towards the imaging
surface. Excitation light from each lamp was pagkealigh interference filters (525 +
15nm). Light was then collected through a photolgi@fens and split with a dichroic
mirror at 630nm. The longer wavelength portion pdgfirough a long pass emission filter
(> 695nm) and was focused onto the CCD camera (Red®/oods Hole, MA). The
shorter wavelength portion was focused onto a €GD camera (Dalsa), which was
used to acquire plain images of the preparatidngiter resolution. Voltage sensitive dyes
may have different excitation peaks, emission peakkspectral shifts under different
experimental conditions. This means that each dyst ive calibrated, in order that optimal
filter settings can be chosen to optimise signaidise (S/N) ratio. The voltage-
dependence of RH237 fluorescence in rabbit cardomytgs was ascertained using
spectrophotometry. The excitation and emissiostspdor RH237 are shown in Figure
2.7B. The optics of the system relative to the messfluorescence change on

depolarisation of single cells are shown in FigRu#&C.
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System parameters

The CCD camera was set up to image an array ofZ8(676) pixels with a sampling rate
of 5kHz. A close up lens gave a field width of 8rapresulting in a single pixel dimension
of 327 x 327um. The volume of this tissue over \Wlilee signal is averaged is determined
by the optical magnification used and the depthesfetration. The proportion of the
fluorescent signal which originates from deepeetayf myocardium can be estimated by
characterising the light transmission propertiesastliac tissué®. In our system, we
estimate that 80% of the signal originates fronejtkd of 700um, with the majority of the
signal coming from the first 400um. Including atirested depth penetration of 700um
we estimate that our optical APs represent aro@@ 8ardiomyocytes per pixel in a layer
~100 cells thick.
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Figure 2.7 Optical mapping system

A. lllustration of the CCD-based optical mappingteyn, courtesy of Dr Francis Burton.
B. Excitation and emission spectra for RH237 inatad rabbit ventricular
cardiomyocytes. C. Fractional change in RH237 #8oence on administration of KCI,
with the optics for the imaging system illustrated.
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Motion artefact

Motion artefact is a major consideration duringicgdtrecording, and various methods
have been proposed to ameliorate this. These iach&thanical restraint,
pharmacological excitation-contraction uncoupling aeducing intracellular [G§. In

this study, pharmacological approaches were chimsemnnimise motion artefact for

optical imaging. The rationale for this was twofdidstly, it was crucial to maintain

normal intracellular [CZ], because of its importance in the developmemepblarisation
alternans; and secondly mechanical restraint @fliaate cut surface was not desirable. As
all pharmacological motion uncoupling agents haraesreported electrophysiological

effects, their use was minimised as far as possible

2,3-butanedione monoxime

2,3-butanedione monoxinBDM, Sigma-Aldrich, Steinheim, Germany) is an initor of
myofibrillar ATPasé*, and so prevents myocardial contraction in respomsn increase

in intracellular [C4"]. BDM has been widely used to eliminate motiondptical mapping

in cardiac preparations, but it does have effestsgocardial cell electrophysiology and
calcium handling. In isolated rat myocytes 10mmda@MDM reduced SR G content™. In
rabbit ventricular myocardium 20mmol/L BDM virtugldbolished LV developed pressure
with a minor slowing of conduction velocity, butthout any effect on monophasic
APDgy™%. Concentrations of BDM above 20mmol/L reducedsiope of electrical
restitution (measured by an S1S2 protocol). Fa shidy a concentration of 15mmol/L

was chosen, in an attempt to minimise any effecBM on restitution.

Optical action potentials

Optical APs have a number of unique characteridinzg are determined by the way in
which they are collected, and which must be comsitiduring their interpretation. Firstly,
optical APs have been shown to represent accurtielgnorphology and time course of
changes in membrane potentials recorded with ielitdar microelectrode techniqug$
However, because only changes in fluorescence easumed, optical APs contain no
information regarding the absolute values gf Becondly, optical APs represent a spatial
average of changes in transmembrane potential ¢edl® in a given volume of tissue. This
spatial averaging produces an increase in thdinseof the optical AP, compared with
that seen in an AP recorded by an intracellularoeiectrode.
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Experimental protocols

In each experiment, baseline pacing from the errdadasurface at a CL of 350ms was
initiated after the preparation had been mountdtierimaging section of the chamber.
Optical recordings were taken for 2 seconds dwstegdy state pacing, and at least 30s
after any change in pacing CL. Baseline recordmegse repeated at the end of each
protocol, to assess for any changes in the comdatighe preparation caused by the
protocol.

Epicardial imaging

In a subset of experiments, epicardial imaging pexformed, in order to allow
comparison of transmural and epicardial AP pararaeted electrophysiology. Following
transmural imaging, the preparation was repositipeach that the epicardial surface was
presented to the optical mapping system. The qg &@s consistently positioned at the
upper border of the imaging window, and the sanmegddhe LV free wall (in its apex-
base axis) was imaged. The stimulating electrodse wositioned directly opposite one
another, with the epicardial electrode visibleha mapping field. In these experiments the

same temperature and stimulation protocols werd. use

Stimulation site protocol

To investigate the effect of stimulation site oisélane AP characteristics, stimulating
electrodes were positioned on the endocardial predelial border of the transmural
surface, opposite one another and perpendicuthiettransmural axis. The preparation
was stimulated at 350ms from the endocardium fer@r to optical recordings. The
stimulation was then changed to the epicardialtedde for 30s and optical recordings

were repeated, before stimulation was returnetléehdocardium.

Dynamic restitution protocol

Pacing CL was progressively shortened in 50ms deanés to 200ms and then in 10ms
decrements, and recordings were taken after 3paaing at each CL. Pacing CL was
progressively reduced until loss of 1:1 capture gentricular arrhythmia (VA) was
induced. Where VA was sustained, overdrive paciag attempted, and where this failed
pacing was terminated and a rapid bolus of 25 dIAnKCI was administered to induce

asystole. At the end of the protocol pacing wasrretd to a CL of 350ms.
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Alternans protocol

Alternans experiments were initially performed @tG, in keeping with other published
accounts of this behaviour. Optical recordings viaken during baseline endocardial
pacing at a CL of 350ms. Pacing CL was then prairely shortened in 50ms decrements
to 200ms and then in 10ms decrements, and recardiage taken after 30s of pacing at
each CL. Pacing CL was progressively reduced logd of 1:1 capture or VA was
induced. Where VA was sustained, overdrive paciag attempted, and where this failed
pacing was terminated and a rapid bolus of 25uKIBiiwas administered to induce
asystole. At the end of the protocol pacing wagrretd to a CL of 350ms. In a subset of
experiments, the endocardial pacing protocol waspteted and then repeated during
epicardial stimulation. In a separate group of expents the same protocol was
performed at 37°C. In some hearts, both temperaiuese tested, and in these
experiments the initial temperature was 37°C, aad then reduced to 30°C, to avoid any

rewarming effects.

Drug effects

The effects of carbenoxolone and rotigaptide orlras behaviour were investigated. For
each drug a time control recording during basgd@eing was established 15 minutes prior
to the start of the drug administration. After 1kuates another baseline recording was
taken and then the drug infusion was started. Rigogs were taken during baseline pacing
and after 30s of epicardial pacing every 5 mindig$ng the protocol. 15 minute washouts

were performed at the end of the protocol and reqgeardings taken.
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Data analysis

Data analysis was performed using a number of ousttalysis programs, written by Dr
Francis Burton. All automated analysis was visuadyified and regular checks were

performed to ensure accuracy.

Optical data analysis

The data files were saved using the Redshirt caswdtaare and were stored on two hard
drives as well as on CD/DVD. Each data file corgdi@s worth of APs for each of the 676
sites in the imaging window. These files were rig&dl the analysis program and the AP
traces were inspected for general condition anargrmajor artefacts. A Gaussian spatial
filter (radius 2 pixels) was applied to the datpto analysis. The picture of the imaging
surface was then read in and an analysis ‘seléatias constructed, which identified only
those pixels which corresponded to the transmurdhse (see Figure 2.8). These
selections were saved and re-used for each typeadysis, to maintain consistency. It was
also possible, after the analysis was done, to make specific selections (e.g.
subendocardial, midmyocardial and supepicardial)iaterrogate the saved data matrix

with these selections, to avoid repeat analysistamdinimise error.

Action potential characteristic analysis

Automated algorithms were used to determine APatharistics across all sites in the
transmural selection. The section of the traceesponding to each individual AP for
analysis was marked using two cursors, in relaame stimulus. The automated
algorithm was then started, which calculated tidw@acteristics (e.g. baseline, amplitude
and S/N ratio) and AP characteristics for eachlptnin the selection. AP characteristics
were analysed using two different approaches. feedmployed a standard algorithm,
which identified the peak, baseline, first and setderivative of the trace and from those
was able to calculate the AP characteristics. Boersd used a template fitting algorithm
designed by Dr Francis Burton, which uses a lepsares method to fit smooth AP
templates to the experimental data, and deriveshPacteristics from the template. For
each analysis type, settings were modifiable basdtie data characteristics, and a
number of settings were tested before the optietdihgs were identified. For each
analysis approach, the same definitions were usedP characteristics. Activation time
(AT) was defined as the time at the first derivat{ve. the fastest rate of rise during the
AP upstroke). As the shape of optical AP upstral@sbe variable, particularly at rapid

stimulation rates, we also identified the midpahthe upstroke (AT-mid). Repolarisation
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time (RT) was defined as the time at return to ln@sdérom the peak. As is standard in this
type of analysis, due to the S/N ratio typical pfical APs, the time at 90% repolarisation
was used to calculate the action potential duraatd®0% repolarisation (ARK). AP Dy

was defined as Rgminus AT (or AT-mid). At the end of the analysifie program had
calculated a total of 78 parameters for each pixéie analysis selection. The data for
each parameter were displayed by colour scaleired array, and the most commonly
used parameters (AT, Bol APD) were visually checked for outliers and mis&

Outliers due to artefact in the recorded data cbeldemoved at this point, and mistakes
by the automated algorithm could be corrected bgtting the analysis session. This was
usually done by setting more appropriate cursoitipos, only occasionally were different
filter settings or parameter definitions requirdd.of these data were saved along with
pixel identifiers and cursor position as a datarmatvhich could be read back into the
same program for second order analysis when radjulitee process was then repeated for
the next AP. For each experiment, 5-12 APs (depgnoin CL) were analysed at each CL
and these were averaged to produce a mean valeadhrCL. This meant that where
alternans occurred, differences were averagedsmress of beats to produce

representative value at each CL.

Second order analysis

Second order analysis included determining basscrg#ive statistics (e.g. mean, SEM,
range) for a particular parameter for all the gadints in an analysed selection, and
calculation of secondary parameters. Dispersicact¥ation time, repolarisation time or
APDgo was defined as the 5-95% range of the relevamtnpater, and was expressed in
ms/mnf in order to correct for differences in area (iMen comparing transmural and
epicardial imaging) . During this process, the sladata matrices were also interrogated
using different selections. Transmural conductieloeity was calculated using speed =
distance / time. Transmural conduction time wassueal using 3 by 1 pixel selections
perpendicular to the transmural surface, at thetpafiearliest activation on the
endocardial border to earliest activation on theagial border. Transmural distance
between the centre sampled pixels was calculated fine corresponding images using:
distance =V((start x — end X)+ (start y — end ¥) * pixel width). Batch files were written
in MATLAB by Dr Francis Burton to facilitate rapigrocessing during this secondary
analysis. Isochronal contour maps were plottedgusIATLAB. For the more complex

analytic manipulations, the data matrices were ne@dGraphPad Prism.
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Figure 2.8 Analysis of AP characteristics

The data analysis program. A. Top left pixel aishgws the data and the selected pixels.
The lower pixel array shows the pixel selectionwd=t from the fluorescence image. The
top right panel displays the averaged trace frdrithalselected pixels (top trace), a single
pixel trace from the midmyocardium (second topdjathe pseudoECG (second lower
trace) and the stimulus (lower trace). The bluesarg are positioned to analyse the first
AP and the red cursor indicates the time pointldisga in the top left pixel array. B.
Following the completion of the automated analytis,data are displayed in a colour
pixel array, along with coloured lines to identihe main parameter positions on the trace.
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Restitution curves

APDqg restitution curves were generated using batch fietten in MATLAB software by
Dr Francis Burton. For each experiment, the meabB#M®ithin a particular sampling area
at each CL was calculated from the individual agdti&Ps in each pixel. The sampling
areas used were changed to allow measurementtoflmdial (i.e. transmural or
epicardial) and regional (i.e. subendocardium, nyadardium and subeicardium)
restitution behaviour. Mean ARPwas then plotted against the corresponding DIHDI
pacing CL — APIyy) to yield a restitution curve. A subset of regtdn curves were also
calculated manually, in order to verify the autoedgprocessing. The mean datasets were
then fitted with one-phase exponential curves ugtiegequation Y = ¥y (1-exp(-K X)),
where the curve starts at zero and ascends,4@mth a rate constant, K. In order to
determine and compare the slope of the restitwiimwes, each curve was then
differentiated, allowing the slope of the curvébtoplotted against DI. The relationship
between DI and CL for each dataset was then usedrtsform DI to CL, allowing the
slope of the restitution curve to be plotted agais The maximal restitution slope was

also calculated by fitting a linear function to finee data points at the shortest CLs.

Alternans analysis

A separate algorithm employed a spectral analpsised on the clinical MTWA algorithm,
to identify and quantify repolarisation alternafke program was custom written by Dr
Francis Burton to determine the presence of alterimaoptical AP traces. The same
selection and filtering used in the AP analysisenagoplied to the raw data, and the cursors
were placed to identify the start and end of theréiPto be analysed. The trace, along
with the corresponding stimuli, were then inspectedl an repolarisation window was
determined that particular trace. The repolarisesndow defined a standardised part of
each AP, along which each point would be compariéd twat from subsequent APs in a
spectral analysis, to determine the magnitudetefrans. This time window could be set
relative to either the stimulus or the activationg. Once the window was determined, the
analysis was started and the program displaye@rAdins graphs’ for each pixel (see
Figure 2.9). This included a display of the repsktion window and the parameters from
which it was derived over each AP, such that thE@miateness of the window could be
visually checked, and adjusted if necessary. Foh p&el, the program scaled the
amplitude of each trace between 0 and 1. The pno¢gnan superimposed each AP in the
trace and subjected each point within the rep@tads window to a spectral analysis. The
power at a frequency of 0.5 cycles/beat was themutated over all the data points lying

within the repolarisation window and divided by témber of points in the segment, to
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produce a value for alternans magnitude. Altermdrase was determined using the
cumulative sum of the signed difference betweemtirenalised trace segments from
successive beats, divided by the number of datagand by the number of beats. As a
result of the amplitude scaling, the units of these values were arbitrary but relative to
the proportion of total trace amplitude. The datadach parameter were displayed by
colour scale in a pixel array, and the key paramsetere visually checked for outliers and
mistakes. Outliers due to artefact in the recouketd could be removed at this point, and
mistakes by the automated algorithm could be ctedelby resetting the analysis
parameters. All of these data were saved alongpuxiél identifiers and cursor position as
a data matrix, which could be read back into thmesprogram for second order analysis

when required. The process was then repeateddarekt cycle length.

In addition to quantifying alternans of repolarisaf it was equally important to determine
AP characteristics (and any changes from one baaetnext) during alternans. In order to
achieve this, while maintaining the spatial arranget of each data point by pixel, a data
manipulation program written in MATLAB software wased. This allowed extraction of
a spatial matrix of data points for a single par@mfom the saved analysis file, along
with visual inspection at this stage to allow fdemtification of outliers. This matrix was
then held and the matrices for each subsequentrbted trace could each be extracted.
The program calculated, for each pixel, the diffierein the value of the selected
parameter from one beat to the next, along the ti@oducing a spatial array of the mean
difference in the chosen parameter from one betitetmext. This allowed correlation of

spectral alternans magnitude to measured diffessimc&P Dy in milliseconds.
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Figure 2.9 Spectral analysis to quantify repolarisaon alternans

The alternans analysis program. A. Spectral arafgsia representative pixel without
alternans. The upper panel shows the trace witmAd {in pink), peak and baseline (in
green), stimulus (in blue) and the repolarisatiamdew (in grey) displayed over each AP.
The lower left panel displays the section of eaabd corresponding to the repolarisation
window, with odd APs in green and even in red. Tdveer right panel displays the
frequency spectrum for that pixel. B. The spedrslysis for a representative pixel
displaying alternans.
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Viability assessment

In the perfused LV wedge preparation, cellular &ahia could be due to either trauma
during the preparation of the cut surface, or tdanrperfusion because of the presence of
cut vessels within the myocardium. It was paramaonsure, where possible, that only
healthy transmural APs were included in the analysevertheless, it was accepted that
perfusion of the cut surface would reduce over t&me produce metabolic compromise,
which may affect the results. Assessing viabityaicomplex problem, particularly in a
novel preparation. A standardised assessment syssatherefore developed. This took
into account a number of parameters, from the maigiissection to the data analysis stage,
and only preparations which stayed within pre-dedinanges were included in the final
datasets.

During the development of the preparation, a nunobsubjective parameters during the
dissection were identified as discriminatory betwhealthy and unhealthy preparations.
These included: an ideal step up in pressure @®@0OmHg and not exceeding 100mmHg
on cannulation of the left main coronary artery (CR); good washout of blood from the
LV free wall; prompt spontaneous activity on peibnsof the LV free wall; persistence of
spontaneous activity until the wedge was fully écded; recovery of any drop in perfusion
pressure by suturing after removal of the IVS amskace of VF. During the protocol it
was noted whether there was a clear reduction vement with addition of BDM to the
perfusate and a low pacing threshold, both of wirehe thought to be associated with
generally non-ischaemic tissue. As described eathe optimal timescale was thought to
be 90-120 minutes, and so all protocols were peréarwithin that time frame. At the end
of each experiment, motion uncouplers were washiduring continued baseline pacing,
to ensure that contractile function remained intabese parameters provided a robust
assessment of the viability of the preparation akale. However, the most direct and
reliable test of the viability of the importanttisamural surface were the AP parameters
recorded there. For this reason, further viabdggessments were carried out at the data

analysis stage.

Triangulation of the ventricular AP and associatkdrtening of the APD occur rapidly
after the onset of ischaeria Therefore, the demonstration of maintained APBrdime
would provide good evidence for a non-ischaemeugs Mean transmural ARE) taken as
a mean of the values measured in every pixel athessansmural surface at the start of
each experiment, was determined for each experimieneéshold values during baseline

pacing were determined for each temperature, aretengtarting values fell below this, the
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transmural recording for that preparation wereusad. In addition to this, given that rapid
pacing could produce functional ischaemia in oglth marginal perfusion, a second
check of mean transmural ABfvas performed at the end of each protocol on raturn
pacing at a CL of 350ms. Where this value fell byrenthan 10% from baseline to the end
of the protocol, the values for that protocol wexeluded.

Statistical analyses

All data are expressed as meastandard error of the mean. Comparison betweeaupgro
of data was made with Student’s t-test (paired wdygpropriate). A two-tailed p-value of
less than 0.05 was considered significant. Multq@eparisons were performed using a
one-way ANOVA followed by post-testing to allow forultiple comparisons where
appropriate. Adjustments for repeated measures made where appropriate. Categorical
comparisons were made using a Fisher’s exactlthete statistical comparisons were
performed in GraphPad Prism. Comparisons betweermgtaups when two dependent
variables were being examined was performed usiagavay ANOVA, which was

carried out using R statistical software.



Chapter 3: Transmural electrophysiology in rabbit left ventricular

myocardium
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Introduction

Significant electrophysiological heterogeneity molvn to exist in mammalian
ventricle. Gradients of action potential duratiD) are present in normal
myocardium in both the apex-base and the transmadisl In isolated myocytes,
transmural differences in the morphology of theascpotential, APD, and the rate
dependence and pharmacological responsivenesshafe been observed in a wide
variety of species, including humaffs This transmural heterogeneity is potentially
extremely important, as dispersion of repolarisatioventricular myocardium is a
powerful substrate for the generation of ventrical@hythmid®*. Indeed, transmural
heterogeneity of repolarisation has been implicatedrhythmogenesis in a number of
pathological conditions, principally ion channeltpas>. Recently, the identification
of spatially discordant alternans as a mechanismetentrant ventricular arrhythmia
has lead to increased interest in the potentidqmdtysiological role of such spatial
heterogeneities. The development of spatially ddaat alternans may depend upon
baseline heterogeneities in repolarisdtipimcluding those spanning the ventricular
wall®®*%t The experiments described in this Chapter wesegded to characterise
transmural electrophysiological heterogeneity lwbiiventricular myocardium, and in
particular to investigate those parameters whietr@evant to the understanding of

transmural repolarisation alternans.

Transmural electrophysiological heterogeneity

In canine ventricle, APDs recorded from cardiomyesyisolated from the
subendocardial layer are longer than those recdrdedmyocytes isolated from the
subepicardial layer. Also, APs recorded from sutepiial myocytes are reported to
have a more pronounced spike-and-dome morpholdgighvwhas been attributed to the

presence of the transient outward currég} i subepicardial celts®.

The rate dependence of APD and APD restitutionraegrelated phenomena which
describe the shortening of APD in response to erease in stimulation rate, and in
response to the associated decrease in diast@dwah (DI) respectively. These changes
are thought to be effected in the immediate phgsadomplete recovery from
inactivation of ionic currents, and subsequenthabyore gradual change in ionic

current activity following a change in raf® Restitution curves generated from APDs
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recorded from isolated subepicardial cells havenlveported to be steeper than those
from the subendocardial cells. As discussed in @hdlp steep restitution has been
implicated in the production of repolarisation el@ns, and steep restitution has also

been associated with the production of ventricatanythmid?.

The midmyocardial ‘M’ cell

Unique electrophysiological behaviour has beengeised in some cells, which tend to
be found in the deep subendocardium and midmyagardnd are referred to as ‘M
cells’. These cells show marked prolongation of ARDery low stimulation rates (CL
> 2000ms), and in response to APD prolonging ag&ntd cells also display a faster
rate of depolarisation (dV/diy) and relatively greater rate-dependent shorteaing
APD, such that APD values are comparable to sulzand@l cells at faster stimulation
rates*® Pharmacological prolongation of the QT intefivaintact ventricular
preparations has been linked to preferential lestgtig of APD in the M cell layer,
which is thought to predispose the midmyocardiurddweeloping afterdepolarisations
and thus producing torsades de pointes arrhytfithieransmural heterogeneity of
repolarisation in canine has been widely charagdrias has the presence of M cells in
this species. M cell type behaviour has also beparted in cells isolated from

rabbit** guinea pi§*® and human ventrict&’

Transmural heterogeneity in intact ventricular mgmium

There has been much debate as to the physiolagieabince of these findings vivo
and conflicting reports as to the existence of Aff&dients across the wall in intact
ventricle have been published. There are two kayes. Firstly, the marked differences
in M cell APD occur only at very slow stimulatioates*%** Secondly, in normal
intact myocardium, strong electrotonic couplingsexibetween cells which would tend
to mask any differences in APD between individwlst®. Therefore, in normal intact
myocardium at physiological heart rates, transmiiesérogeneity of repolarisation as
seen in single cells may either be inapparentctfanally unimportant. Supporting
this, in vivo studies using intramural plunge electrodes torcetansmural activation
recovery intervals (ARIS) have failed to show sigaint transmural gradients or M cell
behaviour in canin®® or human*’ ventricle. However, this may be due to insuffitien
resolution associated with these recording tecteg§tior to suppression of transmural

heterogeneity with some anaesthetic compotfids
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The role of intercellular coupling

In experiments using isolated myocytes, there arexternal influences on the
electrophysiological behaviour of the cell, asid@ those imposed and controlled by
the investigator. However, the situation in theattheart is markedly different as each
cell is coupled to neighbouring cells, allowing gias flow of charge between cells,
which will tend to homogenise electrical behaviouspace.

Transmural electrophysiology at low temperature

As discussed in Chapter 1, there are a numbeqgpifisiant electrophysiological effects
of lowering temperature in the mammalian heart. ddlgprmia is commonly used in
experiments to elicit alternans, as the heartthatshold for alternans is lowered
making it easier to stu#}®’. However the basis for this temperature dependisnce
unclear and therefore it is important to estakiiehbaseline effects of lowered
temperature on ventricular electrophysiology, irtipalar on the parameters that may
be crucial in the production of alternans and sigtdiscordant alternans, such as
APD, dispersion of repolarisation and conductioloeigy.

Transmural heterogeneity of repolarisation and alternans

As discussed in Chapter 1, during experimentalissudith rapid pacing and low
temperature, repolarisation alternans can becomtg#lp discordant, setting up critical
gradients of repolarisation which predispose temgrant arrhythmia. Repolarisation
alternans may be arise from alternans in intratzelld&* cycling, or from primary
alternans of APD, which can occur when the APDitrggtn slope is > 1. There are a
number of theoretical mechanisms by which spati@ibgordant alternans may occur,
one of which is the presence of intrinsic gradiefitdPD and heterogeneity of APD
restitution, which may give rise to regional difeces in APD, particularly at high
stimulation rates. Transmural heterogeneity of AdPld APD restitution have been
shown to be important for spatially discordantralées and arrhythmia under long QT
condition§®®®. The extent to which transmural electrophysiolagfeterogeneity is
important for alternans and arrhythmia is unknoWwme experiments described in this
Chapter were designed to characterise transmuetrephysiological heterogeneity in
rabbit ventricular myocardium, to inform subsequ&atk examining repolarisation

alternans.
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Aims

The experiments described in this Chapter weregdedito characterise transmural
electrophysiological heterogeneity in rabbit vesutar myocardium, to inform

subsequent work examining repolarisation alternans.

Specific aims were:

To record spatial patterns of depolarisation amblarisation across the
transmural surface of intact rabbit left ventriatedbaseline and during rapid

stimulation.

To quantify the transmural heterogeneity of repsédion and restitution that

exists in intact ventricular myocardium.

To compare transmural and epicardial heterogewoéitgpolarisation and

restitution.

To examine the effects of low temperature on tramsl electrophysiology.
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Methods

In order to investigate transmural electrophysiglogintact rabbit left ventricular
myocardium, the CCD-based optical mapping systesordeed in Chapter 2 was used
to record optical action potentials from the transahsurface of perfused left
ventricular wedge preparations. Hearts from 16 mige Zealand White rabbits were
used in these experiments, which conform to stalsdset out in the UK Animals
(Scientific Procedures) Act, 1986.

Experimental protocols

The left ventricular wedge preparations (n = 1@&dus this set of experiments were
prepared as described in Chapter 2. Perfusion W&&’&€ (n = 8) except where low
temperature was specifically investigated (n J®Jwo experiments, measurements
were initially performed at 37°C before the prepiarawas cooled to 30°C and
measurements were repeated. In a subset of expesiifme= 4) pacing protocols were
repeated with the LV wedge preparation orientateepicardial, rather than transmural

imaging.

Data analysis

Data analysis was performed as detailed in Ch&pteegional behaviour was
examined by using three 3 x 3 pixel selectionsalgspaced across the transmural
surface along a line perpendicular to the activasochrones, as shown in Figure 3.1.

Statistical analyses

All data are expressed as mean + SEM. Groups afwlate compared using a Student’s
t-test (paired where appropriate), or when more the groups were compared, using a
one-way ANOVA (repeated measures where appropndath)a Tukey-Kramer

multiple comparisons post-test. These statisteststwere performed using GraphPad

software.
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Results

Baseline characteristics

Transmural sampling sites and examples of raw A&es are shown in Figure 3.1.
Mean data for baseline transmural electrophysickigiharacteristics at 37°C during
endocardial stimulation at a CL of 350ms are showhable 3.1(n = 8). The mean
distance across the transmural surface was 5.8mrfd. Transmural conduction
velocity (CV) during endocardial stimulation wastbé order of 30cm/sec. A
transmural gradient of ARJgwas observed, with the longest APs at the
subendocardium (164.5 + 4.5ms), intermediate vatiéise midmyocardium (155.6 +
4.3, p < 0.01 vs. subendocardium) and the shoifestat the subepicardium (147.1 +
3.7ms, p <0.001 and 0.01 vs. subendocardium adohyaicardium respectively). Mean
transmural dispersion of activation time at baselims 0.47ms/mfmwith larger mean
dispersion values for repolarisation time and APQ.77 and 1.10 ms/nfm

respectively).

Subendocardium

| Midmyocardium

Subepicardium

tdd

100ms

Figure 3.1 Transmural optical action potentials

An isochronal map of transmural activation timeidgrendocardial stimulation,
superimposed on a plain image of the transmur&hselr with the stimulating electrode
visible. The 3 x 3 pixel sampling sites for subetatdium, midmyocardium and
subepicardium are indicated. Examples of AP tréroes each region are given, along
with the endocardial stimulus artefact in red.
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Table 3.1 Baseline transmural electrophysiology

Chapter 3; 87

Mean (SEM)
Transmural conduction velocity (cm/sec) 30.0+0.9
Transmural APy (ms)
Subendocardial AP§ 164.5+45
Midmyocardial AP, 155.6 + 4.3
Subepicardial APE) 147.1 + 3.7
Transmural dispersion (ms/mMm
Activation time 0.47 +0.07
Repolarisation time 1.77 £ 0.36
APDgg 1.10+0.24

cm/sec = centimetres per second, ms = millisecd®dd) = standard error of the mean.
n = 8, one-way ANOVA! p < 0.01 vs. subendocardiuhp < 0.001 vs.

subendocardiuni,p < 0.01 vs. midmyocardium.

Transmural APIg, in the intact heart: comparison with isolated cdgita

A comparison was made between transmural &fBta recorded from the LV wedge

preparation and those recorded previously fromigirapbit ventricular cardiomyocytes

isolated from different transmural layers. Theasetl cell data were provided by Dr

Marie MacIntosh, and the comparison shown in Figu2e The same transmural pattern

of APDgp (subendocardium > midmyocardium > subepicardiu@g @vident in the

mean data from isolated cells and in the intacteaydium of the LV wedge. The

magnitude of the difference in the intact myocamtiwas around 60% of that seen in

isolated cells (17 vs. 28ms) at comparable CLs (85@33ms). Also, the absolute

value of AP was significantly shorter in the LV wedge prepamathan in isolated

cells, across all regions of the myocardium. A sydypation of the cells isolated from

the midmyocardial layer displayed typical M celhbgiour, with APD prolongation

evident at slow stimulation rates, but M cell babavwas not seen in the intact

myocardium.
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Figure 3.2 Transmural APDy in isolated cells and intact myocardium

Mean transmural AP§ from subendocardium, midmyocardium and subepioardn
isolated cells (open squares, n = 12 hearts) andhthct LV wedge preparation (closed
squares, n = 8). The grey square indicates thesAfIDorded in the subpopulation of
isolated midmyocardial cells displaying typical Mllidehaviour. The isolated cell data
were recorded at 37°C during field stimulation &laof 333ms. The intact LV wedge
data were recorded at 37°C during endocardial $ithonm at a CL of 350ms. Isolated
cell data are courtesy of Dr Marie MclIntosh. Onep#&OVA, * p < 0.01 vs.
subendocardium, p < 0.001 vs. subendocardium and < 0.01 vs. midwargbum.
Differences between the isolated cell data weresigniificant.
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APDqg restitution

The data for APk restitution during endocardial stimulation at 378Ghown in
Figure 3.3, the inset shows the slope of the &R8stitution curve as a function of
pacing CL. The best fit ¥ax value for the exponential curve fitted to the Al Bata
was 144.1 £+ 3.6ms, and the rate constant was 07020900134. The maximal APD
restitution slope was 1.17 + 0.08ms/ms.

CL = 350ms

100ms
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Figure 3.3 Mean APD restitution

Mean data for restitution behaviour, with an expaiae curve fit (n = 8). The insets
show raw traces at CLs of 350ms and 140ms anddpe sf the APD restitution curve
as a function of pacing CL, and the dotted linadates the point at which the APD
restitution slope becomes >1.
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Transmural gradients of ARJpduring rapid stimulation

Transmural gradients of ARpduring rapid pacing are shown in Figure 3.4. At
baseline, subendocardial ARvas longer than midmyocardial or subepicardial
APDgo. This gradient was maintained to a CL of 200ms beecame less evident as CL
shortened further. There was no significant diffieesin APDo across the transmural
surface at the shortest CL with 1:1 capture (130ifis¢re was a trend towards a
reduction in the magnitude of the transmural Af@adient as CL was progressively
shortened, although this was not statistically ificgnt (22.6 + 4.8ms [n = 8] at 350ms
vs. 6.3 +1.8ms [n = 3] at 130ms, p =0.0771). Weepressed as a percentage of
subendocardial AP§g, the magnitude of the transmural gradient remare&tively
more stable through changes in CL (Figure 3.5).il\gaere was a statistically
insignificant trend towards a reduction in the magie of the transmural AR
gradient at shorter CLs (14.1 £ 2.6ms [n = 8] @S vs. 6.9 £ 1.8ms [n = 3] at 130ms,
p = 0.1442).
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Figure 3.4 Regional AP, at rapid stimulation rates

Transmural gradients of ARPat each pacing CL. n = 8, one-way ANOVA < 0.05
for subendocardium vs. subepicardiunp < 0.05 for subendocardium vs.
midmyocardium and subepicardium.
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Figure 3.5 Magnitude of the transmural APDy gradient during rapid stimulation
Transmural gradients of ARE) expressed as a percentage of subendocardiado)APD
according to pacing CL. The crosses indicate thebar of measurements
(experiments) included in each point, plotted anright Y axis. One-way ANOVA, p
> 0.05.

Transmural APIy, restitution

Transmural restitution curves for subendocardiumdymyocardium and subepicardium,
are shown in Figure 3.6 along with the slope oheagave, shown in the inset. As
shown in Table 3.2, the previously demonstrategsstraural gradients of ARpare
reflected in the ¥ax values of the restitution curvesg,¥ was greater in the
subendocardial region than in the midmyocardiursutrepicardium. There were no
transmural differences in the rate constants otthrees fitted to the AP§g restitution
data. The maximal transmural ARDestitution slopes are shown in Figure 3.7. There
were significant transmural differences in the maadi APDy restitution slope, with the
steepest slope in the subendocardial region, wiagrpssively shallower slopes in the

midmyocardium and subepicardium.
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Figure 3.6 Transmural AP Dy, restitution
Mean data for transmural restitution behaviourhwibrresponding exponential curve
fits (n = 8). The inset shows the slope of each ABfitution curve as a function of
pacing CL, and the dotted line indicates the pairwhich the APD restitution slope

becomes >1.
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Table 3.2 Transmural APDyg restitution curve characteristics

2(')0
Pacing cycle length (ms)

T 1
300 400

Mean (SEM) SubendocardiufrMidmyocardium| Subepicardium P value
Y max (MS) 163.7 £ 3.9 152.1+3.0 | 1449+24 <0.01
0.02373 = 0.02236 + 0.02007 +
Rate constant >0.05
0.00140 0.00113 0.00084
Maximal slope . oy
1.75+0.13 1.28+0.08 | 0.81+0.01" <0.0001
(ms/ms)

ms = milliseconds, SEM = standard error of the mParalue refers to a one-way ANOVA, * p <
0.05 vs. subendocardium, ** p < 0.01 vs. subendbiaar, *** p < 0.001 vs. subendocardium and # p

< 0.01 vs. midmyocardium.
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Figure 3.7 Transmural AP Dy, restitution

Mean data for transmural restitution behaviourhwibrresponding linear fits to the data
points recorded at the five shortest CLs (n = 8 hset shows the maximal slope of
each APD restitution curve generated from theditbeear segments shown in the main
graph. One-way ANOVA * p < 0.01, * p < 0.001

The effect of low temperature on transmural electrophysiology

The effects of low temperature (30°C) on transmalattrophysiology during
endocardial stimulation at a CL of 350ms are sunsadrin Table 3.3. Transmural
conduction velocity was reduced by 27% at 30°C. temperature was associated with
an increase in AP§g across the entire transmural surface, the magnbavhich was ~
13-15%. This resulted in a similar transmural geatiof AP as had been observed at
37°C (subendocardial ARP> midmyocardial AP > subepicardial AP§). At 37°C
the magnitude of the transmural gradient of AfPduring endocardial pacing at a CL of
350ms was 22.6 = 4.8ms, or 14.1 + 2.6% of the sudeardial value. At 30°C the
magnitude of the transmural gradient was 19.2 mS§,%r 10.1 + 2.4% of the
subendocardial value (p = 0.2754 vs. 37°C). Thexeewo statistically significant
changes observed in the transmural dispersiontiaéion time, repolarisation time or

APDgy at low temperature when compared with values cembat 37°C.
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Table 3.3 Transmural electrophysiology at low temp&ture
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37°C 30°C Relative
Mean (SEM) (n=8) (n=9) change P value
Transmural conduction 30009 | 226+1.1] -27% 0.0001
velocity (cm/sec)
Transmural APIgy(ms)
Subendocardial AP§ 1645+45| 186.2+3.6 +13% <0.01
Midmyocardial APDy 155.6 +4.3| 176.1+3.8 +13% <0.05
Subepicardial APB 147.1 +3.7| 169.4 + 5. +15% <0.01
Transmural dispersion
(ms/mnf)
Activation time 0.47 £0.077 0.54 +0.08 - > 0.05
Repolarisation time 1.77+£0.36 0.86+0.23 - >50.0
APDgg 1.10+0.24| 0.80+0.27 - > 0.05

cm/sec = centimetres per second, ms = millisecandénnt = milliseconds per square millimetre,
SEM = standard error of the me&hvalue refers to an unpaired t-test for CV and tme-way
ANOVA for transmural APIgyand dispersion.

Transmural gradients of ARJpduring rapid stimulation at low temperature

At low temperature, the transmural gradient of ApP@bserved at baseline was

maintained across all cycle lengths tested (3504@snE), as shown in Figure 3.8.

Subendocardial AP§g was always greater than subepicardial ARIuring rapid

stimulation, and was also significantly greatemth@dmyocardial APk at baseline
pacing CL (350ms) and during rapid pacing (200-180mhe transmural AP
gradient did not change significantly as CL wagypessively shortened (19.2 £ 5.5ms
[n=9] at 350ms vs. 14.2 + 4.7ms [n = 3] at 140ms,0.6324). As shown in Figure

3.9, when expressed as a percentage of subendalcaRrly,, the magnitude of the

transmural gradient remained stable through chaingét (10.1 + 2.4ms [n = 9] at
350ms vs. 13.0 £ 3.9ms [n = 3] at 140ms, p = 0.55&%d was not significantly

different in magnitude to that seen at 37°C.
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Figure 3.8 Regional APLQ, at rapid stimulation rates at low temperature
Transmural gradients of ARPat each pacing CL. n = 9, one-way ANOV/4j < 0.05
for subendocardium vs subepicardiump < 0.05 for subendocardium vs.
midmyocardium and subendocardium vs. subepicardium.
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Figure 3.9 Magnitude of the transmural APy gradient during rapid stimulation
at low temperature

Transmural gradients of ARE) expressed as a percentage of subendocardiado)APD
according to pacing CL in normal hearts at 37°@getl squares and solid line, n = 8)
and 30°C (open squares and dashed line, n = 9).

APDyg restitution at low temperature

A comparison of APy restitution curves at 30°C and 37°C, along withn th
corresponding plots of restitution slope againsti€given in Figure 3.10. As noted
previously, AP, at baseline was significantly longer at 30°C tB@AC, and the
transmural gradient persisted across all CLs te3ted is reflected in the higher ¥
of the curve fitted to the 30°C ARpxestitution data compared to the corresponding
value for the 37°C data (177.7 £ 3.8 vs. 144.1 A% respectively, p < 0.0001).
However, the rate constant of the exponentialdittethe AP, restitution data at
30°C was not different to that at 37°C (0.02197.60034 vs. 0.02219 + 0.00113
respectively, p = 0.9032). The maximal Adgestitution slope was greater at 30°C
(1.99 + 0.16ms/ms) than at 37°C (1.17 £ 0.08 mspris0.005).
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Figure 3.10 The temperature dependence of ARPrestitution

A. Mean data for restitution behaviour, with copesding exponential curve fits for

data at 37°C (closed squares and solid line, nané)at 30°C (open squares and dashed
line, n = 9). B. The slope of each restitution euas a function of pacing CL. The

dotted line indicates the point at which the rasitin slope becomes >1. C. The

maximal slope of each ARPrestitution curve generated from linear segmattedfto

the five data points at the shortest Dls in themgaaph. Unpaired t-tesip < 0.01.
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Transmural APy restitution curves for subendocardium, midmyoaardand

subepicardium at 30°C, and the corresponding plotsstitution slope against pacing

CL and maximal APDR slope are shown in Figure 3ARDq, at baseline was

previously noted to be significantly longer in théendocardium, with progressively

shorter values in the midmyocardium and subepioardicross all of the CLs tested.

This is reflected in the Xax values of the curves fitted to the ARyDestitution data,

shown in Table 3.4. There were no transmural difiees in the rate constants of the

exponentials fitted to the ARPrestitution data. There was a trend towards thenmeal

restitution slope being steepest at the subendmrardut this was not statistically

significant.

Table 3.4 Transmural APDyg restitution curve characteristics at 30°C

Mean (SEM) SubendocardiufrMidmyocardium| Subepicardium P value
Y max (MS) 1852+ 1.7 179.2+3.4 171.7+4.0 <0.05
0.02726 + 0.02002 + 0.01846 +
Rate constant, K > 0.05
0.00064 0.00089 0.00098
Maximal slope
1.79£0.22 1.32+0.23 1.30£0.25 > 0.05
(ms/ms)

ms = milliseconds, SEM = standard error of the mParalue refers to a one-way ANOVA, * post
test p < 0.05 vs. subendocardium.
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Figure 3.11 Transmural APDy, restitution at low temperature

A. Mean data for transmural restitution behaviouth corresponding exponential
curve fits (n = 9). B. The slope of each restitntturve as a function of pacing CL, and
the dotted line indicates the point at which thstitetion slope becomes >1. C. The
maximal slope of each ARPrestitution curve generated from linear segmaetiegifto
the five data points at the shortest Dls in themngaaph. One-way ANOVA, p > 0.05.
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A comparison of transmural and epicardial e ectrophysiology

Recordings from the epicardial surface were madmgendocardial pacing at 37°C
and epicardial AP parameters were compared witbetihecorded from the transmural
surface. Mean epicardial AB§(152.7 + 6.1ms, n = 4) was not significantly diéfet
from that recorded from the subepicardial regiotheftransmural surface (147.1 +
3.7ms, n = 8, p = 0.4258). During endocardial station, near synchronous
breakthrough activation of the epicardial surfa@es \ween, which resulted in a
significantly lower dispersion of activation timain was seen across the transmural
surface (Table 3.5). Dispersion of repolarisatiaretwas also lower across the
epicardial surface, and there was a trend towadisced epicardial dispersion of
APDg, compared with the transmural surface, but this masstatistically significant.

Table 3.5 A comparison of transmural and epicardialdispersion

Transmural| Epicardial

(n = 8) (n = 4) P value

Mean (SEM)

Dispersion of activation time
(ms/mnf)

Dispersion of repolarisation
time (ms/mm)

Dispersion of APy
(ms/mnf)

ms = milliseconds, ms/ms milliseconds per square millimetre, SEM = staddarror of
the meanP value refers to a one-way ANOVA.

* 0.47+0.07| 0.11+001 <0.05

1.77£0.36| 0.39+0.13 <0.05

1.10+£0.24| 0.35%+0.12 >0.05

Epicardial and transmural restitution

Mean transmural and epicardial ARDestitution curves, and their slopes, were similar
as shown in Figure 3.12. There were no significkiférences in the best fit values for

Y maxOr K between the fitted curves for transmural apidardial restitution.
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Figure 3.12 A comparison of transmural and epicardal APDgg restitution

A. Mean data for regional restitution behaviourthaexponential curves fitted showing
values from the transmural surface (closed squardssolid line, n = 8) and the
epicardial surface (open squares and dashed Imé&,)nB. The slope of each restitution
curve as a function of pacing CL. The dotted Img&i¢cates the point at which the
restitution slope becomes >1. C. The maximal stdpsach AP, restitution curve
generated from linear segments fitted to the fagboints at the shortest Dls in the
main graph. Unpaired t-test, p > 0.05.
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Transmural and epicardial electrophysiology at lemnperature

At 30°C, mean epicardial ARP(160.4 + 2.9, n = 5) was not significantly diffate

from that recorded from the subepicardial regiotheftransmural surface (162.7 + 2.5,
n=29, p=0.5762). During endocardial stimulatiag,had been observed at 37°C, near
synchronous breakthrough activation of the epiehlirface was seen, which resulted
in a significantly lower dispersion of activatiame than was seen across the
transmural surface (Table 3.6). There was a trewards reduced epicardial dispersion
of repolarisation time and ARpPcompared with the transmural surface, but these we

not statistically significant.

Table 3.6 A comparison of transmural and epicardialdispersion at low
temperature

Transmural| Epicardial

(n=09) (n=5) P value

Mean (SEM)

Dispersion of activation time

(ms/mnf)

Dispersion of repolarisation
time (ms/mm)

Dispersion of APy
(ms/mnf)

ms = milliseconds, ms/mf+ milliseconds per square millimetre, SEM = stadda
error of the mearP value refers to a one-way ANOVA.

' 054+0.08| 0.15+0.04 <0.01

0.86 £0.23| 0.29+0.06 >0.05

0.80+0.27| 0.28+0.07| >0.05

Epicardial and transmural restitution at low tempéure

Mean transmural and epicardial ARDestitution curves at 30°C, and their slopes, are
shown in Figure 3.13. There were no significantedénces in the best fit values for

Y maxOr K between the fitted curves for transmural apidardial restitution. The
maximal AP, restitution slope was not significantly differdogtween the epicardial

and transmural surfaces.
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Figure 3.13 A comparison of transmural and epicardal APDgyg restitution at low
temperature

A. Mean data for regional restitution behaviourthne@xponential curves fitted showing
values from the transmural surface (closed squandsolid line, n = 9) and the
epicardial surface (open squares and dashed Im&)nB. The slope of each restitution
curve as a function of pacing CL. The dotted Imgicates the point at which the
restitution slope becomes >1. C. The maximal stdpsach APIg, restitution curve
generated from linear segments fitted to the f@ggboints at the shortest DIs in the
main graph. Unpaired t-test, p > 0.05.
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Discussion

Transmural heterogeneity of repolarisation is nome#i-established concept in
mammalian ventricular electrophysiology, and thiglg, the first to record optical APs
from across the entire transmural surface of raldsitricular myocardium, has a

number of important findings.

Comparison of optical action potentials with microelectrode recordings

One group has published recordings of transmural ddihg single cell microelectrode
impalement in a rabbit ventricular wedge prepargfio The optical APy values
reported here are in broad agreement with thoseded in that study, in which the
range of transmural ARfpwas 165-180ms at 37°C and a pacing CL of 500mes. Th
transmural optical AP values reported in this Caapte around 10% shorter, ranging
from 165-145ms, at the shorter CL of 350ms. Indiuelies reporting microelectrode
recordings, shorter CLs than 500ms were not usetisa direct comparisons of optical
and microelectrode APJgat 350ms are not possible. However, restitutiones!

plotted from the microelectrode ARBfat longer CLs did display shortening of ARD
between CLs of 1000ms and 500ms (~10%), indicdbiagfurther shortening would be
expected between CLs of 500ms and 350ms. Moretheergestitution curves fitted to
the experimental data presented in this Chaptetalisuggest that the system is not in
steady state at 350ms, and indicate that a lenigiipeh APDyo at a CL of 500ms
(compared with 350ms) would have been expectedmibmelectrode measurements
were taken using shank microelectrodes which assquhdeep to the transmural
surface, and in the absence of pharmacologicalomatncouplers. The similarity
between these microelectrode recordings and theesaheasured from transmural
optical APs in the rabbit wedge argues againstsagnificant APD shortening due to
damaged cells on the cut surface, or indeed angrre#fect of uncouplers on AP

characteristics.

APD differences between isolated cells and intact myocardium

This study demonstrates the marked differencedFiBoArecorded from isolated cells
and those recorded from cells within the intacttkienlar myocardium. Not only are
transmural gradients attenuated but baseline sRBgardless of cell layer, is shorter.
There is evidence to suggest that the APD shomgganimtact myocardium compared
with isolated cells observed here is due to thecefdf electrotonic coupling between

cells. In isolated rabbit ventricular myocytes, pling resistance between two cells can
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be varied experimentally using a passive resistandecapacitance circuit. Levels of
coupling resistance which allowed conduction betwibe cells produced more than
50% shortening of APD (200ms at infinite couplimgistance to 70ms at 500812
These investigators also demonstrated that the sashnetion in coupling resistance
enabled the cell to capture at fast stimulatioag€CL 150ms). This is in agreement
with the experimental observation that isolatedsaginnot be driven at the same fast
CLs as intact tissue. The fact that AjgBt a given CL is shorter in the intact
myocardium is an extremely important finding foe ihterpretation of data recorded
from isolated cardiomyocytes, as ionic currents exatation-contraction (EC)

coupling will both be modulated by the cellular APD

Patterns of activation and conduction velocity

In these experiments, transmural conduction vetalitring endocardial stimulation
was ~ 30cm/sec. The transmural arrangement of dibemtation in rabbit ventricle
means that the majority of transmural conductiolhlvé transverse, rather than

r.66

longitudinal™. The values for conduction velocity recorded haeein keeping with

published values for epicardial transverse CV bbia®.

Transmural gradients of APDy, in intact rabbit myocardium

These data demonstrate a transmural gradient of étiler physiologically relevant
experimental conditions (i.e. 37°C and endocangiaing at 350ms). Subendocardial
APDg was found to be significantly longer than midmymwiial and subepicardial
APDqg, with a gradient of the order of 10% of the sulmamaddial value, which appeared
to be evenly distributed across the ventriculad walparticular, prolongation of
midmyocardial APIgy was not observed under these experimental conditibypical

M cell behaviour has been described in midmyocuodills isolated from rabbit
ventricular myocardiufi®, but these M cells accounted for only a small prapn of
midmyocardial cells (~10%). M cells show particbjanarked APD prolongation at
slow stimulation rates, and it is possible that@he used in the experiments described
here € 350ms) were too fast to allow M cell behavioub&recorded. The isolated cell
data demonstrating M cell characteristics usednapewable stimulation rate (CL
333ms). On the other hand, it is possible that Mbahaviour may have been
demonstrated in the LV wedge had longer CLs beed.ugaken together these data

suggest that M cells, although present in rabbitneular myocardium, may not be



Rachel C. Myles, 2008 Chapter 3; 107

functionally distinct from other cell types at pigtsgical stimulation rates in intact,

electrotonically coupled myocardium.

Rate dependence of ARfand AP restitution

In the current study, APJgrestitution was described using a consistent esupiial

curve fitted to the experimental data. This isgtendard approach, and facilitates
comparison between restitution curve charactesiskiowever, in some instances the fit
Is not optimal, and it is possible that this mayénafluenced some of the comparisons
of APD restitution slope. For this reason, the mralislope was also calculated using a
linear fit to the steepest segment of the curvéhéncurrent study, similar rate
dependence of APJgand AP restitution was recorded from all transmural layé\t
short CLs, the steepest restitution was foundénstibendocardium. Similar APD
restitution in different transmural regions hasrbesported in normal canitfé and

rabbit myocardiurt** down to CLs of 500ms, although there are few respoir

restitution behaviour at shorter CLs.

The effect of low temperature

These data demonstrate the effects of low temperéd0°C) on ventricular
electrophysiology in intact rabbit myocardium. Tsarural conduction velocity was
slowed at low temperature, despite this, dispersiolT was not significantly

increased at low temperature. This may reflecedsifices in the measurement methods,
as transmural CV was measured between two poitiesieas dispersion of AT reflects
the spatial distribution of AT across the whole ged surface. Dispersion may
therefore be more sensitive to spatial variation&T, but also more susceptible to
errors. Transmural gradients of ARDwhich became less distinct during rapid pacing
at 37°C, appeared to be relatively more preserueithgl rapid stimulation at low
temperature. Interpretation of this finding is cditgted by the fact that the shortest CL
captured was longer at low temperature. As thecistsnl APDs at any given CL were
also longer at low temperature, small transmuifé¢idinces are therefore more likely to
be resolved by the imaging and analysis progrankimeexample, at the shortest CL
captured at 37°C, ARfpwas of the order of 90ms, compared with 105m$aC3
Transmural gradients were of the order of 10-15%iclvwould mean resolving ARP
gradients of the order of 9ms. In addition to thagal numbers became smaller at
shorter CL, reducing power to show statisticalngicant differences. Dispersion of

repolarisation and APJgwere unchanged at low temperature. This meanathat
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temperature dependence of arrhythmogenic spatabordant alternans could not be
accounted for by differences in baseline dispersiaiepolarisation or APg.

The maximal APIg, restitution slope was steeper at 30°C than at 37h& suggests
that the temperature dependence of repolarisaliemans may be at least partly
explained by differences in APD restitution. Howewhanges in calcium handling, not
measured in the current study may also play an itapbpart in the temperature
dependence of repolarisation alternans.

Limitations

The data presented here go some way to bridgingapéetween the
electrophysiological behaviour of isolated cellfieh is relatively well characterised,
and the situation in intact LV myocardium. Howewuérs remains am vitro

preparation, and so does not accurately reprelsersitiuation in the living heart.

Microelectrode recordings would have provided a parnson for the optical AP
recordings, but were not made, principally becanigbe practical difficulty inherent in
making microelectrode recordings from multiple sjter during rapid stimulation.
However, the values for ARpderived from the optical recordings described laeee
similar to microelectrode values published by othgestigators, including those from
this laboratory®®.

Pharmacological electromechanical uncoupling ageete used to minimise motion
artefact during optical recordings, and it is pbksthat these may have affected AP
parameters. The similarity of baseline data toehmslected by others using
methodologies which obviate EC uncoupling arguesresgj any major effect. However,
as high concentrations of BDM have been demonstitatéatten AP restitution, the
lowest possible concentration was used in theserempnts™ and the same

concentrations were used across all experiments.
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Conclusions

In this study, optical action potentials were regal from across the transmural surface
of rabbit ventricle during endocardial pacing aygiblogically relevant stimulation
rates. The results reveal a transmural gradieAR®y,, with the longest APER
consistently found in the subendocardium. This igratds similar in pattern although of
significantly smaller magnitude than that foundsolated cells. These findings
underline the importance of electrotonic coupliegween cells in determining the
electrophysiological characteristics of intact vextlar myocardium. In particular,

these data suggest that there are no functionaliynct M cells in intact rabbit

ventricular myocardium at physiological stimulatiates.

Transmural gradients of ARPwere maintained during rapid stimulation and at lo
temperature, experimental conditions which are wgaticit repolarisation alternans.
Low temperature was also associated with a glotmbpgation of APy, a reduction

in transmural conduction velocity and a steeperimakrestitution slope. The results
from the current study may therefore provide ananation for the commonly observed

temperature dependence of repolarisation alternans.



Chapter 4: The effect of transmural activation segence on action
potential duration
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Introduction

Transmural gradients of APD in intact myocardium

As described in Chapter 3, transmural gradien&sRiD exist in intact ventricular
myocardium. The nature of the transmural differsrseen in intact myocardium is similar
to that seen in isolated cells, in that subendaoabfdPD is longer than subepicardial APD,
although the presence of midmyocardial APD proldiogas variable, depending on
species and experimental conditions. However, tleeatl magnitude of the transmural
APD difference in intact myocardium is smaller thihat seen in isolated cells. This is
because intercellular coupling in intact myocardiacts to homogenise electrical
behaviour, by allowing passive electronic curréotvfbetween cells. The transmural
differences in APD seen in intact tissue may sinmmpfiect the transmural differences seen
in the repolarisation characteristics of isolateliis¢ albeit attenuated by electrotonic
coupling. However, it is possible that electrotomituences may be responsible for
dynamic modulation of APD in intact myocardium. ©hetically, if the electrotonic load
experienced by a cell during repolarisation werbda@ltered, then differential electrotonic

modulation of APD might be seen.

Electrotonic modulation of APD

In early electrophysiological experiments on meliiglar preparations, an inverse
relationship between activation time and monophABID was noted during physiological
activation sequenc¥. It was hypothesised that electrotonic modulaibAPD works to
synchronise repolarisation time across a rangetofaion times and therefore to reduce
dispersion of repolarisatid?i’° However, in recent experiments using intracetlula
microelectrodes to record from the endocardiumepidardium of rabbit ventricular
wedge preparations, no difference in APD was detebetween epicardial and
endocardial stimulation at a CL of 2000ftssuggesting that the transmural differences
observed were independent of electrotonic loadliaely to be due to intrinsic differences

in the repolarisation characteristics of the cells.

The effect of activation sequence on APD

Progressive modulation of APD after a prolongedqaef> 30mins) of altered activation
sequence is thought to be the basis of the vekdrielectrical remodelling (VER) which
underlies cardiac memory. VER describes persistesuiges in electrophysiological

behaviour in response to a change in activationessg % Studies using pharmacological
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agents to block specific ion channels have imphidathanges in the density and kinetics of
epicardiall,""® and the kinetics df..'"*in the production of VER. The mechanisms by
which altered activation sequence triggers thesa@ébs in ionic currents remain largely
unknown. Changes in circumferential strain produzgdltered activation have been
implicated in the triggering of ventricular elecal remodelling’, as have changes in

electrotonic loatl®,

Gap junctions

Electrotonic current flow between cardiac cellsuwsdhrough gap junctions. Gap junction
channels are positioned primarily at the interealatiscs and allow the passage of ions
(electrical coupling) and small molecules (metabobupling) between adjacent céffs
Each gap junction comprises two hemichannels, d¢al&nexons, each of which is formed
by six connexin (Cx) subunits, of which a numbersoforms have been identified. In gap
junctions found in ventricular myocardium, the coomast isoform is Cx 43, with some
expression of Cx 40 and Cx 45 in the ventriculardiacting system. Cardiac gap

junctional behaviour is modulated by phosphorylastatus, intracellular pH and [€h.

Carbenoxolone

Carbenoxolone is a mineralocorticoid which revdysiibhibits gap junction

communication in cardiac and other cell typesalobit ventricular myocardium,

50umol/L carbenoxolone has been demonstrated to rdohitetransverse and longitudinal
conduction velocity, without any effect on AP moofgy or ionic currents®, The

specific molecular mechanism of the uncouplingctfté carbenoxolone on cardiac tissue
is unknown. Work carried out in our laboratory Baggested some less specific effects of
carbenoxolone, in that it shortened monophasic gRBd had small but significant

effects on the G transient™.

Rotigaptide

Rotigaptide is a synthetic peptide which acts twease the conductance of Cx 43 gap
junctions’®. It has been shown to have antiarrhythmic propeiti animal models,
increasing atrial CV and reducing AF duration inica™®°, reversing the reduction in CV
and increase in DOR seen with acidosis in Langdhperfused guinea pig heatt§ and

preserving Cx 43 phosphorylation during ischaemisdlated perfused rat hedffs
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Aims

This set of experiments was designed to test thethgsis that transmural gradients of
APDgy are determined by intrinsic differences in cellulgpolarisation properties and

therefore should be independent of activation secgle
Specific aims were:
To examine the effect of activation sequence ansimural patterns of ARR
To examine the influence of intercellular couplomgtransmural patterns of AR

To determine if similar behaviour was found on ¢ipecardial surface.
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Methods

In order to investigate transmural electrophysiglogintact rabbit left ventricular
myocardium, the CCD-based optical mapping systesordeed in Chapter 2 was used to
record optical action potentials from the transrhawaface of perfused left ventricular
wedge preparations. Hearts from 24 male New Zealdhitle rabbits were used in these
experiments (those described in Chapter 3 plugiditianal 8), which conform to
standards set out in the UK Animals (Scientificdeaures) Act, 1986.

Experimental protocols

The left ventricular wedge preparations (n = 248dum this set of experiments were
prepared as described in Chapter 2. Perfusion Wa&’€ (n = 16) except where low
temperature was specifically investigated (n 97 subset of experiments (n = 3) pacing
protocols were repeated with the LV wedge prepamatrientated for epicardial, rather

than transmural imaging.

Paired stimulation

In a subset of experiments (n = 2), paired endagbadd epicardial stimulation was used.
Initially the two stimuli were delivered simultanesly, then the delay between endocardial
and epicardial point stimulation was systematicedlyied such that the fusion point of the

two wavefronts occurred at the midmyocardium.

Gap junction modifiers

The endocardial and epicardial stimulation protaea$ repeated during infusion of gap
junction modifiers. Control recordings were také® and 15 minutes and then repeated at

five minute intervals during drug infusion and wasth

Carbenoxolone

Carbenoxolone (Bhydroxy-11-oxoolean-12-en-30-oic acid 3-hemisuatan Sigma-
Aldrich, Steinheim, Germany) was added to the pilggical solution prior to the
filtering stage. A final concentration of 50umolilas used. This concentration has
previously been shown to reduce CV in rabbit ventar myocardium, without the toxic

effects seen at higher dosgs
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Rotigaptide

Rotigaptide was provided by Dr Ninian Lang and Bssbr David Newby of the
University of Edinburgh. Rotigaptide, at a finahoentration of 1umol/L was added to the

physiological solution prior to the filtering stage

Data analysis

Data analysis was performed as described in Chap#es described in Chapter 3,
transmural APy was measured using three 3 x 3 pixel selectianslly spaced across
the transmural surface and orientated betweertithelating electrodes, such that the

sampling sites were perpendicular to the activatramefronts.

Statistical analyses

All data are expressed as mean + SEM, and stalistinalyses were carried out as
described in Chapters 2 and 3, except for the casgraof APDQ at multiple sites across
the transmural surface during endocardial and eglilastimulation. For this, a two-way
ANOVA in R software was used, in which stimulatsite was considered as a categorical

variable and transmural position, or activationgias continuous variables.
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Results

The effect of transmural activation sequence
Transmural activation wavefronts and conductioroeiy

Patterns of activation and transmural conductidoorgy were compared during
endocardial and epicardial stimulation at 37°C, areshown in Figure 4.1. During
endocardial stimulation, a relatively planar transah activation front was typically seen
and during epicardial stimulation a more semi-dacwavefront was evident. Mean
transmural conduction velocity, measured betweenwo stimulus points, and
perpendicular to the activation isochrones, wasiggntly greater during endocardial
stimulation than during epicardial stimulation (3@.0.9 vs 24.6 + 1.2cm/sec,n =8, p =
0.0029).

Endocardial Epicardial
stimulation stimulation

Figure 4.1 Transmural activation wavefronts duringendocardial and epicardial
stimulation

The left hand panel shows an isochronal map ositramal activation time during
endocardial stimulation, superimposed on a plaiagenof the transmural surface, with the
stimulating electrodes visible. The opacity of tverlaid colour is graded according to the
magnitude of activation time. The right hand pastelws an isochronal map of transmural
activation time during epicardial stimulation ireteame experiment.
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The effect of transmural activation sequence ondnaural dispersion

The effect of transmural activation sequence amstraural dispersion is shown in Table
4.1. Transmural dispersion of activation time wigsificantly greater during epicardial
stimulation when compared with endocardial stimafatNeither transmural dispersion of
repolarisation time nor transmural dispersion oD&gwas significantly different between
endocardial and epicardial stimulation.

Table 4.1 Effect of activation sequence on transmatf dispersion of activation,
repolarisation and APDgg

Endocardial Epicardial
Mean + SEM stimulation (n =8) | stimulation (n = 8) P value

Transmural dispersion of 0.47 +0.07 0.64 +0.05 0.0257
activation time (ms/mA)

Transmural dispersion of 1.77 +0.36 1.10 +0.31 0.1185
repolarisation time (ms/mfh

Transmural dispersion of 1.35 +0.38 154 +0.31 0.2305
APDgo (ms/mnf) R e S ¢

ms/mnf = milliseconds per square millimetre, SEM = staddatror of the mearP value refers to a paired t-
test.

The effect of transmural activation sequence ondnaural APy

Different transmural patterns of ABPwere recorded when the activation sequence was
changed from endocardium-to-epicardium to epicandia-endocardium. An example is
shown in Figure 4.2. During endocardial stimulat{brgure 4.2A), the longest ARP
values were found at the subendocardium, and pssiyedy shorter APDs tended to be
recorded towards the subepicardium. During epieasdimulation (Figure 4.2B), the
opposite pattern was apparent, with the longest8R&lues found at the subepicardium,
and APD tending to become progressively shorteatds/the subendocardium. As shown
by the individual AP traces in Figure 4.2 A(iii)éB(iii), this appears to have the effect of

minimising transmural differences in repolarisatione.
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A. Endocardial stimulation
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Figure 4.2 Modulation of transmural APDg by activation sequence

A. Endocardial stimulation: (i) isochronal map afigation time from endocardial point
stimulation (ii) contour map showing the transmyoattern of AP, (iii) single pixel
optical AP traces taken at three points equallgsg@across the transmural surface
perpendicular to the axis of activation (subenddicen in black, midmyocardium in dark
grey and midmyocardium in light grey) with the stilors (red line), activation time (dotted
line) and time at 90% repolarisation (dashed Imayked. B. Epicardial stimulation: (i)
isochronal map of activation time from epicardialn stimulation (ii) contour map
showing the transmural pattern of Agiii) single pixel optical AP traces taken at the
same three points across the transmural surface.

The mean data for subendocardial, midmyocardialsahepicardial APE) (n = 8) at

37°C are shown in Figure 4.3. During endocardiahpstimulation, the longest ARD

was found in the subendocardial region (164.5 #1:4)5with an intermediate value at the
midmyocardium (155.6 + 4.3ms) and the shortedt@stbepicardium (147.1 £ 3.7ms).
During epicardial point stimulation, the oppositdtprn was observed, with the longest
APDgpat the subepicardium (162.1 + 4.3ms), an intermtedialue at the midmyocardium
(150.9 + 4.2ms) and the shortest at the subendocar@48.2 + 5.5ms). In a subset of
experiments (n = 5), a more detailed analysis wased out, examining five points across
the transmural surface, to delineate transmuralignés better (Figure 4.3, inset), and
suggested a relatively smooth gradient of AP&xross the transmural surface in each case.
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Figure 4.3 The effect of activation sequence on tnamural APDgyg

Mean data (n = 8) for APJgin the three transmural regions during endocasdlaked
squares) and epicardial (open squares) stimulalioa statistical comparison was
performed using a two-way ANOVA, * p < 0.05. Insbbws mean data (n = 5) for ARD
in five equally spaced transmural regions duringogardial (closed squares) and
epicardial stimulation (open squares).

This suggested that the longest ARdas found close to the stimulus site. In order to
explore this further, the mean activation time tie&ato the earliest transmural activation
was calculated for each transmural region and fleeteof proximity to the stimulus was
assessed by plotting the same transmural gEBta shown in Figure 4.3 against mean
activation time. During endocardial stimulatione tinean activation time was significantly
shorter in the subendocardial region (4.0 £ 1.4mvken compared with midmyocardium
(9.2 £ 1.4ms, p < 0.001) and subepicardium (17114s, p < 0.001 vs. subendocardium
and midmyocardium). During epicardial stimulatiaativation time was shortest at the
subepicardium (5.6 £ 1.0ms) and longer in the miocaydium (10.8 + 1.2ms, p < 0.001)
and subendocardium (17.2 + 1.5ms, p < 0.001 vemidrardium and midmyocardium).
The plot of mean AP§) against mean activation time for each transmugibn during
endocardial and epicardial stimulation is showFRigure 4.4. This demonstrates an inverse
relationship between activation time and A Buch that sites activated early displayed a

longer APD, irrespective of their transmural position.
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Figure 4.4 Transmural APDyy as a function of mean activation time

Mean data (n = 8) for APJgand activation time (relative to the earliest sramral
activation) in the subendocardium (squares), midraggium (triangles) and
subepicardium (circles) during endocardial (closgaibols) and epicardial stimulation
(open symbols).

The relationship between activation time and tramsthAP Dy

The contour maps of AR suggest that the relationship between activatioe tind
transmural APIyacross the entire transmural surface is more contpbn that indicated
by the analysis of discrete transmural regionslfghita the endocardial and epicardial
surfaces. To assess the relationship between actiiame and transmural ARPacross
the whole transmural surface, two approaches wszd.Firstly, in a selection of the
experimental datasets, the values of AfDr each individual pixel during endocardial
and epicardial stimulation were plotted againstatiesponding activation time. A linear
regression was then performed to quantify theiozlahip between activation time and
APDgo. An example of this is shown in Figure 4.5, whattows an inverse relationship
between activation time and ARPThe longest APE) values were generally associated
with the earlier activation times, during both ecaalial and epicardial stimulation (p <
0.0001 in both cases). This inverse relationship s&en in the majority of the regressions
performed, although in some of the experimentsyaedl, no relationship was seen
between APIy, and activation time. A positive relationship betwectivation time and

APDgy was never observed.
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Figure 4.5 Linear regression of the relationship beveen APDy, and activation time
APDgy against activation time for each transmural ptaing endocardial (closed circles)
and epicardial stimulation (open circles). The esponding linear regression for each
dataset is also plotted. For endocardial stimutafiack line) the relationship was
significant (F0.67, p < 0.0001) and for epicardial stimulatioreggline) the relationship
was also significant {0.56, p<0.0001). Data are taken from a single énjeett.

In this example, a small but significant differeveas seen between subendocardial APD
during endocardial stimulation and subepicardiaDéfduring epicardial stimulation
when sites activated within the first 5ms were carefd (163.4 £ 0.3 vs. 159.6 £ 0.2ms
respectively, p < 0.0001). Each of the saved Afbatrices were partitioned into 5ms
steps of activation time according to the corresipog activation time map, as illustrated
in Figure 4.6. The mean data for this comparisershown in Figure 4.7. During
endocardial stimulation, the mean Aggior pixels activated in the first 5ms was
significantly longer than the mean ARn pixels activated in the last 5ms (156.1 + 4.3
vs. 147.3 + 4.1, p = 0.0165). During epicardiahsiation, the mean AP4g for pixels
activated early was again significantly longer thize mean APE) in pixels activated later
(152.4 £ 3.6 vs. 143.4 £ 5.8, p = 0.0041). When ARMas expressed according to
activation time, rather than transmural posititwe, difference in terms of ARPbetween

endocardial and epicardial stimulation was no |lorsggarent.
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Figure 4.6 Partitioning of APDgyy data by activation time
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A. Isochronal maps of transmural activation timeimy endocardial and epicardial
stimulation. B. The corresponding pixel selectidetermined by activation time (relative
to the earliest transmural activation). C. Isoclatanaps of transmural ARpduring
endocardial and epicardial stimulation. D. The dis$played in (C) are partitioned
according to the pixel selections shown in (B)uhésg in a plot of mean AP§ in steps

of activation time, from earliest to latest.
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Figure 4.7 Mean transmural APDy by activation time

Mean transmural AP§ (n = 8) for each 5ms increment in activation tifnzen the earliest
transmural activation during endocardial (closedgbsgs) and epicardial stimulation (open
squares). Two-way ANOVA, p > 0.05.

The effect of transmural activation sequence onadial APDy

In a subset of experiments (n = 3 at 37°C), theatidf activation sequence on epicardial
APDg, was examined. An example is shown in Figure 4rld€ardial stimulation
resulted in a rapid breakthrough activation pattrithe epicardial surface. During
epicardial stimulation, relatively slower, anisgi@conduction was observed. Mean
dispersion of activation time was significantly gier during epicardial stimulation
compared to endocardial stimulation (0.37 + 0.060v89 + 0.01ms/mfn = 3, p = 0.01),
whereas neither dispersion of repolarisation tih@q + 0.07 vs. 0.40 + 0.03 ms/myrp =
0.1630) nor dispersion of ARP(0.18 + 0.06 vs. 0.24 + 0.05ms/mMp = 0.4852) were
significantly different during epicardial stimulati. As shown by the contour maps in
Figure 4.8, epicardial APJgwas different during endocardial and epicardiahstation.
Figure 4.9 shows a comparison between subepica&Bb, (recorded from the

transmural surface) and epicardial A3 sites close to the stimulus.
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Figure 4.8 Activation sequence and epicardial AP§

Contour maps showing the spread of activation fmels) and distribution of ARD
(lower panels) across the epicardial surface duemdpcardial (left panels) and epicardial
stimulation (right panels).

In order to quantify the effect of activation senqoe on epicardial AP§g, a detailed spatial
analysis of epicardial APfpwas performed. Pixel selections were assignedniipg on
their proximity to the epicardial stimulus. In orde achieve this, pixel selections were
made using the epicardial activation map duringaplial stimulation and divided up in
1ms steps of activation from the epicardial stirsuln a way analogous to that described
for the transmural surface in Figure 4.6. Mean AFH¥Dr each selection during epicardial
stimulation was then compared to mean Afduring endocardial stimulation. The results
are shown in Figure 4.10. Mean epicardial ARkas significantly greater during
epicardial stimulation than during endocardial siimion when the pixels examined were
activated within ~ 5-7ms from the earliest epicakditivation. During endocardial and
epicardial stimulation, mean ARB§values recorded from the subepicardial regiomef t
transmural surface were 147.1 + 3.7ms and 162.2mgrespectively. Corresponding
values on the epicardial surface from pixels atégtavithin 1ms of the epicardial stimulus
were 145.8 £ 5.0ms (p = 0.8533 vs. transmural sajfand 160.1 + 7.2ms (p = 0.8113 vs.

transmural surface) respectively.
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Figure 4.9 The effect of activation sequence on sepicardial and epicardial APDy

A comparison of APk during endocardial (closed squares) and epicafojen squares)
stimulation. Transmural subepicardial sites (n w8)e compared with sites close to the
stimulating electrode on the epicardial surface @) activation delay 0-5ms).
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Figure 4.10 The effect of activation sequence onieprdial APDgg

A graph to show mean epicardial AR@uring endocardial (closed squares) and epicardial
stimulation (open squares) across the epicardiédse; depending on the activation delay
from the epicardial stimulus during epicardial stlation (n = 3).
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The effect of paired stimulation on transmural APD

In two experiments, the effect of paired endocaha epicardial stimulation on
transmural APy was examined. Mean ARBpvalues for the subendocardium,
midmyocardium and subepicardium were compared.xam@le of the results is shown in
Figure 4.11. During endocardial stimulation, theyusly described pattern of ARD

was observed (subendocardium > midmyocardium >madelium), and this pattern
reversed during epicardial stimulation. During pdistimulation, midmyocardial ARp
became shorter than either subendocardial or scdreil APDRo. Midmyocardial AP
during paired stimulation (136.5 + 0.5ms, n = 3&RARas significantly shorter than
midmyocardial APIg, during endocardial (141.4 + 0.6ms, n = 10 APs3mcardial
stimulation (140.5 + 1.3ms, n = 10 APs; p < 0.06endocardial vs. paired and p < 0.01

for epicardial vs. paired stimulation).
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Figure 4.11 The effect of paired stimulation on trasmural APDg

A. Isochronal maps showing the spread of activasicnoss the transmural surface during
endocardial stimulation, paired stimulation fronttbendocardium and epicardium and
epicardial stimulation. B. Mean ARPpvalues for each of the transmural sampling sites
during endocardial (black), paired (grey) and eqlizd (white) stimulation. Data are taken
from a single experiment and error bars relateattability between APs.
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The effect pharmacol ogical modification of gap junction conductance on the transmural
modulation of APDgg

Carbenoxolone

The effects of the gap junction uncoupler carbetam@on transmural conduction velocity
and transmural AP§ are shown in Figure 4.12. There was no changansinural CV
over a 20 minute control period without drug (3%.2.5 vs. 29.3 £ 1.7cm/sec during
endocardial stimulation, p = 0.4426 and 25.7 +V6.427.2 + 1.8 during epicardial
stimulation, p = 0.5490). At baseline, the transahpatterns of APE) during endocardial
and epicardial stimulation in this subset were sintb those observed for the whole
dataset. 50pmol/L carbenoxolone significantly sldwenduction velocity, from 31.2 +
1.5cm/sec to 18.5 + 1.5 during endocardial stinmtafp = 0.0006) and from 25.8 + 1.4
cm/sec to 16.9 + 1.6 during epicardial stimulatjpr= 0.001). Carbenoxolone produced a
significant shortening of AP§g(mean APy 146.9 + 3.9 vs. 131.1 = 7.3ms, p = 0.0207)
along with a reduction in the signal quality andraarease in perfusion pressure observed
during the experiment, indicating a toxic effecttba preparation. These effects of
carbenoxolone were not reversible on washout ofltbhg. The previously noted
transmural patterns of ARpaccording to stimulus site were not seen following

carbenoxolone administration.

Rotigaptide

The effects of rotigaptide on transmural conductietocity and detailed transmural
APDg, are shown in Figure 4.13. There was no changansinural CV over a 15 minute
control period without drug (32.7 = 3.3 vs. 33.2.8cm/sec during endocardial
stimulation, p = 0.8768 and 20.8 + 1.6 vs. 21.4&during epicardial stimulation, p =
0.7998). At baseline, the transmural patterns dbéRluring endocardial and epicardial
stimulation in this subset were similar to thosseslied for the whole dataset. 1pmol/L
rotigaptide significantly increased transmural aaettbn velocity during epicardial
stimulation (21.4 = 1.6cm/sec prior to rotigaptide 29.4 + 1.7 following rotigaptide, p =
0.0140) but had no significant effect on transm@¥lduring endocardial stimulation
(33.4 £ 2.8 cm/sec vs. 37.6 + 1.3, p = 0.2226)ldvahg rotigaptide infusion, AP§was
significantly shorter (mean ARP168.1 + 3.9 vs. 137.1 £ 4.7ms, p = 0.0023) antheei
clear transmural gradients of ARf2luring endocardial stimulation, nor modulation of

transmural APIg, during epicardial stimulation were seen.
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Figure 4.12 The effects of gap junction uncouplingvith carbenoxolone

A. The effects of carbenoxolone on transmural cotidn velocity during endocardial
(closed squares) and epicardial (open squaresjlstion (n = 4). One-way ANOVA,
indicates p < 0.001 vs. 0 and 20mins for both eattbal and epicardial stimulation. B.
Transmural APy, following 10 minutes of perfusion with carbenoxoéo
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Figure 4.13 The effect of rotigaptide on transmurakonduction velocity and APRg

A. The effects of rotigaptide on transmural conducielocity during endocardial (closed
squares) and epicardial (open squares) stimulétien4). One-way ANOVA, p < 0.05

vs. 0 and 15mins B. Transmural ARDollowing 15 minutes of perfusion with rotigaptide
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The effect of activation sequence on transmural electrophysiology at low temperature
Transmural conduction velocity at low temperature

Transmural conduction velocity was reduced at lemgerature (Figure 4.14). During
endocardial stimulation, transmural CV was reducesh 30.0 £ 0.9 at 37°C t0 22.6 +
1.1cm/sec at 30°C (p < 0.001) and during epicastiaiulation transmural CV was
reduced from 24.6 £ 1.2 at 37°C to 18.4 £ 1.4cm&e0°C (p < 0.01). The difference
between endocardial-to-epicardial and epicardiadridocardial conduction velocity was

not statistically significant at 30°C (22.0 + 1.6.\18.4 =+ 1.4cm/sec, n =7, p > 0.05).

Il Endocardial stimulation

w
a
J

JEpicardial stimulation

w
E 304
(&)
et *%k
ol
'S 251 T HtHt
[S)
3 s #it
§6 T
5=
c o V7
8 =
S 104
=
£
2
© 5+
S
[

0

37°C 30°C

Figure 4.14 The temperature dependence of transmuraonduction velocity
Transmural conduction velocity during endocardra apicardial stimulation at 37°C (n =
8) and 30°C (n = 7). One-way ANOVA, p < 0.01 vs. endocardial stimulatidfip < 0.01
vs. 37°C*p < 0.001 vs. 37°C.

Modulation of transmural AP§ by activation sequence at low temperature

As described in Chapter 3, ABwas longer at low temperature. As shown in Figuié,
the same modulation of ARPwith activation sequence was observed at 30°Gddben

observed at physiological temperature (two-way AMOY < 0.05).
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A. Transmural patterns of ARpPduring endocardial stimulation at 37°C (n = 8) 80dC
(n =9) B. Transmural patterns of AR[2luring epicardial stimulation. One-way ANOVA,

*k%k

p <0.001,” p<0.01, p<0.05vs. 37°C.
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Discussion

The effects of transmural activation sequence on activation wavefronts and transmural

conduction velocity

These experiments demonstrate the difference ivagicin wavefront between endocardial
and epicardial stimulation. The wavefront during@cardial-to-epicardial propagation
was typically relatively planar, whilst the waveitaluring epicardial-to-endocardial
propagation was more semi-circular. In agreemetit thiese findings, transmural optical
measurements in canine ventricular wedge prepasatbow that the activation front
configuration is markedly different between enddédrand epicardial stimulatiof?. The
presence of a penetrating Purkinje fibre networkhenendocardial surface is likely to
contribute to the planar activation wavefront sdering endocardial point stimulation.
The observed differences in wavefront curvature alag be attributable in part to
transmural differences in gap junction expressidnich have been shown to be reduced in
the subepicardiuffi®. In these experiments, transmural CV during epliedstimulation

was found to be significantly slower than duringlecardial stimulation, as has previously
been reported in canine ventricular myocardftinSlower epicardial-to-endocardial
propagation is likely to be due to several factdtse lack of an epicardial Purkinje fibre
network may contribute to the relatively faster erardial-epicardial conduction. It has
been suggested that the increased curvature eptbardial-endocardial wavefront may

produce a greater source-sink mismatch during efisdastimulatiort®.

Transmural dispersion of repolarisation

Transmural dispersion of activation time was gnedtging epicardial stimulation, due to
the slower epicardial-to-endocardial CV; dispersatb®PDgyy was also greater. However,
transmural dispersion of repolarisation did notrgeaduring epicardial stimulation in
these experiments. This suggests that modulatiédP&k, must occur during a change in
activation sequence. As repolarisation time is etpuactivation time plus APD, if
transmural gradients of ARPpare fixed, transmural dispersion of repolarisatiore

would increase during epicardial stimulation. Tisibecause the epicardium, which has
the shortest AP§ also experiences the shortest AT, producing aeed®IT than would be
seen during endocardial stimulation, as subend@iak& Dy, is longer. Similarly, if
subendocardial AP§3 remains long during epicardial stimulation, thiea tombination of
this with the late subendocardial AT would resnltilater RT than that seen during

endocardial stimulation. Fixed transmural gradi@it&PDgy have been observed in rabbit
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myocardium at slow stimulation raté$ In that study, single cell microelectrode
impalements were used to record ARPom subendocardial and subepicardial cells in a
wedge preparation at cycle length of 2000ms. Thresastigators found that there was an
increase in transmural dispersion of repolarisationing epicardial stimulation, which was
accounted for by an increase in transmural condadime, with no change in ARR The
differences between the results presented heréhasd of Medina-Ravedit almay be

due to differences in the experimental methodscamdlitions, particularly pacing CL.

Modulation of APDg by activation sequence

In these experiments, different transmural pattefrsPDgy were seen during endocardial
and epicardial stimulation. This observation waslenat both 37°C and 30°@.gradient
from the longest APE) at the subendocardium to shortest at the subeipicarwas seen
during endocardial stimulation, and this pattenrersed on epicardial stimulation. This
has the effect of synchronising transmural repsédion time, which is reflected in the
mean dispersion data. The magnitude of the trarelmiDy difference seen in the mean
data was around 16-17ms, around 10% of the logeby, value, and was similar during
endocardial and epicardial stimulation. This défere is of sufficient magnitude to be
resolved by the optical mapping system, and aldxetof physiological relevance. In open-
chest canine experiments, the refractory perioektfacellular electrograms was always
shorter when stimulation was distant to the measang site compared with stimulation at
the measurement stf@ Over distance of 4-6mm, change in repolarisatime was

always less than the observed change in activétioey indicating a shortening of APD,
which was estimated to be of the order of 5%. éndkperiments described in this Chapter,

the transmural distance separating the two stinomattes was ~ 5mm.

The relationship between activation time and AfD

The mean data for transmural ARgBuggested not only that transmural AREhanged
during a change in activation sequence, but alBoARDy is linked to transmural
activation time. When transmural position was repthwith transmural activation time,
there was no difference in ABgseen during endocardial and epicardial stimulat®ites
close to the stimulus, which were activated edrdd the longest APJg sites distant from
the stimulation site, which were therefore actiddtder, had the shortest ARDHowever,
these mean data were taken from three discretelisgnsges across the transmural
surface, which were orientated perpendicular taatttieration isochrones. Consequently,

this comparison did not take into account eitherdtferences in wavefront configuration



Rachel C. Myles, 2008 Chapter 4; 135

seen between endocardial and epicardial stimulati@pex-base heterogeneities in
APDg, both of which may contribute to the observedsranral patterns of AP
Indeed, it is evident from the contour maps thatantrast to the transmural spread of

activation, complex spatial patterns of transmaRDy, were observed.

Regression

To explore the relationship between AT and ApP&cross the whole transmural surface,
linear regressions were performed in a subset pérxents. For each of the transmural
pixels, APDwas plotted against activation time during endoehihd epicardial
stimulation. In the example given, a similar lineaationship exists between ABfand
activation time during both activation sequencdsoAthe plot shows a slightly shorter
APDqy at early activated (subepicardial) sites durinigaplial stimulation than is seen at
early activated (subendocardial) sites during eadbal stimulation. This suggests that
some of the intrinsic cellular differences in Afgdifferences may be manifest in intact
myocardium. The regression also suggests thatfsigni variability in AP exists
which is not accounted for by differences in ATisltype of analysis is not amenable to
averaging over experiments, and there were variagieession results in the individual
experiments analysed, requiring that the relatigmbbtween AT and AP§ be
interrogated across the entire dataset.

Mean AP by activation time

In order to examine the relationship between atitmaime and APIyacross all
experiments, transmural ABPwas analysed according to 5ms steps of activatios,
from the earliest transmural activation. When ApP®as analysed in this way, such that
pixels which were activated early were comparedh wibse pixels which were activated
later, the gradient of APJgobserved was the same for both types of stimulatdth the

longest AP, being associated with the areas close to the ktgnu

Paired stimulation

In two experiments, the effect of paired stimulatan transmural AP§was compared
with endocardial and epicardial stimulation. Durpggred stimulation, midmyocardial
APDg, became shorter than either subendocardial or stareml APDy, and
midmyocardial AP, during paired stimulation was significantly shotiean
midmyocardial AP, during either endocardial or epicardial stimulatidhese results are

again compatible with the effects of electrotomiad on APL,. When paired stimulation
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Is used, the midmyocardial AP will experience aotapsing electrotonic influence from
both subendocardium and subepicardium, ratherdhapolarising influence from the
tissue activated before it but a depolarising irfice from the tissue activated after it, as

would occur during either endocardial or epicardtahulation.

Modulation of epicardial APE) by transmural activation sequence

The possible changes in ABfand electrotonic load imposed by the presencecat a
surface are difficult to predict. However, the netings from the epicardial surface show
changes in APB) in the pixels activated within a few milliseconafshe epicardial

stimulus which are comparable to those seen isubepicardial region of the transmural
surface. That a similar change in Aigwas observed with a change in activation sequence
on the epicardial surface suggests that the madnolaf transmural APE observed in

these experiments is not a cut surface effect.rélaionship between ARpand

activation time across the entire epicardial sw@wfaas not the same. Electrotonic
modulation of AP, has been shown to be more marked in the transagisé&’. Fibre
orientation in the LV free wall in the rabbit iscéuthat the cells are arranged perpendicular
to the cut surface, meaning that transmural prapagée predominantly in the transverse
axis. On the epicardial surface, however, cellsafigmed parallel to the surface, meaning
that much more of the activation wavefront is pggdad longitudinal to the fibre axis.

This is reflected in the anisotropic spread ofwation seen in the epicardial activation

map during epicardial stimulation, shown in Figdr8.

Pharmacological gap junction modification
Carbenoxolone

Carbenoxolone slowed conduction velocity in theggeements, suggesting that it was
effective in producing a degree of gap junctionauping. Following the administration

of carbenoxolone, the same gradients of ARikre not evident across the transmural
surface. However, the signal quality was markeolydred by carbenoxolone, there was a
shortening of mean ARJg effects which were not reversible following washof
carbenoxolone. This combination tends to suggéstia effect of carbenoxolone on the
preparation. Indeed, previous work carried outunlaboratory noted toxic effects of
carbenoxolone at concentrations higher than 60nimbéngendorff perfused rabbit hearts
exhibited a marked increase in perfusion pressuieead-diastolic pressdre Although

the current experiments were carried out usingv@ta@oncentration, these data should

therefore be interpreted with caution.
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Rotigaptide

Rotigaptide is thought to be a relatively spequiatentiator of Cx43 mediated gap junction
coupling. The data presented here show that rdidmmcreased transmural conduction
velocity during epicardial stimulation but not cugiendocardial stimulation. Rotigaptide
has previously been shown to increase epicardiatl@ing epicardial stimulation, but not
during physiological activation sequent8sThe explanation for this observation is not
immediately obvious. A broad interpretation of thailable evidence on the effect of
rotigaptide on ventricular conduction velocity st it does not increase CV under normal
conditions but rather that some compromise in Chédgiired before the effects of
rotigaptide become apparéfit®*%? In an analogous way, it may be speculated that
epicardial-to-endocardial conduction is a suffitigmefficient process that reserve for an
increase in CV exists, but that endocardial-to-&pi@l conduction is facilitated by the
presence of subendocardial Purkinje fibres, anldesefore maximal. It is also possible
that differences in the Cx isoform expression betweentricular myocardium
(predominantly Cx 43) and the ventricular condugsystem (predominantly Cx 40 and
45) may explain the differences in the respongetigaptide depending on activation
sequence. The differential effects of rotigaptide¢ransmural CV confound the transmural
APDgy data and make its interpretation difficult. laiso likely that the number of
experiments was not sufficient to resolve the etggemagnitude of any change in AD

based on the small magnitude of the increase irk3érved.
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Conclusions

In this study, baseline ARPwas recorded during both endocardial and epidardia
stimulation. The hypothesis being tested was taasimural gradients of ARpreflect
intrinsic differences in cellular repolarisatioroperties, and as such are independent of
activation sequence. Instead, the results demaoastrat transmural gradients of ARD

are modified by activation sequence. This conclugscstrengthened by the fact that
similar modulation was observed consistently acdiésrent temperatures, during paired
stimulation and during both transmural and epi@rdnaging. These data suggest that as
the distance from the site of stimulation increagd¥g, shortens, resulting in a
synchronisation of transmural repolarisation tiffiee results are consistent with an effect
of electrotonic current flow between cells modulgtthe repolarisation phase of the AP.
Considering a site close to the stimulus, durirggrépolarisation phase, downstream sites
will be earlier in the AP and thus more depolarisguk effect of electrotonic current flow
will therefore be to hold the cell more depolariseilonging repolarisation. Conversely,
a site distant from the stimulus will be surrountégccells which were activated earlier
and are therefore more repolarised, which will temdrive faster repolarisation. These
experiments suggest that, in intact tissue, elamiro modulation of APD by activation
sequence dominates over the effects of intrinalestmural differences in cellular
repolarisation characteristics.



Chapter 5: Transmural electrophysiology in heart falure
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Introduction

Patients with chronic heart failure are at sigmifity increased risk of arrhythmic sudden
cardiac death. As the survival rates following serddardiac arrest are low, an effective
preventative strategy is necessary. The only ctlyramailable effective preventative
therapy for arrhythmic sudden cardiac death igrtiantable cardioverter defibrillator
(ICD). ICDs are expensive and associated with Bgamt complication rates and as such
are unsuitable for use as part of a widespreadapyiprevention strategy. Moreover, the
ideal preventative strategy would actually redieedccurrence of arrhythmias, rather
than treating them when they do occur. In ordeteeelop more effective preventative
measures for SCD, it is important to understandrikehanisms behind the increased
propensity to ventricular arrhythmias in heartdesl. The effects of heart failure on the
electrophysiology of mammalian ventricle have begely investigated. A variety of
electrophysiological changes have been reportguerdbng on the species and the type of
model used, and a number of mechanisms by whichlgotrophysiological changes seen
translate into an increased propensity to ventcatrhythmias and sudden cardiac death

have been suggestéd

Electrophysiological changesin heart failure
Action potential characteristics

In ventricular myocytes isolated from patients wetid-stage heart failure undergoing
cardiac transplantation, ARBpat a stimulation frequency of 0.5Hz has been ttepidio be
significantly longer than in cells isolated fromrmal donor heart&®. APD prolongation
has also been demonstrated in multicellular huneantricular preparation®, although the
difference between failing and normal ventricle wa$y significant at slow stimulation
rates (0.33Hz) and was not apparent at more ploggaal rates (1Hz). Similar APD
prolongation, again confined to low stimulatioreigthas been recorded in myocytes
isolated from canine hearts which had been sulgjdotehronic rapid pacing to induce
dilated cardiomyopathy and heart failtife®® In other experimental models of heart
failure, such as combined pressure and volume @agiih the rabbit, intrinsic APD is

unchanged compared with normal myocjiés
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APD prolongation and arrhythmogenesis

APD prolongation in heart failure could conceivablyprotective against re-entrant
arrhythmias, through the maintenance of relativehger refractory periods. Conversely,
APD prolongation may be pro-arrhythmic, through pnemotion of after-depolarisations
and triggered activity. In midmyocardial cells &i@d from canine hearts with pacing-
induced heart failure, APD was prolonged and eafitgrdepolarisations (EADs) were
more commoft’. APD prolongation may be reflected in the QT imédrand QT
prolongation has not only been described in patieith heart failure but has also been
linked to arrhythmic risk?

In rabbit and human ventricular trabeculae froirfgihearts, delayed afterdepolarisations
(DADSs) and triggered activity were more common tiranormal rabbit trabeculae, but
only when the superfusion solution was modifieddatain low potassium, low
magnesium and noradrenalfifie This underlines the importance of the interplagneen

cellular electrophysiology and the extracellulatieni in arrhythmogenesis in heart failure.

Heart failure-induced changes in repolarising ause

Prolongation of intrinsic APD in heart failure Hasen attributed principally to changes in
the density of repolarisingKcurrents. A reduction in the functional densitythod

transient outward Kcurrent (), which sets the plateau potential, has been shown
human$***%3and animals®® with heart failure. Rapid pacing in canine myosypeoduces
a reduction in the size of the AP notch, an in@eaghe plateau potential and a
prolongation of APD in midmyocardial cells, consrstwith overall APD prolongation
being due to a reduction g Moreover, pharmacologicél blockade produces similar
effects on the AP in normal ceff& However, the effects of changediyon APD are
difficult to predict, as changes in the plateaweptitll will also influence the magnitude of
the L-type C4' current. Depending on the relative balance ofraithec currents, a
reduction inly, may prolong or abbreviate the ventricular AP. €Hect of changes ih,

on APD may also exhibit marked species differetiéea reduction in the inward rectifier
current (k1), which contributes to terminal repolarisations ladgso been shown in human
heart failuré® and following pacing-induced heart failure in caniventriclé®®. 14,
blockade produces EADs and spontaneous activitgiling myocytes, suggesting thiag
downregulation might lead to instability in the ofgrisation phase of the AP in the failing

%89

heart®. A reduction in the density of the slow componefithe delayed rectifier K
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current (ks) has also been linked to APD prolongation and EADsanine tachycardia-

induced heart failuré™.

Calcium cycling in heart failure

A number of abnormalities in €zcycling have been demonstrated consistently imfail
hearts. In isolated celf§ and ventricular muscl®’ from humans with end-stage heart
failure, the intracellular Gatransient (C&+) amplitude is lower, its decay is prolonged
and diastolic CH levels are elevated. These changes have been liaKanctional
abnormalities of C& handling proteins and their associated regulgtonyeins®.
Although these changes are clearly central to éveldpment of contractile dysfunction,
the role of abnormal GAcycling in ventricular arrhythmogenesis in heailure is also
increasingly recognised. As a result of the intéazoupling which exists between [Ca
and membrane potential {yin cardiomyocytes, arrhythmias in heart failuraynbe C&"
dependent. For example, in failing rabbit heart®¥ang pressure and volume overload,
the characteristic changes in théGavere directly linked to the genesis of DADs in the
presence of beta-adrenergic stimulati@n

L-type C&" current

The L-type C&' current (ca) acts as the trigger for SR €aelease. Therefore the
magnitude oflca. influences the amount of Eaeleased, and hence the magnitude of the
Cd*r. A reduction inlca which would tend to shorten APD, is seen in soneedrmental
models of heart failure, although in othéss. is unchanged’. Conversely, an increase in
single-channel open probability of L-type calciuhannels has been demonstrated in

human heart failure and may contribute to APD prghtiort®®

Sarcoplasmic reticulum Garelease

Heart failure also affects the SR*Caelease channel, RyR, resulting in an increased
propensity to diastolic Galeak and so to the propagation of spontaneodé\aves
which have been implicated in the genesis of DAb#n experimental models of heart
failure following MI, dysynchronous SR &arelease has been suggested as a possible

mechanism underlying the abnormafG&°.

Cd" reuptake to the sarcoplasmic reticulum

Most of the available evidence points to a reduciiothe activity of the SR Gareuptake
ATPase, SERCA 2a, in heart failétE?*2 Impaired SERCA function is also thought to
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lead to an increased proportion of cytosolié'Geeing removed by NaC&* exchange
(NCX). NCX is electrogenic, and carries an inwaundrent in this forward mode. This may

lead to APD prolongation and electrical instabitliyring repolarisation.

Intracellular sodium in heart failure

Intracellular sodium concentration ([Na and [C&']; are closely linked, principally
through the actions of the electrogenic N€X[Na']; is also linked to intracellular pH
through the Na— H" exchanger (NHE). Increased NHE activity has bemmahstrated in
experimental heart failure induced by pressurevaame overload in the rabBit. The
resulting increase in [Nh was implicated in changes in €aycling and C& mediated
after-depolarisations in myocytes isolated fronlirigihearts, as these were at least
partially prevented by NHE inhibition.

Changes in electrical coupling in heart failure

As discussed in Chapters 3 and 4, the degree df@ienic coupling which exists between
myocytes modulates the degree of electrophysichbieterogeneity which is expressed in
intact myocardium. Electrotonic coupling betweelisdeads to a reduction in APD and
has the effect of homogenising electrical actibiggween celfS®. Therefore, increased
electrophysiological heterogeneity in heart failaray stem from either heterogeneous
changes in AP characteristics o”&gcling at the level of the single cell, or from a
reduction in electronic coupling between cellsvémtricular myocardium electronic
coupling is mediated by connexin 43 (Cx43) gap fiems. A reduction in Cx43

expression has been shown in both human and exgretafrheart failur&?®

Structural changes in failing hearts

Experimentally, ventricular arrhythmias are moradi/ induced in hearts that have
undergone remodelling following MI than in contrbls Langendorff perfused human
hearts explanted at the time of transplantatiorefm-stage heart failure, the structural
arrangement of the scar, and particularly the surgimyocardial strands within the scar
and in the border zone, appeared important fomitiation and maintenance of re-
entry*?’. The electrophysiological changes manifest inrémeote, non-infarcted
myocardium are also importafft Increasetieterogeneity of APD in the remodelled
ventricle can resuih increased dispersion of refractoriness, a @listibstrate for the
development of re-entrant tachyarrhythm#asincrease in fibrosis may result in

impairment of cellular coupling.
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Transmural electrophysiology in heart failure

As discussed in Chapters 1 and 3, transmural elgltysiological heterogeneity has been
linked to the genesis of ventricular arrhythmiakperimental studies. Transmural
electrophysiological heterogeneity has also beentified as potentially important in
arrhythmogenesis in heart faildif& I, is more prominent in the subepicardium, and the
reduction inly, current density in failing human ventricular mytes/has been shown to be
marked in subendocardial, not subepicardial myacyteln isolated myocytes from
canine hearts following the induction of heartdedl with rapid pacing, transmural
differences in APD, evident at low stimulation sate normal cells, were masked by
inhomogenous AP prolongation in heart faifdteThis was attributed to a relatively
greater reduction ifxs in subepicardial and subendocardial myocytesnaing
transmural gradients dfs and consequently, APD. However, in intact ventacu
myocardium using the same species and model, tadlare was associated with increased
transmural heterogeneity of repolarisatiinin that study, the midmyocardial layer
displayed disproportionate prolongation of APD wWhappeared to be of consistent
magnitude with the prolongation of the QT interviie resultant increase in transmural
dispersion of repolarisation was linked to the digmment of unidirectional conduction

block and the initiation of polymorphic ventricul@chycardia.

Heterogeneity of repolarisation in the rabbit coemsy ligation model

Our group has developed and extensively charaetean experimental model of heart
failure produced by coronary arterial ligation fire rabbit****” Following ligation, rabbits
develop a heart failure syndrome and have decreasetval compared with sham-
operated controls. Ligated hearts have a lowerlWé&shold than controls, suggesting that
re-entry may occur more readilyFurthermore, this model has two major sources of
electrophysiological heterogeneity as a consequehi#. In the non-infarcted
hypertrophied myocardium, APD is prolonged, aslies=n demonstrated in humans with
heart failuré®. However, this APD prolongation is not uniformass the watf*and
transmural dispersion of repolarisation, as meaksuréolated cells, is increased.
Secondly, there is a defined infarct border zoner@lsurviving myocytes interdigitate
with scar tissue at the epicardium and form algayer in the subendocardium. Local
dispersion of refractoriness, estimated by the n€rval technique, is increased in this

border zon&
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Repolarisation alternansin heart failure

The aim of this set of experiments was to exantieesiectrophysiological effects of heart
failure in intact rabbit ventricle, with a specifiecus on elucidating whether increased
transmural electrophysiological heterogeneity axistfailing hearts. In particular, these
experiments aimed to characterise the changegatrephysiological parameters which
may be relevant to the production of repolarisasitternans and spatially discordant

repolarisation alternans.
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Aims

To determine the transmural electrophysiologicainges which occur in rabbit ventricle

as a result of heart failure following myocardiaflarction.

To determine whether heart failure is associated WPD prolongation and/or changes in

transmural patterns of APD in intact tissue.

To compare the degree of transmural heterogeneigpolarisation in the remodelled

myocardium with that in normal hearts.

To determine whether the electrophysiological clearggen in heart failure are

temperature dependent.

To characterise the electrophysiological changastwibccur in the transmural border

zone and to examine conduction into the infarct.
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Methods

In order to investigate transmural electrophysiglogheart failure the CCD-based optical
mapping system described in Chapter 2 was usezttrd optical action potentials from
the transmural surface of perfused left ventricwadge preparations from normal rabbits
and rabbits with heart failure. Hearts from 29 mdésv Zealand White rabbits were used
in these experiments (those described in Chappérs3an additional 13), which conform
to standards set out in the UK Animals (Scienfrocedures) Act, 1986.

Heart failure mode

The heart failure model was produced by Dr Martiokid and Mr Michael Dunne and is
described in detail in Chapter 2. Briefly, anim@s= 11) underwent surgical coronary
arterial ligation under general anaesthesia, tdyxce apical myocardial infarction. Sham-
operated animals underwent thoracotomy, during fvthie heart was manipulated in a
similar fashion except that the artery was not.tieidht weeks following surgery,
echocardiography was carried out to docunnentvo cardiac function prior to sacrifice.
Hearts from normal rabbits (n = 14) and sham-opeéredbbits (n = 4) were used as

controls.

Experimental protocols

The left ventricular wedge preparations (n = 2®dum this set of experiments were
prepared as described in Chapter 2. One set ofiexg@s (normal, n = 8; heart failure, n
= 7) was conducted at 37°C, and another at 30°@n@lon = 9; heart failure, n = 7). In
one normal and three failing hearts, the protocs werformed at 37°C, the temperature
was lowered to 30°C and the protocol was then tede#n a subset of experiments at
37°C (n =5), the infarct border zone was imaged.

Data analysis
Analysis of optical action potentials

Data analysis was performed as describedhapter 2. Conduction into the infarct was
measured as shown in Figure 5.1. Conduction timnemeasured using 3 by 1 pixel
selections parallel to the endocardial or epichtubader, at the point of earliest activation
and 3 x 1 pixel selection at a fixed point in tipgcal infarct zone, perpendicular to those in

the normal myocardium. The central pixels were dsedalculating distance.
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Endocardium
*

Border zone

*

Epicardium

Figure 5.1 Measurement of conduction velocity intéhe infarct

lllustration of the optical imaging window contangi an LV wedge with infarct and border
zone visible. Stimulation sites on the endocardand epicardium are compared using the
indicated pixel selections for distance (black) inte (black and white).

Statistical analyses

All data are expressed as mean + SEM. Groups afwlate compared using a Student’s t-
test (paired where appropriate), or when more thvangroups were compared, using a
one-way ANOVA (repeated measures where appropmath)post hocTukey-Kramer

multiple comparisons tests. All statistical tesexevperformed using GraphPad software.
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Results

Left ventricular remodelling in heart failure

A number of parameters were recorded to assesietiree of left ventricular remodelling
which occurred as a consequence of coronary drlig@adéion, and these are shown in
Tables 5.1 and 5.2. Mean body weight was signiflgagreater in the ligated animals (p =
0.0045). There were no significant differenceshim dimensions or weight of the LV
wedges between the two groups. Coronary artertidigavas associated with a small but
statistically significant reduction in left atridlameter (LAD), an increase in left
ventricular end diastolic diameter (LVEDD) and duetion in LVEF when compared with
sham-operated controls. Age was only availablafeubset of animals, but was not
significantly different between normal and ligasdmals (24.5- 2.1months [n = 6] vs.
29.5+ 1.4 months [n = 4], p = 0.12).

Table 5.1 Animal weights and LV wedge dimensions

Mean (SEM) Normal Heart failure P value
(n=16) (n=11)
Body weight (kg) 3.14+0.14 3.53+£0.09 0.0045
Transmural distance (mnm) 5.0+ 0.3 5.6+0.5 0.2848
LV wedge weight (g) 46+0.3 48+04 0.6869

g = grams, kg = kilograms, mm = millimetres, SEMtandard error of the mednvalue refers to an
unpaired t-test.

Table 5.2 Left ventricular remodelling in heart failure

Mean (SEM) Sham Heart failure
(n=4) (n=11) P value
LAD (mm) 95+0.1 8.3%£0.3 0.0358
LVEDD (mm) 17.5+0.4 20.6 + 0.4 0.0008
LVEF (%) 71.0 £ 0.4 440+ 1.4 < 0.0001

LAD = left atrial diameter, LVEDD = left ventriculaend diastolic diameter, LVEF = left ventricular
ejection fraction, mm = millimetres, SEM = standardor of the mearP value refers to an unpaired t-
test.
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Transmural eectrophysiology in remodelled myocardium

Baseline transmural electrophysiological parameten® recorded at transmural sites in
the basal section of the LV free wall, distant frtma infarct border zone, during
endocardial stimulation at 37°C. A comparison afddime electrophysiological parameters
in normal and failing hearts is shown in Table 3Bere were no significant differences
between normal and failing hearts in terms of tnaunsl conduction velocity, dispersion of
activation time, dispersion of repolarisation tirdespersion of APk, mean APy, (147.5
+3.9vs.150.9 +1.7, p = 0.4612) or transmuraDéf? As shown in Figure 5.2 the
transmural pattern of ARJpseen in heart failure was identical to that seeromtrol

hearts. The longest ARPwas recorded at the subendocardium, with progrelysshorter
values being recorded at the midmyocardium andsoéium respectively. Figure 5.3
shows the transmural gradient of Af3h normal and failing hearts, which did not change

significantly during rapid stimulation.

Table 5.3 Transmural electrophysiology in normal ad failing hearts

Normal Heart failure
Mean (SEM) (n=8) (n=7) P value
Transmural conduction 30.0+0.9 29.5+1.8 0.9601
velocity (cm/sec)
Transmural APy (ms)
Subendocardial AP§ 164.5+45 161.2+7.5 > 0.05
Midmyocardial AP, 155.6 +4.3 153.6 + 6.2 > 0.05
Subepicardial APE) 147.1 + 3.7 1465+7.1 > 0.05
Transmural dispersion
(ms/mnf)
Activation time 0.47 £0.07 0.41 £ 0.06 0.5328
Repolarisation time 1.77 £0.36 1.80 £ 0.18 0.9443
APDqgo 1.10+0.24 1.26 £ 0.30 0.6805

APDy, = action potential duration at 90% repolarisatiom/sec = centimetres per second, ms =
milliseconds, ms/mf= milliseconds per square millimetre, SEM = stadderror of the mearP value

refers to an unpaired t-test for CV and dispersind to a one-way ANOVA for AP.
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Figure 5.2 The transmural pattern of APDyo in normal and failing hearts
Transmural patterns of ARBIn failing (open squares, n = 7) and normal he@itsed
squares, n = 8). One-way ANOVA, p > 0.05.
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Figure 5.3 Transmural APDyy gradient during rapid stimulation in normal and
failing hearts

Transmural gradients of ARE) expressed as a percentage of subendocardiadoB2a
function of pacing CL. One-way ANOVA, p > 0.05.
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APDyg restitution in heart failure

The mean data for transmural ARDestitution during endocardial stimulation at 37AC
normal and failing hearts are shown in Figure Bl insets show the slope of the AlgD
restitution curve as a function of pacing CL anel tiiaximal APIg, restitution slope.
There were no differences in ABfJestitution between normal and failing heartdyesiin
terms of the maximum value {¥%, 144.1 + 3.7ms vs. 145.9 + 3.7ms respectively, p =
0.7376), the rate constant of the curve (K, 0.0249/00134 vs. 0.02057 + 0.00128
respectively, p = 0.4669) or the maximal restitutstope (1.17 £ 0.08ms/ms vs. 1.03 +
0.04ms/ms respectively, p = 0.1588).

Transmural APy restitution curves for subendocardium, midmyoaardand
subepicardium in failing hearts at 37°C are shawhRigure 5.5. The ¥ax value of the
curve was greatest in the subendocardium (162.8m<) with smaller values at the
midmyocardium (148.9 + 2.7ms, p > 0.05 vs. subeadtbam) and subepicardium (139.6
+ 5.3ms, p > 0.05 vs. midmyocardium, p < 0.01 ubendocardium), reflecting the
previously described transmural gradients of Af?Dhere were no significant differences
between the rate constants of the ARi@stitution curves across the transmural surface
(subendocardium, 0.0209 + 0.0014, midmyocardiurd @Gt 0.0008 and subepicardium
0.0183 + 0.0016, p > 0.05). The maximal AlgEestitution slopes were not significantly
different across the different transmural regidiise maximal slope was 1.22 + 0.22ms/ms
in the subendocardium, 1.13 + 0.12ms/ms in the matrardium and 0.95 £ 0.07ms/ms in
the subepicardium (p > 0.05).

A comparison of APkyrestitution curves for each individual transmuegion and the
corresponding plots of restitution slope againsinaCL in normal and failing hearts is
shown in Figure 5.6. Table 5.4 shows the bestlies and standard errors for the.y

and rate constant for each of the monoexponenimtions fitted to the AP§restitution
data, along with the maximal restitution slope dateed from the linear fit of the steepest
part of the curve. No differences between normdlfaning hearts were apparent from the
restitution curves in the subendocardium, midmyadicen or subepicardium. Nor were
there any significant differences inY, rate constants or maximal ARDestitution slope

derived from the exponential curve fits in anyloé transmural regions.
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Figure 5.4 Mean APDyrestitution in normal and failing hearts

A. Mean data for restitution behaviour, with copesding exponential curve fits for
normal (closed squares and solid line, n = 8) ailoh§ hearts (open squares and dashed
line, n = 7). B. The slope of each restitution euas a function of pacing CL. The dotted
line indicates the point at which the restitutidmpge becomes > 1. C. The maximal slope
of each APIy, restitution curve generated from linear segmatitdfto the five data
points at the shortest DIs in the main graph. Urnepki-test, p > 0.05.
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Figure 5.5 Transmural APDyg restitution in failing hearts

A. Mean data for transmural ARBrestitution behaviour, with corresponding exporant
curve fits (n = 7). B. The slope of each restitntourve as a function of pacing CL. The
dotted line indicates the point at which the rasitih slope becomes > 1. C. The maximal
slope of each AP& restitution curve generated from linear segmatteifto the five data
points at the shortest DIs in the main graph. Oag-aNOVA, p > 0.05.
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Figure 5.6 Transmural APDyg restitution curves in normal and failing hearts

A. subendocardial, B. midmyocardial and C. subediehrestitution. (i) Mean data with
corresponding exponential curve fits for normabg$eld squares and solid line, n = 8) and
failing hearts (open squares and dashed line, n @)7The slope of each restitution curve
as a function of pacing CL. The dotted line indésathe point at which the restitution slope
becomes > 1. (iii) The maximal slope of each ApR@stitution curve generated from

linear segments fitted to the five data pointdatghortest Dls in the main graph. Unpaired
t-test, p > 0.05 in each case.
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Table 5.4 Transmural APDyg restitution curve characteristics in normal and hert

failure
Normal Heart failure
P value
Mean (SEM) (n=8) (n=7)
Y max (MS)
Mean 144.1 £ 3.7 1459 £ 3.7 0.7376
Subendocardium 163.7 £ 3.9 162.2 £ 4.4 0.8103
Midmyocardium 1521 +3.0 148.9 + 2.7 0.4475
Subepicardium 1449+2.4 139.6 £5.3 0.3582
Rate constant, K
Mean 0.0220 + 0.0018 0.0206 + 0.00[L3 0.4669
Subendocardium 0.0237 £0.0014 0.0209 +0.0p14 20.18
Midmyocardium 0.0224 £ 0.001L 0.0193 + 0.0008 03154
Subepicardium 0.0201 £ 0.0009 0.0183 +0.0014 0.3140
Maximal slope
(ms/ms)
Mean 1.17 £0.08 1.03+£0.04 0.1588
Subendocardium 1.75+£0.13 1.22 £ 0.22 0.0522
Midmyocardium 1.28 £0.08 1.13+£0.12 0.3064
Subepicardium 0.81+0.01 0.95 +0.07 0.0537

ms = milliseconds, SEM = standard error of the mParalue refers to an unpaired t-test.
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Transmural electrophysiology in heart failure at low temperature

The effect of low temperature on baseline transiraleztrophysiology in failing hearts is
detailed in Table 5.5. During endocardial stimaatat a pacing CL of 350ms, a reduction
in temperature from 37°C to 30°C resulted in a 2é®uction in transmural conduction

velocity. At low temperature, ARPfpwas increased across all transmural regions cadpar

with physiological temperature. Transmural dispErf activation time, repolarisation

time and AP, in failing hearts were not significantly altereddawv temperature. The

comparison between heart failure and control attEwperature, shown in Table 5.6 was

qualitatively similar to that at physiological teerpture (see Table 5.3). Neither

transmural conduction velocity, transmural AgBor transmural dispersion of activation

time, repolarisation time or ARpwas significantly different in failing, as compédr®

normal hearts, at low temperature.

Table 5.5 The effect of temperature on transmural lectrophysiology in heart failure

37°C 30°C lati
Mean (SEM) Relative P value
(n=7) (n=7) change
Transmural conduction 205+18 | 225+2.6 - 24% 0.047
velocity (cm/sec)
Transmural APIgy(ms)
Subendocardial AP§ 158.0+£6.2 | 177.1+6.2 +12% <0.05
Midmyocardial AP 152.3+4.2| 166.5+7.4 + 9% <0.05
Subepicardial APBR 1425+3.2 | 163.8+x7.0 + 15% <0.05
Transmural dispersion
(ms/mnf)
Activation time 0.41+0.06| 0.51+0.05 - 0.2246
Repolarisation time 1.80 £ 0.18 1.33+£0.B2 - 0224
APDgg 1.26 £ 0.30 1.14 £ 0.2y - 0.7713

APDg, = action potential duration at 90% repolarisatiom/sec = centimetres per second, ms = millisegonds

ms/mnf = milliseconds per square millimetre, SEM = staddarror of the mear® value refers to an
unpaired t-test for CV and dispersion and to awag-ANOVA for AP Dy,.
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Table 5.6 Transmural electrophysiology at low tempmture in normal and failing
hearts

Normal Heart failure
Mean (SEM) (n=09) (n=7) P value
Transmural conduction 22.0+1.5 22.5+2.6 0.8630
velocity (cm/sec)
Transmural APy (ms)
Subendocardial AP§ 186.2 £ 3.6 177.1+6.2 > 0.05
Midmyocardial AP, 176.1 £ 3.8 166.5+7.4 > 0.05
Subepicardial APB 169.4 £5.0 163.8+7.0 > 0.05
Transmural dispersion
(ms/mnf)
Activation time 0.54 +£0.08 0.51 £ 0.05 0.7715
Repolarisation time 0.86 +0.23 1.33+0.3R 0.240¢4
APDgyo 0.80 £0.27 1.14 £0.27 0.3960

APDg, = action potential duration at 90% repolarisatiom/sec = centimetres per second, ms =
milliseconds, ms/mA+ milliseconds per square millimetre, SEM = staddarror of the mear® value
refers to an unpaired t-test for CV and dispersiod a one-way ANOVA for AP§.

APDyg restitution at low temperature

A comparison of APy restitution curves at 30°C and 37°C, along with ¢brresponding
plots of restitution slope against CL and maximBIDg, restitution slope is given in Figure
5.7A. As noted previously, ARJpat baseline was significantly longer at 30°C tBZRC,
and this remained true across all CLs tested. iShisflected in the higher Y of the

curve fitted to the 30°C APJgrestitution data compared to the correspondinge/&ir the
37°C data (171.1 + 3.6 vs. 145.9 £ 3.7ms, p = 04pAGowever, the rate constant of the
exponential function fitted to the ARprestitution data at 30°C was not different to that
37°C (0.0226 £ 0.0012 vs. 0.0206 £ 0.0013 respelsti p = 0.2804). The maximal ARBD
restitution slope was greater in failing heartboat temperature (1.63 + 0.21ms/ms) when
compared with 37°C (1.03 + 0.04ms/ms, p = 0.01B880°C there were no significant
differences in AP restitution characteristics between normal anithfahearts (Figure
5.7B).
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Figure 5.7 The temperature dependence of ARJrestitution in heart failure

A. (i) Mean data for restitution in failing heartgith exponential curve fits for data at

37°C (closed squares and solid line, n = 7) ar80&C (open squares and dashed line, n =
7). (ii) The slope of each restitution curve asiaction of CL. The dotted line indicates the
point at which the restitution slope becomes ). The maximal slope of each ARP
restitution curve generated from linear segmetiisdfito the five data points at the shortest
Dls in the main graph. Unpaired t-tesp < 0.05. B. (i) Mean data for restitution
behaviour at 30°C, with corresponding exponentiave fits for data in normal (closed
squares and solid line, n = 9) and failing hearpe( squares and dashed line, n = 7). (ii)
The slope of each restitution curve as a functio@la The dotted line indicates the point
at which the restitution slope becomes > 1. (ihgTnaximal slope of each ABP

restitution curve generated from linear segmetiisdfito the five data points at the shortest
Dls in the main graph. Unpaired t-test, p > 0.05.
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Transmural conduction into theinfarct

Transmural conduction from non-infarcted myocarditimough the border zone and into
the infarct was recorded during baseline pacirg snbgroup of five ligated hearts.
Discernible APs were recorded from the infarctedoaydium in all hearts. Table 5.7
shows a comparison of AP characteristics for theodelled myocardium remote from the
infarct (remote zone), the infarct border zone doadinfarct itself. All APs were sampled
from the midmyocardium. Signal to noise ratio wigmigicantly lower in both the infarct
border zone and in the infarcted myocardium thathéremote zone. AP amplitude was
also significantly lower, both in the border zomel an the infarct, when compared with
APs recorded in the remote zone. AP rise time wpasfieantly greater in the infarct zone,
and there was a trend towards an increased rigeitirtine border zone, although this did
not reach statistical significance. There was fileidince in APy, for signals recorded in
the border zone or infarct zone when compared sighals in the remote zone.
Conduction into the infarct during endocardial apicardial stimulation was compared in
all 5 hearts. An example of the results is showRigure 5.8. During endocardial
stimulation, the presence of the infarct borderezasas not apparent from the voltage
signals, and the spread of activation progresseagity into the infarcted myocardium,
without any apparent conduction delay. During eplied stimulation, conduction into the
infarct was significantly slowed compared to enddi@ stimulation, and the delay was
located at the infarct border zone. During epicrsiiimulation, the transmural dispersion
of activation time was significantly greater thauridg endocardial stimulation (1.0 £ 0.3
vs. 1.8 + 0.5ms/mfn = 5, paired t-test, p = 0.0408). Conductioroeiy into the infarct
was significantly slower during epicardial stimidat than during endocardial stimulation
(37.3+£6.7 vs. 76.6 £ 17.2cm/sec; n = 5, pairtsbt; p = 0.0239).

Table 5.7 Action potential characteristics in the brder zone and infarct zone

Mean (SEM) Remote zone Border zone Infarct zone
Signal to noise ratio 22.0+2.3 104+17 | 56+05
AP amplitude 605.0 + 86.9 243.0 +52.5| 104.3+14.9
Rise time (ms) 144+ 1.4 23.9+3.38 27922
APDg (ms) 1449+ 2.9 139.9+ 2.6 1259 +11.2

AP = action potential, AP§3 = action potential duration at 90% repolarisatios, =
milliseconds, SEM = standard error of the mean.5; ene-way ANOVA, **p < 0.01 vs.
normal zone, *** p < 0.001 vs. normal zone.
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Figure 5.8 Transmural conduction into the infarct

An example of transmural conduction into the infahering endocardial and epicardial
stimulation at a CL of 350ms. A. The upper left @lashows a plain image of the
transmural surface of a wedge preparation frorgateéd heart, with the endocardium
uppermost and the epicardium at the bottom of itteme. The black squares indicate the
position from which example APs are shown: a) renzaine b) border zone and c) infarct
zone. In the upper right panel is a diagram ofptfeparation, indicating the position of the
infarct border zone and the two pairs of stimulgetectrodes (*). B. The upper panel
shows isochronal maps of activation during enddabstimulation along with AP traces
from each of the three areas. Corresponding isoesrduring epicardial stimulation are
shown below. The delay is evident in the actiorepbél traces and can also be seen as a
crowding of the isochronal lines.
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Discussion

Characterisation of a heart failure syndrome following coronary ligation in the rabbit

Human heart failure is a complex clinical syndrommg] as such may consist of a
combination of heterogeneous signs and symptonis.iiéans that heart failure is
difficult to recapitulate accurately using experitted models. The current study has used a
rabbit model of heart failure following coronaryeaial ligation. As coronary heart disease
is the leading cause of heart failure in humans,rttodel has the benefit of being
clinically relevant. Most commonly used animal misdef heart failure employ either
rapid pacing*® or combinations of pressure and volume overf8&tb induce heart failure.
Pacing-induced heart failure produces thinninchefltV walf“*° rather than LV
hypertrophy which is characteristic of most humaarhfailure. Moreover, the LV
remodelling and haemodynamic abnormalities in @rpantal pacing induced heart failure
are quickly reversible on cessation of paéiigrhis suggests a different underlying
pathophysiological abnormality to human heart falrhe coronary arterial ligation
model used in the present study has been extepsihatacterised elsewhéfe™*” The

data presented in this Chapter describe a simégres of LV remodelling associated with
heart failure, principally a 38% reduction in LVE&nd a 18% increase in LVEDD. In
contrast to prior published work, the ligated arlsna the current study displayed a
reduction in LA diameter associated with heartufi@l Although statistically significant,
the magnitude of the observed reduction (~1mm)suas that it is unlikely to be
biologically significant. However, the previouslpserved increase in LA diameter with
heart failure following coronary ligation was neproduced in these animals, suggesting
that significant structural atrial remodelling didt occur as a result of heart failure in
these animals. The reason for this discrepancigakear, but it is unlikely to have a major

impact on the results presented, as only ventri@l&ctrophysiology was studied.

The LV wedge preparation in ligated hearts
Viability

Consideration of the viability of the cut surfasecentral to all experiments performed on
ventricular wedge preparations. Although wedge g@ragons have been successfully
studied in pacing-induced heart failtffe there are no published records of wedge
preparations in ventricular myocardium followingpeximental MI. Arguably, cut surface
perfusion may be more likely to be marginal ingated heart than in a normal heart. As

discussed in previous Chapters, marginal perfusiould be expected to reduce CV,
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shorten APD and change AP shape. The transmurdluction times reported here are
similar to those recorded by Walketralin Langendorff perfused ligated rabbit hearts
(14.8 + 2.5ms). This argues against any condudioning due to marginal perfusion in
the ligated wedge preparations studied here. Trare@monduction velocities were not
significantly different between normal and failihgarts, nor were differences in AP shape
or APDy apparent in wedges from failing hearts. Overb#, tesults suggest that LV
wedge perfusion is not compromised by the presehaa 8 week apical infarct.

Tissue dimensions

There is evidence that propensity to ventriculbrilfation is related to tissue bdfK. In
this study, there was no significant differenc&hwedge dimensions or weight between
normal and failing hearts. This removes a potectafounder from the comparison of the

VF inducibility in normal and failing hearts, disssed in Chapter 7.

Transmural electrophysiological heterogeneity in heart failure
Conduction velocity

There was no difference in baseline transmural gotoh velocity in the non-infarcted
myocardium of failing hearts when compared withmalrhearts. This result is in
agreement with previously published data from Heiart failure modéf® and from
experiments on failing rabbit hearts following pee-volume overlo&®®. However, an
increase in the spatial heterogeneity of transnzoatiuction velocity has been
demonstrated in pressure-volume overload headré&if. Similarly, localised conduction
slowing at a CL of 2000ms has been identified enghbepicardial layers of canine hearts
following the induction of heart failure by rapidgndg®®. In both studies, localised
conduction slowing was attributed to spatial hegerities in Cx43 expression, and
implicated in the genesis of re-entrant ventricalahythmias. However, the nature of the
change in Cx43 expression was not concordant betthese studies. The failing canine
ventricle displayed reduced Cx43 in the subepicandiwhile the rabbit myocardium
displayed a reduction in midmyocardial Cx43. Theifierences may be attributable to
species differences, the different methods of Hedure induction, or indeed to
differences in the measurement techniques empldyeelCV measurements were
performed on a much smaller scale than those iouhent study, which describe only
total transmural CV and so would only be expectedetect gross changes in CV.
However, there were no differences found in tramsirdispersion of activation time,

consistent with the fact that transmural conductielocity was not altered in heart failure
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at baseline cycle lengths. It remains possibleldealised changes in CV occurred as a
consequence of heart failure in this model.

Transmural APIy in heart failure

In the current study, no difference was found irD8fbetween normal and failing hearts.
A number of studies have identified prolongatiolA&D in heart failure; these have either

3%or in intact myocardium at slow stimulation rafes**™*®?

been in isolated myocyt¥
The data presented in this Chapter were recordedaat myocardium at physiologically
relevant pacing cycle lengths. This may explainapearently discrepant results,
particularly in light of the data presented in garChapters, which underlines the
importance of electrotonic coupling in modulating By, in intact myocardium. These
data challenge the physiological relevance of tR®Arolongation in heart failure seen at
very slow stimulation rates. Species differenceg ailso be a factor in the disparity in
these results. M cells typically display marked Aplongation in pathological states,
including heart failure, and M cell density varlestween species. Therefore, canine
ventricle, which has a prominent M cell layer maydxpected to show relatively greater
APD prolongation in heart failure as compared jlecies such as human or rabbit, in
which M cell density is lower. As discussed in Ctea3, a proportion of midmyocardial
cells isolated from the midmyocardium and subenabae of rabbit hearts do display M
cell behaviour, and have been shown to display ethAPD prolongation in the same
rabbit model of heart failure as used in the curséudy, albeit at slow stimulation rat&s

In isolated failing rabbit myocytes from the pregsuolume overload model, no difference
in intrinsic isolated cell APD was found at physigical stimulation raté€’. This, together
with the lack of APD prolongation in the intact Wedge observed in the current study,
tends to suggest that preferential M cell remong]las has been observed in caffitie

not apparent to any significant degree in intadini; rabbit ventricular myocardium. In
humans, methodological constraints mean that ARBusilly estimated from the ARI of
unipolar electrograms recorded from discrete sitethe RV endocardium during
programmed electrical stimulation. Data from sirckivo human studies has shown no

difference in APD between patients with heart fa&land controf$?*

Transmural dispersion of repolarisation and AgIh heart failure

Transmural dispersion of repolarisation and AP& a baseline pacing cycle length of
350ms was not altered in heart failure. Transmaisgdersion of repolarisation and ARD

were calculated using the 5-95% range of time &b 8polarisation and AR
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respectively. Each value was then expressed paresaguillimetre, to ensure that any
differences in the transmural area between prapasatlid not affect the result. Significant
interheart variability remained in the dispersioeasurements. Consequently, anything
other than large differences in dispersion betwesamal and failing hearts are likely to
have been obscured. In order to ensure that tpemdi®on result was robust, the ARD
heterogeneity index (5-95% range of AfgDmedian AP[y) was also calculated, and was
not different between normal and failing hearteititer 37°C or 30°C (data not shown).

APDy restitution in failing hearts

APDqg restitution was unchanged in heart failure. Teimained the case whether ABD
was calculated from the mean of all transmurallpix@ from discrete selections in the
subendocardium, midmyocardium and subepicardiumhetailed analysis of the restitution
data was undertaken. Monoexponential curve fitewerformed, which were then
differentiated to produce a plot of their slopeoasrthe range of CLs. This revealed no
difference between normal and failing hearts imgeof APDQy restitution. In one study
which examined the effect of heart failure on ARIStitution in humans, the maximal
APDqg restitution slope in patients with heart failute2@ + 0.60) was comparable to that
recorded in those with normal hearts (1.27 + 0p55 NS)}?? Restitution data recorded
from human studies is usually quantified by fittlegst squared linear functions in
overlapping segmerft®. The linear segments method is considered prdéetaliitting
monoexponentials as it goes some way to avoidiray generated by over or under-fitting
the data. For this reason, the linear least squaetod was also used to calculate the
maximal restitution slope in each case. No diffeeewas found in the maximal restitution

slope between normal and failing hearts.

Other experimental studies which have measured ABfitution behaviour during S1-S2
protocols have found steeper APD restitution itirfgicanine hearts, using both optical
mapping in LV wedge preparatiofi8and ARI recordings during open chest
experimentS™. In both studies the CLs studies were longer thase used in the current
study. The current experiments employed dynamittuéen protocols at relatively short
pacing cycle lengths (i.e. close to physiologiedés). Dynamic, rather than S1-S2 pacing
protocols were chosen because the data would bettect the dynamic changes produced

during the induction of repolarisation alternans.



Rachel C. Myles, 2008 Chapter 5; 166

Transmural electrophysiology in heart failure at low temperature

Low temperature is commonly used to elicit repglaibn alternans in experimental
studies. As described in Chapter 3, a number etrelghysiological processes are altered
at low temperature, and it was therefore importamstablish whether any of these were
differentially modulated in heart failure. The dlephysiological measurements made in
failing hearts at 37°C were all repeated at 30%@ mature and magnitude of the changes
seen with low temperature in heart failure wereilsinto those observed in normal hearts,
as detailed in Chapter 3. Transmural CV was redbgetound 24%, similar to the 27%
reduction in conduction velocity seen in normalrteaAPDy, was prolonged by 12% in
the subendocardium, 9% in the midmyocardium and itb#te subepicardium, as
compared with values of 13%, 13% and 15% respdygtiauenormal hearts. There were no
changes in dispersion of repolarisation or ARMth low temperature, again in keeping
with the results from normal myocardium. Similatlye maximal APkyrestitution slope
was steeper at low temperature than at physiolbtgogoerature in failing hearts. These
results suggest that similar electrophysiologitenges occur between physiological and
low temperature in normal and failing ventriculayonardium. The knowledge that
baseline electrophysiology is not differentially datated by low temperature in normal
and failing hearts removes an important potenbafaunder for the investigation of

repolarisation alternans in heart failure.

Conduction into the infarct zone

This study has made direct recordings from thestraural surface of wedge preparations
from hearts which had undergone coronary artagatibn to produce an apical MI. This
allowed imaging of voltage signals conducting fréva non-infarcted myocardium,
through the infarct border zone and into the irtfaself. The voltage signals recorded
from the infarct zone were smaller, with an ampléwf ~17% of that found in the remote
myocardium, and had a lower signal-to-noise ratb@6 of remote zone). These
differences are likely to reflect the relativelyatar number of cells contributing to the
signal in the infarct zone. There is also likelyotless penetration of the voltage-sensitive
dye into the infarct zone. The AP rise time wasigigantly increased in the infarct zone:
approximately double that found in the remote zdie rise time of an optical AP
represents the summation of all the cellular ARnoes which are included in the pixel
area, and as such it represents a spatially avéragiage signal. Under normal
circumstances, an optical AP rise time is of traeonof 10ms, compared with that

recorded in isolated cells, which are of the ofet-2ms. Individual surviving myocytes
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within the infarct may have relatively normal APstiokes, but when these are separated
by fibroblasts then intercellular propagation af tmpulse is likely to be slower, resulting

in an increase in rise time in the spatially averhgptical AP. Although APs were smaller
and noisier, the measured AN the infarct was not significantly different frothose

found in the myocardium remote from the infarct.

When endocardial and epicardial pacing were contipaeonduction delay at the infarct
border zone was identified during epicardial, bottendocardial pacing. This result is in
agreement with published work from our group inebhoptical APs were recorded from
the epicardial surface of Langendorff-perfusedtBdaabbit hearts. Walket al were able
to record low amplitude voltage signals from theceqlial surface of the infarct zone, and
identified that a conduction delay at the infaratder zone only occurred during epicardial
stimulation, in contrast to right atrial or endatiat stimulation®. The pathophysiological
basis for this observation is not clear, but a pidé explanation is illustrated in Figure 5.9.
This hypothesis relies on an interaction betweerdégmonstrated transmural differences
in infarct structure discussed earlier and theedéiht transmural activation patterns
described in Chapter 3. During endocardial stinoitgata combination of the planar
wavefront and the rim of surviving myocytes at émelocardium, allows smooth
propagation into the infarcted tissue. Howevethmcase of epicardial stimulation, the
curved activation wavefront first meets the infdryatder zone in the subepicardial region,
where no surviving rim of myocytes exists and scoeimters a delay before being
conducted into the infarct. The relative contribatbf each of these factors to the border
zone delay observed during epicardial stimulatias ot been investigated. A number of
exploratory experiments were tried to investighte phenomenon further, but were
technically unsuccessful. A number of different maad planar stimulating electrodes
were made from platinum wire, in an attempt to piceda planar epi-endo activation
sequence. However, synchronous activation of thmagpal surface proved technically
extremely difficult and, with each wire designediusved epi-endo activation sequence
persisted. In addition, careful cautery was atteapd ablate the endocardial surface to
produce a curved activation front, but due to thievoluted structure of the endocardial
surface, this too was unsuccessful. Similar problerare encountered during the
attempted ablation of the surviving endocardial oiinthe infarct. Given that this surviving
rim was not visible to the naked eye, it was nasilge to tell whether changes in
conduction were accounted for by successful abaifdhis region, or by cautery damage

to other parts of the myocardium.
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Figure 5.9 Rationale for the border zone delay durig epicardial stimulation

During endocardial stimulation, a combination cf gflanar wavefront and the surviving
endocardial rim of myocytes, allows smooth prop@againto the infarct. In the case of
epicardial stimulation, the curved activation wawet encounters a delay at the infarct
border zone, where no surviving rim of myocytesexi

Limitations

This work has examined a rabbit model of hearufailand although this model has many
important similarities to human heart failure, canast be taken in extrapolating these data
to human heart failure. Firstly, there are no datgmrding the occurrence of spontaneous
ventricular arrhythmias in these animals. The aasioh that heart failure predisposes to
ventricular arrhythmia in this animal model is bdsa the increased occurrence of
inducible arrhythmias. This is valid in the expegmtal situation in so far as it is not
practical to study the circumstances surroundirapgmeous arrhythmia. In terms of
clinical relevance, the occurrence of inducibletvenlar arrhythmias in man is associated
with the risk of spontaneous ventricular arrhythama sudden cardiac death, although the
sensitivity and specificity of this technique faedicting spontaneous arrhythmias is not
perfect’. Secondly, there is much clinical and experimeetaence to suggest that
autonomic influences are important in the pathojaygy of arrhythmic sudden cardiac
death in heart failure and these experiments wer@imed in the absence of autonomic
stimulation. Finally, as recordings at slow stintigda rates were not made, it remains
unclear whether transmural APD differences at fomulation rates, as have been

reported in other species and preparations may accthis preparation.
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Conclusions

These experiments have examined the transmurataddgsiological changes occurring
as a consequence of heart failure secondary toangiat infarction in intact rabbit
ventricular myocardium. The overall conclusionhattthis type of experimental heart
failure produces few measurable electrophysioldgicanges at baseline. At physiological
temperature and pacing cycle lengths, no signitidéferences in transmural conduction
velocity or APDQy were seen as a result of heart failure. Thesexremely important
findings as they challenge the relevance of diffees detected under less physiological
experimental circumstances. Heart failure was ssbeated with any increases in
transmural dispersion of repolarisation at baseli®Dqg, restitution was also unchanged
in failing hearts. The nature and magnitude ofdh@nges in transmural electrophysiology
produced by low temperature did not differ betwaermal and ligated hearts. This
removes an important potential confounder for theestigation of repolarisation alternans,
which is commonly performed at low temperatureisbiation, these data provide little
explanation for the documented increase in vulngtyato ventricular arrhythmia

observed in failing hearts. The lack of fixed, amghrcible changes in baseline
electrophysiology in heart failure underlines tikelly importance of dynamic factors, such

as repolarisation alternans, in the induction eftueular arrhythmias in failing hearts.



Chapter 6: Transmural repolarisation alternans in rabbit ventricular
myocardium
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Introduction

Alternating T-wave morphology at low heart ratethisught to indicate an increased risk
of sudden arrhythmic death in a range of cardidkgdagie$*?. Alternating changes in
action potential duration at rapid stimulation sat@ve previously been shown to be
associated with T-wave alternans in experimentalie®®. At short pacing cycle lengths
repolarisation alternans may become spatially desont. During spatially discordant
alternans, two adjacent areas of ventricular mytaar alternate with opposite phase.
This situation is thought to be associated witlieaxe gradients of repolarisation, which
may predispose to unidirectional conduction bldbkreby facilitating re-entrant
excitatior!’. This provides a potential mechanistic link betweardiac alternans and re-

entrant ventricular arrhythmia.

Therole of gradients of repolarisation in spatially discordant alternans

The theory of discordant alternans identifies sppdeterogeneity of alternans as the link to
ventricular arrhythmia. In the guinea pig modehtsgd patterns of alternans were
consistently orientated in an apex-base direttiBnindependent of pacing site, as are
gradients of repolarisation and restitution in gpecie¥’. This suggests that the
development of discordant alternans is relatedtrinsic spatial differences in cellular
repolarisation. Although in simulations homogenoasliac tissue is capable of
developing discordant alternans when conductioncigf restitution is steéf it occurs

more readily in the presence of tissue heteroggtiets discussed in Chapter 3, gradients
of repolarisation also exist in the transmural #Rigransmural heterogeneity of alternans
has been demonstrated in LJ¥E", and in isolated ventricular myocytésTransmural
heterogeneity of calcium transient alternans hes laken demonstrated in a normal canine

wedge preparatidfi’

The development of spatially discordant alternaay depend upon baseline
heterogeneities in repolarisation, including theganning the ventricular wall, and
significant transmural dispersion of repolarisatinay be crucial in the genesis of
arrhythmias associated with spatially discordar@raans. As discussed in Chapter 1, steep
restitution has been implicated in the productibrepolarisation alternans. Rate
dependence of APJghas been reported to be steeper in the subendoreand
midmyocardium when compared to the subepicardiunomimal canin®” and rabbit
myocardiunt®’. In these studies rate dependence of &REs tested using extrastimulus

protocols from a slow stimulation rate down to @f$00ms. There are few reports of
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restitution behaviour at shorter CLs, like thosedus induce repolarisation alternans. In
the current study, APdg restitution was examined using a dynamic protoeelr a range

of rapid stimulation rates (Cx 350ms). The steepest ARDestitution slope was found in
the subendocardium during endocardial stimulaffdre relative contribution of
transmural and apex-base heterogeneities to theapeuent of discordant alternans has

not been established.
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Aims

To record transmural repolarisation alternans durapid pacing in intact ventricular

myocardium.

To record transmural patterns of depolarisatiopolaisation and action potential duration

during alternans.

To examine the effect of activation sequence otepa of repolarisation alternans.

To compare repolarisation alternans on the tranahaund epicardial surfaces.
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Methods

In order to investigate transmural alternans iadghtabbit left ventricular tissue the CCD-
based optical mapping system described in Chapie&s2used to record optical action
potentials from the transmural surface of perfuséidventricular wedge preparations in
the rabbit. Hearts from 14 male New Zealand Wratghits were used in these
experiments, which conform to standards set otlierlUK Animals (Scientific
Procedures) Act, 1986.

Experimental protocols

The left ventricular wedge preparations (n = 148dis this set of experiments were
prepared as described in Chapter 2. Alternans ewpats were initially performed at
30°C. The protocols were repeated at 37°C and g@jpicardial stimulation.

Data analysis
AP characteristics

Data analysis was performed as described in Chapterd a separate algorithm was used
to analyse alternans. This was based on the dliME&VA algorithm and employed a

spectral analysis to identify and quantify repaation alternans.

Statistical analysis

All data are expressed as mean + SEM. Groups afwlate compared using a Student’s t-
test (paired where appropriate), or when more thvangroups were compared, using a
repeated measures ANOVA wiplost hocTukey-Kramer multiple comparisons testing
performed using GraphPad software. To compareiffegeht values at multiple sites
across the transmural surface during endocardékgicardial stimulation a two-way

ANOVA in R software ywww.r-project.org was used, in which stimulation site was

considered as a categorical variable and posisan@ntinuous variable.
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Results

Definition of significant alternans

The results of the spectral analysis program walieated by correlation with the change
in APDqgg calculated by the standard analysis algorithm. ggeetrally derived alternans
magnitude matrices were compared with the corredipgrdata for change in measured
APDgo and also with the raw traces, in which alternabebaviour could be visually
verified. This determined that a spectrally deria#ternans magnitude of 2 correlated best
with both a change in ARfp> 10ms and the presence of visually apparent APnalits in
the optically recorded traces. An example of theetation between mean change in
APDgy, and spectrally derived alternans magnitude is shiawrigure 6.1. In hearts that did
not display alternans (by spectral analysis oribyal inspection of AP traces) at a cycle
length of 150ms, the measured mean change ingp®R&s determined for all pixels, and is
shown in Figure 6.2. The measured mean change DyAfas below 10ms in the majority
of the recordings (mean [SD] = 4.1 £+ 2.4ms). Thilitglof a spectrally derived alternans
threshold> 2 to predict a difference in ARpof > 10ms was then tested across the entire
dataset, as shown in Table 6.1. This shows thgtrénalence of a change in ARD

10ms was around 10%. The positive predictive vafube spectral value for detecting
alternans was 30.7% (95% CI: 29.5 — 32.0%), witlegative predictive value of 97.9%
(95% CI: 97.6 — 98.1%). The sensitivity was 82.9%% CI: 80.3 — 83.7%) and the
specificity was 81.6% (95% CI: 81.0 — 82.1%). Tleéirdtion of significant repolarisation
alternans was alternans magnitad2 in> 10 adjacent pixels, along with visual

confirmation of an alternating morphology in the &k&ces.

Table 6.1 Contingency table for alternans magnitudend mean change in APk

Change in APk | Change in APy Total
>10ms <10ms
Spectral alternans 1649 3718 5367
> 2
Spectral alternans 360 16462 16822
<2
Total 2009 20180 22189
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Figure 6.1 Correlation of spectral alternans magniide with change in APDRoduring

alternans

A plot to show the relationship between mean difiee in measured ARPand the
spectrally defined alternans magnitude in the presef alternans. Each dot represents a
different pixel in a normal heart at a CL of 1501Rer each pixel the mean difference was
calculated from a run of 10 APs. The solid lineidades the linear regressiofi & 0.85).

The threshold values for mean difference in AP® 10ms) and spectral alternans

magnitude X 2) are indicated by the dashed lines.

Mean difference in APDgy (ms)
g

Figure 6.2 Mean change in APk in the absence of alternans

Each dot represents a different pixel in a nornealrhat a cycle length of 150ms in the
absence of alternans. For each pixel the mearreiite was calculated from a run of 10
APs. The solid line indicates the mean (3.4 £ 1)3ifise chosen threshold value for a
significant mean difference in ARP(> 10ms) is indicated by the dashed line.
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Repolarisation alternans

Rapid pacing in normal hearts at 30°C consistemtbgluced alternans in both the
pseudoECG and in transmural optical action potEnthn example of transmural
repolarisation alternans in one normal heart dueingocardial stimulation at a CL of
190ms is shown in Figure 6.3. In this case, altemgdbehaviour was apparent in both the
pseudoECG and in the optical AP traces from thegighrdium. The contour maps detail
the transmural patterns of activation, repolarsgtAP Dy, and AP amplitude, and so
illustrate the basis of the alternating behaviaers The activation maps show that
transmural propagation was relatively slow at gasing CL. The mean transmural CV at
30°C and a CL of 190ms was 16.6 + 1.7cm/sec, coedpar a value of 27.2 £ 2.9cm/sec at
350ms (p = 0.003). However, there were no signiticafferences in mean transmural CV
from one beat to the next. The transmural spreatifation showed subtle differences
between beat 1 and beat 2. During beat 1 the tnaragnwvavefront was relatively planar.
During beat 2 conduction from the subendocardium subepicardial region 2 was faster
than conduction into region 1. Conduction into o&g2 during beat 2 was also faster than
conduction into the same region during beat 1.rEpelarisation maps show that on beat
1, the spread of repolarisation largely follows $ipeead of activation, and so is relatively
planar, but with slightly earlier repolarisationrggion 1. On beat 2, region 2 repolarises
much earlier. This results in a shorter A region 2 during beat 2 than was recorded
during beat 1, as shown in the Agnaps. Conversely, region 1 repolarises later durin
beat 2. This results in a longer ARDN this area. Repolarisation in this area duriagti®

Is also later than had been recorded during beat 1.

Alternans of AP amplitude

Marked alternans of AP amplitude, as well as a¢tesnof repolarisation and AR is
apparent from the optical AP traces shown in Figuge In these experiments, alternans of
AP amplitude was common, and almost always accormgafternans of repolarisation

and APDy. The magnitude of AP amplitude alternans was albatieterogeneous and the
spatial distribution was similar to that seen fepalarisation alternans, as shown in the AP
amplitude maps in Figure 6.3. In areas where aterg behaviour was apparent, late
repolarisation was associated with a larger anddooptical AP whereas early
repolarisation was associated with a smaller andahoptical AP.
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Figure 6.3 Transmural repolarisation alternans

An example of repolarisation alternans recordethfeonormal heart at 30°C and a pacing
CL of 190ms. A. The transmural imaging surface wlid endocardial border uppermost
and the epicardial border lowermost. B. The pse@®Eecorded from the chamber and
optical AP traces recorded from the pixels indidafEne phase (i.e. large/small) is
indicated by A (small APs) or B (large APs). C. ismural contour maps for activation,
repolarisation, APEy and AP amplitude. The left hand maps corresporzkéd 1 and the
right hand maps to beat 2 shown in the optical @Pes. The site of endocardial point
stimulation is indicated (*).
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Spectral analysis of alternans magnitude and phase

Spectral analysis was used to detect alternarmioftical AP traces, and also to quantify
spatial patterns in alternans magnitude and pHadmespectral parameters determined for
the example sequence used in Figure 6.3 are shofigure 6.4. From the maps in Figure
6.3 it is clear that in this example, alternansepiolarisation, AP and AP amplitude
occurred in subepicardial region 1. In region gralans of activation time also occurred
and the alternans of repolarisation, ABnd AP amplitude had the opposite phase to that
seen in region 1. The map of spectral alternansimate (Figure 6.4C) shows that
significant alternans (alternans magnitad®) occurs in the subepicardial region, and is
larger in region 2 than in region 1. This is cotesis with both the contour maps and the
optical AP traces shown in Figure 6.3. The contoap of spectral alternans phase shows
that in region 1 alternans phase is negative, mrast to region 2, where alternans phase is
positive. This is again consistent with both thatoar maps and the optical AP traces
shown in Figure 6.3. In Figure 6.4D contour mapsved from the measured change in
APDgy are shown for comparison with the parameters ddrixom spectral analysis. On
the left, the map of mean change in AlRBcross the transmural surface shows a similar
distribution of alternans in APJto that seen in the spectral alternans contour. ifiagre

Is significant alternans (change in ARD 10ms) in the subepicardium, with a greater
difference in consecutive ARPvalues seen in region 2, compared with region hekV

the same data are shown with the correspondingepifabe change in ARJQ it is clear

that the change in ARRIs negative in region 1 and positive in regio Bis is

compatible with the optical AP traces and showsdgamcordance with the contour map
of alternans phase derived from the spectral aisalys
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The same example of repolarisation alternans showigure 6.3 to illustrate the
spectrally derived parameters used to detect aadtdy alternans. A. The transmural
imaging surface with the endocardial border uppeatraad the epicardial border
lowermost. B. The pseudoECG recorded from the clearmbd the optical AP traces
recorded from the pixels indicated. The phasel@rge/small) is indicated by A (small
APs) or B (large APs). C. Transmural contour mdpspectrally derived alternans
magnitude and alternans phase. D. Transmural contaps of mean change in ARpas
measured by the standard analysis method. Theh&gid map shows mean change in
measured AP for comparison with the map of spectrally deriadt@rnans magnitude.
The left hand map shows the same data, plottedsoala to demonstrate the phase and
magnitude of the mean change in Al Dor comparison with the map of spectrally

derived alternans phase.
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Heart rate dependence of repolarisation alternans

The occurrence of transmural repolarisation altesn@as heart rate dependent, as is
shown in Figure 6.5. All preparations capturedtd:d CL of 180ms or shorter (heart rate
> 333bpm) and the shortest CL followed 1:1 was 13@6&8bpm). The mean shortest CL
was 157 £ 6ms (heart rate 387 £ 14bpm), and 6/8gpations captured 1:1 at a CL of
150ms or shorter (heart rated00bpm). The total number of preparations whicpldiyed
significant alternans increased with increasingstation rate. One preparation developed
transmural repolarisation alternans at a CL of 20(®®0bpm), and all preparations
displayed alternans at a CL of 150ms. The mearnh@shold for alternans was 179 + 4ms
(337 £ 7bpm). Once established, repolarisatiornrradies always persisted at faster
stimulation rates. Across all experiments, thers aaincrease in mean alternans
magnitude as a function of stimulation rate (158l4at 150ms [n = 6] vs. 2.5 £ 1.3 at
180ms [n = 9], p = 0.0320). There was more intetheiability in the alternans
magnitude at shorter CLs. The mean proportion xélpiexhibiting significant
repolarisation alternans also increased with st rate (60.9 £ 10.7% at 150ms [n = 6]
vs. 15.8 + 9.5% at 180ms [n = 9], p = 0.0085).
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Figure 6.5 Heart rate dependence of repolarisatioalternans

A. The percentage of preparations which displaygaifscant alternans as a function of
stimulation rate. B. Transmural alternans magnitwde increasing stimulation rates in
normal hearts at 30°C. C. The percentage of traramixels which displayed significant
repolarisation alternans with increasing stimulatiate. n = 9 normal hearts at 30°C, one-
way ANOVA, * p < 0.01 vs. all other points.p < 0.001 vs. 250ms.
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Spatially discordant alternans

Spatially discordant alternans was defined accgrtbrthe published descriptith

Spatially discordant alternans required two ardasymcardium displaying significant
repolarisation alternans, each having alternamppbsite phase (i.e. long-short vs. short-
long) and being separated by an area of no alterf@nodal line). Transmural spatially
discordant alternans was seen in 3/9 normal haa83°C. The heart rate threshold for
spatially discordant alternans (369 + 9bpm) wasiB@antly faster than that for spatially
concordant alternans (337 + 7bpm, p = 0.0376). § a&xs no significant difference in the
fastest stimulation rate followed 1:1 in heartd thid and did not develop spatially
discordant alternans during rapid pacing (422 f@slys. 370 £ 14bpm, p = 0.0878). 50%
(3/6) of the hearts which did not develop spatidicordant alternans during rapid pacing
captured at a rate faster than the threshold hat@rfor spatially discordant alternans. As
shown in Table 6.2, there was no significant défere in mean alternans magnitude
between preparations which did and did not devsfigtially discordant alternans. The
same was true of peak alternans magnitude, heteetdgef alternans and the extent of

alternans across the transmural surface.

Table 6.2 A comparison of the magnitude and exteraf alternans during concordant
and discordant alternans

Concordant Discordant
Mean (SEM) P value
alternans (n =6) | alternans (n = 3)
Mean alternans
_ 15+6 16 + 11 0.9323
magnitude
Peak alternans
_ 65+ 19 67 £ 22 0.9509
magnitude
Heterogeneity of
29+ 17 31+12 0.9411
alternans
% of surface displaying
63 + 14 59+ 10 0.8578
alternans

SEM = standard error of the medhvalue refers to an unpaired t-test in each case.
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Discordant alternans and ventricular arrhythmia

Ventricular arrhythmias were induced in 2/9 norimadrts during rapid stimulation, an
example is shown in Figure 6.6. Both of the helaais displayed discordant alternans. Of
the hearts which displayed spatially discordamratins, 2/3 developed VA during the
pacing protocol, compared with 0/6 preparationscwidid not display spatially discordant
alternans (p > 0.05). Figure 6.6 illustrates theetlgpment of spatially discordant alternans
in the three episodes observed. In each case #kegoel mean transmural alternans
magnitude during rapid stimulation are shown, alaity the threshold value for
concordant and discordant alternans. In the fiatrgle (Figure 6.7A), alternans
magnitude increased progressively during rapidwgation. During discordant alternans,
peak alternans magnitude continued to rise but rméamans magnitude fell, indicating
the presence of an area without alternans (a rioé VA was induced during a
shortening of CL from 150 to 140ms in the presesfatiscordant alternans. In the second
example (Figure 6.7B), alternans magnitude agaireased progressively during rapid
stimulation. Mean alternans magnitude appeared acabfe to that seen in the first
example, although peak alternans magnitude atribet@f discordant alternans was much
smaller. Transmural discordant alternans persisitdylbetween 150-140ms, with
transmural alternans becoming concordant agaiB@ns. VA was induced during a
shortening of CL from 150 to 140ms in the presesfdeigh mean and peak transmural
alternans, but without transmural discordant aéesn In the third example (Figure 6.7C),
initial mean and peak alternans are comparableatioin Figure 6.6B, although the onset of
significant alternans occurs at a longer CL. Howgtlree increase in alternans magnitude
did not appear to increase during discordant adtesrand a loss of capture occurred after a
shortening of the pacing CL from 150 to 140mshiese three instances of spatially
discordant alternans, there did not appear to peansistent spatial distribution of

alternating areas or of nodal lines.
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Figure 6.6 An example of ventricular arrhythmia induced during alternans
An example of an arrhythmia induced during altesnaina CL of 120ms in a normal heart

at 30°C. The upper trace shows the pseudo ECGhandwer trace shows the optical AP
trace.

Alternans magnitude and ventricular arrhythmia

As only 2/9 preparations developed VA it was nagible to make valid statistical
comparisons between those preparations which dldiahnot develop VA in terms of the
extent, magnitude and heterogeneity of alternansvener, 2/7 preparations which did not
develop VA displayed higher mean and peak alternzagnitude, greater heterogeneity of
alternans and greater transmural extent of altertfaan the two preparations in which an
arrhythmia did occur.
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Figure 6.7 Episodes of spatially discordant alternas

A. Mean (squares, left Y-axis) and peak (crossght IY-axis) alternans magnitude as a
function of pacing CL in a single normal heart @@. In each case the CL threshold for
significant alternans is shown (dotted line) athesperiod of discordant alternans, which is
shaded grey. The endpoint of the pacing protoaleeventricular arrhythmia (VA) or

loss of 1:1 capture is indicated. B. and C. illatgrthe two other examples of discordant
alternans. Each graph is plotted with the same taxtilitate comparison.
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Transmural patterns of repolarisation alternans

In the majority of experiments, transmural patteshsepolarisation alternans were
evident. An example is given in Figure 6.8. Durerglocardial stimulation, alternans
magnitude was greatest at the subepicardium. leraodtest whether these transmural
gradients were influenced by activation sequenbe;nans protocols were repeated during
epicardial stimulation in a subset of experiments §). The fastest stimulation rate
achieved during epicardial pacing was significatdlyer than that achieved during the
endocardial stimulation protocols (327 + 9 vs. 38@bpm, p = 0.0117).

Transmural APy gradients at baseline

As described in Chapter 4, transmural gradien&sRiDg, were present at baseline and
persisted during rapid stimulation. The longestdraural AP, values were found at the
subendocardium (186.1 + 2.8ms) compared to the yodardium (175.3 £ 4.2) and the
subepicardium (165.0 £ 3.6ms, p < 0.05 vs. midmydican and subendocardium). As
found in Chapter 3, in this subset of experimethiis gradient also reversed when the
stimulation site was transferred to the epicard{two-way ANOVA, p < 0.05). During
epicardial stimulation, the subendocardial AP®as shorter (168.7 + 4.7ms) compared to
values found in the midmyocardium (173.3 £ 5.0nms) subepicardium (180.3 +5.8, p <

0.05 vs. midmyocardium and subepicardium).

Transmural distribution of alternans

Patterns of alternans were classified accordingattsmural layer, as shown in Table 6.3.
There was no clear pattern in terms of the eardikstnans during endocardial stimulation.
Alternans arose in the subendocardium in 5/9 pegjmens, in the midmyocardium in 1/9,
and in the subepicardium in 3/9 (p > 0.05). The sftmaximal alternans was always in the
subepicardium during endocardial stimulation. Intcast, during epicardial stimulation,
maximal alternans was found in the subendocardiudis cases (p < 0.01).
Correspondingly, the mean alternans magnitude weetagt in the subepicardium during
endocardial stimulation and in the subendocardiunngd epicardial stimulation.
Therefore, the spatial patterns of both AP&nd alternans magnitude appeared to be
influenced by stimulation site. This relationshspdemonstrated in Figure 6.9. During
endocardial stimulation, the magnitude of alternaas greatest at the subepicardium,
where baseline AP§gwas shortest. During epicardial stimulation, whebegpicardial
APDgy lengthens and the transmural gradient reversdsthat the shortest ARBis found

at the subendocardium, the site of maximal altesr@so changes to the subendocardium.
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Table 6.3 Transmural patterns of alternans

Subendocardiumn Midmyocardium Subepicardium
Site of earliest alternans
n (%)
Endocardial stimulation
5 (56) 1(11) 3(33)
Epicardial stimulation
3 (60) 0 (0) 2 (40)
Site of maximal alternans
n (%)
Endocardial stimulation
0 (0) 0 (0) 9 (100)
Epicardial stimulation " " o
4 (80) 0 (0) 1 (20)
Alternans magnitude
Mean £ SEM
Endocardial stimulation
7.3x1.6 12754 41.8+12.4
Epicardial stimulation
224+75 6.1+2.7 44+18

SEM = standard error of the mean. Endocardial déitimn, n = 9 and epicardial stimulation, n = 5eS3f
earliest alternans and maximal alternans compasied) risher’s exact test, ** p < 0.01 vs. endocardi
stimulation. Alternans magnitude compared by twgr&BIOVA, * p < 0.05 vs. endocardial stimulation.
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A.

Alternans magnitude Mean change in APD,,

Figure 6.8 Transmural repolarisation alternans

A. The transmural imaging surface with the endoehttbrder uppermost and the
epicardial border lowermost. On the right are gt&P traces recorded from the pixels
indicated in the subendocardium, midmyocardiumsngepicardium. B. Transmural
contour map of spectral alternans magnitude. hdimaural contour map showing mean
change in APk, as measured by the standard analysis method.

Temperature dependence of alternans in normal keart

In contrast to findings at low temperature, at viahadl 9/9 preparations developed
repolarisation alternans, at 37°C, only 1/8 norhedrts developed repolarisation alternans
(p < 0.0001). Alternans occurred in a single hat# pacing cycle length of 110ms
(545bpm). The fastest stimulation rate supporteddsynal hearts at 37°C ranged from
400 to 600bpm and was significantly faster tham si@ported at 30°C (462 = 26bpm vs.
387 = 14bpm, p = 0.0192). The fastest stimulataie without alternans at 37°C (449 +
18bpm) was significantly faster than the equivaileitie at 30°C (337 £ 7bpm, p <
0.0001). VA was induced in a single normal heaB7&C, and this heart had not displayed

alternans during rapid pacing.
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Figure 6.9 The effect of activation sequence on tngmural patterns of alternans

A. Alternans magnitude in each transmural regiomnduendocardial (closed squares and
solid line, n = 9) and epicardial stimulation (opguares and dashed line, n = 5 <

0.05 following a two-way ANOVA. B. Baseline ARp(closed squares and solid line) and
alternans magnitude (open squares and dashedrieagh transmural region during (i)
endocardial (n = 9) and (ii) epicardial stimulation= 5).
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Repolarisation alternans on the epicardial surface

In a subset of experiments at 30°C (n = 5) theqmals to induce repolarisation alternans
were repeated during epicardial imaging. Repolaasalternans on the epicardial surface
was induced in all preparations during rapid endiahpacing. There was no difference
in the threshold stimulation rate for significaiteenans on the transmural (337 £ 7bpm, n
= 9) and epicardial surfaces (341 £ 33bpm, n =508785). As shown in Table 6.4,
there were no significant differences between ithesmural and epicardial surfaces in
terms of the mean alternans magnitude, peak afienmagnitude, heterogeneity of
alternans or proportion of the imaged surface digph alternans. Spatially discordant
alternans occurred on the epicardial surface irpBgparations, as compared with 3/9
during transmural imaging (p > 0.05). On the epcdrsurface, the stimulation threshold
for spatially discordant alternans (416 + 36bpm$ wat significantly higher than that for
concordant alternans (341 + 33bpm, p = 0.1632)rdtvas no difference in the threshold
stimulation rate for spatially discordant alternansthe transmural (369 + 9bpm, n = 9)
and epicardial surfaces (416 + 36bpm, n =5, pl278).

Table 6.4 A comparison of the magnitude and exteraf alternans across the
transmural and epicardial surfaces

Transmural Epicardial
Mean (SEM) P value
(n=9) (n=5)
Mean alternans
_ 16+5 30+ 16 0.3165
magnitude
Peak alternans
_ 64 + 14 86 +34 0.4924
magnitude
Heterogeneity of
31+£9 67 £ 36 0.2335
alternans
% of surface displaying
68 + 10 60 + 13 0.6378
alternans

SEM, standard error of the me&hvalue refers to a one-way ANOVA in each case.
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Discussion

Induction and detection of repolarisation alternans
Alternans induction protocols

In these experiments, alternans was induced bpid pacing protocol which involved a
progressive shortening of CL, rather than stepaetdius in CL from baseline. Optical
imaging was performed after 30s of pacing at edchi@ensure that steady state was
achieved. This pacing protocol was used for twsaaa. Firstly, this was the same
protocol used in the experimental demonstratiorth@potential proarrhythmic effects of
alternans in cardiac tisst’é”. Secondly, the protocol for measuring MTWA in pats
requires a gradual increase in heart rate, makprggressive increase in stimulation rate
the more physiologically relevant protocol. Otherastigators have used a step pacing

L213

protocol in which CL is abruptly shortened from élase CL, which is arguably less

clinically relevant.

Alternans analysis

Repolarisation alternans was identified by speamnallysis, in order to distinguish
alternans from fluctuations occurring at other trexgcies. This method also had the
theoretical advantage of being similar to the atbors used to detect MTWA in clinical
practice. The spectral analysis program was spgadifiwritten to detect alternans in
optical APs recorded at rapid stimulation ratese Trtain difference from the clinical
algorithm was the lack of need for noise correctiothe determination of alternans
magnitude. In the clinical MTWA analysis, alternamagnitude is corrected against
frequency noise, calculated from the standard dieviaf the peak occurring in the band
0.45-0.48°. This is because frequency noise near 0.5 cyeasthay be generated by
artefact (usually due to movement or respiratiarhyosubtle changes in heart rate
produced by autonomic influences. In order to avoidtamination of alternans magnitude
by such frequency noise, the peak of the specttuhrealternans frequency is corrected
for noise before being reported as alternans madgitA high number of sampled beats is
required to yield an accurate estimate of the stahdeviation of the noise (128 beats in
the clinical algorithm). This means that spectralgsis cannot reliably be carried out on
shorter data segments, such as electrograms recoydmplantable devicé¥. In the
current study, optical data were collected for sgoonds, meaning that the number of APs
ranged from 5-20, depending on the pacing CL ulsetthe clinical scenario, these data

segments would be too short to allow accurate esiom of noise in the band 0.45-0.49.



Rachel C. Myles, 2008 Chapter 6; 193

However, the experimental situation is quite défer in that the physiological sources of
frequency noise present in an exercising humanatreresent. This removes the need for
noise correction of the alternans magnitude datavever, in order to maximise fidelity
with the clinical algorithm, the capability for rs& correction was written into the
program. Correction of alternans magnitude foraasinoise bands was performed, and
none produced more accurate results than the woted power at 0.5 cycles/beat.
Alternans magnitude was therefore determined dyréam the spectral peak at the

alternans frequency.

The spectral analysis program also allowed thelagigation segment of the AP to be
individually identified in each set of traces. Ouligta within the repolarisation window
were included in the spectral analysis. Other nulogies separate depolarisation and
repolarisation using a 5ms window centred aroueddktest part of the upstrdReThis is

a potential source of error as optical AP upstraesrelatively slow and upstroke
morphology can be variable, particularly at ragichslation rates. It is therefore possible
that a fixed window around the fastest upstroke natyalways accurately differentiate
between depolarisation and repolarisation. In tireent study, the use of the repolarisation
window along with visual inspection of the alteresamindow during the analysis session

provided better certainty that the repolarisatibage was accurately identified.

Defining alternans parameters

As the spectral analysis algorithm was specificatiiten for these experiments,
validation of the spectral technique and deternmabdf appropriate threshold values were
necessary before the algorithm could be used tmieeaalternans behaviour. A difference
in measured AP§ > 10ms from one beat to the next was taken to befsignt
repolarisation alternans. This value was chosenveas considered physiologically
significant and in keeping with values used inlttezaturé®. The specificity of this value
for alternating behaviour and its integrity at sheyrcle lengths was then verified by
determining the mean change in Alglhuring rapid pacing where no alternans was
apparent. The mean change in ARplus two standard deviations was 8.9ms. This
suggests that a change in AIgB 10ms in the absence of alternans does not ocslnoat
CLs and should be consistently measurable witreretinor of the system. Careful
correlations were made between spectral alterrnashsh& change in APjgmeasured

using conventional analytic methods. The data ptesehere suggest a good correlation
between spectral repolarisation alternans and megishange in AP§. The chosen

spectral threshold resulted in a low false negatae (around 2%) but a high false positive
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rate (around 70%). Given the high volume of piedsig screened and the relatively low
prevalence of alternans (~10%) the low false negatite was essential. The high false
positive rate was not particularly problematictlasse were easily identified by visual
inspection of the pixel traces. In addition, singbeels displaying clear alternans in the AP
trace surrounded by non-alternating pixels wereseen. This meant that a spatial
constraint could be added, requiring that a certamber of adjacent pixels displayed
alternans. This further reduced the likelihoodad§é positives being considered as

significant alternans.

Electrophysiological behaviour during alternans

Although the data analysed were limited to the lapgation phase of the AP, it is clear
that during alternans optical AP traces often shtiernans of amplitude and baseline. To
suggest that alternans was limited to repolarisatiould be an over-simplification. In
effect, the spectral analysis identifies an altenggpattern of AP morphology. This study
employed both custom written spectral analysis@r/entional optical AP analysis
algorithms. This allowed better characterisatiothefelectrophysiological changes which
occur during alternans. Figure 6.3 details thestmaural patterns of activation time,
repolarisation time, AP§ and AP amplitude during alternans. It shows thaheof these
AP parameters displays alternans, rather thamaltsrbeing confined to repolarisation
(and so reflected in APJ9). Although the spread of activation times appeaiaitatively
similar in beats 1 and 2, absolute activation tiney as much as 10-15ms in the area
where alternans magnitude is greatest. The sprife@palarisation is clearly different from
one beat to the next. The area where repolarisatioars earlier on the second beat
correlates to the area which was activated eanky,hes the largest magnitude of alternans.
The APDy map reflects these observations. As expectedridewhich is activated early
and repolarises early has a shorter ARih that beat. Interestingly, these findings ase al
manifest in a map of AP amplitude. When the altengearea is activated early and
repolarises early, along with having a short Af*iDalso has a small AP. When the
alternating area is activated later and repolatetes, along with having a longer ARt

also has a larger AP.

It is clear from the AP traces that the slow ugstrof the optical AP is exaggerated during
rapid stimulation. The slowing of the optical ABe&itime has been attributed to spatial
averaging® However, using the transmural conduction velogyorted in Chapter 3
(~30cm/sec), the AP would be expected to crosgea dimension of ~300um in ~ 1ms,

meaning that the degree of rise time slowing caeasily be attributed to spatial
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averaging. The reason for rise time slowing iserdtrely clear, but is compatible with that
seen in other optically recorded traces during adtes’.

Alternans of AP amplitude

This study identified that repolarisation alternamsasured using conventional optical
imaging methods displayed marked alternans of Aplitde as well as alternans of
APDg. This finding is common with those published ihatreports employing similar
optical imaging methodolod$®”"" Despite this, the basis for AP amplitude altesnaas
not been clearly explained. In particular, whetharh alternans of AP amplitude could
occur in single cells remains uncl®df’*** The resolution of the CCD recordings is such
that the optical signal represents the mean vokatfen a significant volume of
myocardium. A single optical AP therefore represéhé summed electrical activity of
many hundreds of cardiomyocytes. Alternating aragktin consecutive action potentials
from the same site therefore has two possible egfilans. It may indicate an alternating
upstroke amplitude in all of the myocytes contribgtto the AP in a given pixel area. It
could also be produced if some of the myocytebénptixel area were failing to respond on
an every other beat basis. If some cells displagstdependent 2:1 phase-locking while
others responded 1:1 then an alternating amplitvaiéd be observed in the summed
optical AP. In order to differentiate between thiege scenarios experimentally, a higher
resolution imaging system would be required. Prglary work exploring the basis of AP

amplitude alternans using such a system is destchibne Appendix.

Heart rate dependence of alternans

The occurrence of alternans was heart rate deperaters MTWA in patients with heart
failure®®. There was significant interheart variability @rrns of alternans magnitude as has
been reported by other investigafSréiowever, the observation of an increase in
alternans magnitude with increasing stimulatioe ks consistent. In each preparation,
alternans magnitude increased with stimulation, ite once established was always
present at all higher stimulation rates. Compassafiimean alternans magnitude were
effectively made between cycle lengths of 200me ¢llbwest stimulation rate to elicit
alternans in normal hearts, n = 9) and 150ms (h Alehough 3 of 9 preparations captured
at CLs shorter than 150ms, the unbalanced numberggerheart variability meant that
comparisons at shorter CLs were considered todsevialid. Heart rate dependence is an
important feature of MTWA in humatfs*??and is also documented in other published

accounts of repolarisation alternans in ventricmgocardiuni’. The observed heart rate
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dependence of alternans magnitude in these expasrtieerefore suggests that the
alternans here is similar to that found under oéxgrerimental circumstances, and is
relevant to MTWA in humans. However, the stimulatrates described here are extremely
fast in comparison to the normal heart rate inbdita(130-325bpm). In this context, pro-
arrhythmic phenomena occurring at around 600bpm lmeayore likely to be involved in
the progression from VT to VF than in the inductadire-entrant ventricular arrhythmia.

Spatially discordant alternans

Spatially discordant alternans was previously réedrin the isolated epicardium of guinea
pig heart8” and was directly linked to the induction of veafar arrhythmia during a
shortening of pacing cycle length. The presencspatfially discordant alternans was
associated with an increase in dispersion of rejsalgon, which predisposed to
unidirectional conduction block and re-entry. le tturrent study, transmural spatially
discordant alternans was recorded in 3/9 normatfiedimilar to that described by Pastore
et af'®, spatially discordant alternans was always pret&yeconcordant alternans, and
had a significantly higher threshold heart ratenttieat for concordant alternans. There was
no apparent relationship between the magnitudeteneof concordant alternans and the
development of discordant alternans. Unlike theltepresented by Pastatal, the
progression from concordant to discordant altermeass not a consistent finding in the
current experiments. This may be partly explaingthle difference in perfusion
temperature, which was 27°C in the experimentsezhout by Pastoret al compared to
30°C in the current experiments. In addition, dmiyf of the preparations which did not
develop spatially discordant alternans captureadrate faster than the threshold heart rate
for spatially discordant alternans. Therefore, eeptt faster stimulation rates may have

resulted in more episodes of discordant alternans.

The finding in the current study of infrequent sarural discordant alternans is further
moderated by the fact that discordant alternansmagag been occurring in parts of the
preparation not covered by the transmural imagimglaw. While the development of an
alternating pattern in the pseudoECG correlated with the onset of AP alternans, there
were no clear ECG changes during discordant alsrr@onsequently, there was no way
of determining whether discordant alternans mighptesent in another part of the
preparation. Supporting this, in 2/3 cases spgtéhicordant alternans persisted at all
higher CLs but with differing spatial orientatidn.the other case, spatially discordant
alternans became concordant at higher stimulatitasr A possible explanation for this

observation is suggested by recent work examimpagja patterns of alternans in rabbit
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epicardiuni®®. The authors recorded the development and prdgressalternans
simultaneously across the anterior and posteridases of Langendorff perfused rabbit
hearts. By tracking nodal lines between two aréasmating with opposite phase they
were able to determine that, under some circumetapatterns of discordant alternans
were dynamic. It is therefore likely that areaslisicordant alternans existed in these
preparations, other than those recorded by trararoptical mapping.

Spatially discordant alternans and ventricular aythmia

Ventricular arrhythmias occurred in only 2/9 pregieoms, and both of these preparations
had displayed transmural discordant alternansné) ttansmural discordant alternans
directly preceded the onset of ventricular arrhythand in the other discordant alternans
became concordant within the imaging window preotite induction of arrhythmia.
However, given the above discussion it is likelgttthe nodal line may have moved away
from the transmural imaging window. In neither case the induction of arrhythmia
directly imaged and so it remains unclear whetpatially discordant alternans could have
been directly implicated in generating the condiidor re-entry. In both cases, ventricular
arrhythmia was induced after a shortening of pacyde length. This was also the case in
the example published by Pastetal. It is therefore likely that the presence of sglati
discordant alternans increases the likelihood alitectional conduction block only after a
shortening of CL, analogous to an increase in hesst

Alternans magnitude and ventricular arrhythmia

As only 2/9 preparations developed an arrhythmieas not possible to make valid
statistical comparisons between those preparatuinsh did and did not develop VA in
terms of the extent, magnitude and heterogeneigftefnans. However, 2/7 preparations
which did not develop an arrhythmia displayed hrghean and peak alternans magnitude,
greater heterogeneity of alternans and greatesriraral extent of alternans than the two
preparations in which an arrhythmia did occur. Elfi@re, there does not appear to be a
clear relationship between magnitude or extenttefraans and either the development of

spatially discordant alternans, or the inductionerdtricular arrhythmia.

Transmural electrophysiological heterogeneity

The development of cellular repolarisation altesihas been linked to heterogeneity of
cellular action potential restitution and calciugtling in epicardial mapping studi€s

More recently, it has been suggested that altergdtehaviour in cardiac tissue is dictated
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not only by underlying electrophysiological hetezngity, but also by dynamic factdfs
Cells with differing repolarisation characteristgggan the ventricular wall and these
experiments tested the hypothesis that these trmasgradients would influence the
production of repolarisation alternans. Studielsatated guinea pig myocyf€sand intact
canine wedge preparatidfishave suggested that subendocardial cells are pnone to

the development of alternans, and this has bekadito differences in their €acycling
properties. Similar transmural differences irf Ggycling have been reported in
midmyocardial cells in the rabbif. In these experiments, the site of earliest adtiesrwas
inconsistent, suggesting that the initiation oéadans may not entirely depend upon fixed
tissue properties. Similarly, in the current sttigg development and propagation of
alternating behaviour appeared to be influencedymamic factors. During endocardial
pacing at a CL of 350ms, transmural difference&mRg, were evident which then
changed when the stimulation site was changedetepicardium. During endocardial
pacing, alternans magnitude was greatest at thepgraydium. During epicardial pacing
the opposite was observed, and the greatest altemagnitude was found in the
subendocardium. During epicardial pacing, the sasemulation rate supported was
slower than during endocardial, and this is likelexplain the observation that peak
alternans magnitude was smaller during epicardieing. Despite differences in the peak
alternans magnitude, the transmural distributioalt#rnans was clearly opposite during
endocardial and epicardial stimulation. These tesare consistent with the hypothesis set
out in Chapter 4 that transmural heterogeneitiggpdlarisation in rabbit ventricular
myocardium are modified by electrotonic influencBsey also suggest that this same
process influences the transmural distributiorepbfarisation alternans. Whether the
patterns of alternans result directly from basegjradients of APk or whether both are
separately modulated by electrotonic influencewisclear. Overall these data suggest that
the development of alternans is not solely dictégdellular repolarisation characteristics,
but rather a complex interplay of fixed celluladatynamic tissue factors.

Spatially discordant alternans in the transmuraisax

Spatially discordant alternans has been describdtkitransmural axis during
pharmacological prolongation of the QT intervatamine heart§®. Under long QT
conditions, midmyocardial ARI was longer and resiin steeper than in the
subendocardium or subepicardium, producing an erm@egree of transmural dispersion
of repolarisation not found in normal myocardiunmdér these conditions discordant
alternans occurred consistently between subepadaadd midmyocardial sites. In the
current study there was no consistent transmurht@tion of spatially discordant
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alternans, despite relatively consistent transmgnadients of APD and transmural
patterns of alternans. This suggests that in teerade of extreme dispersion of
repolarisation, discordant alternans occurs inade spatial orientations and may be more

dependent upon dynamic factors than on underlyssg¢ heterogeneity.

Temperature dependence of repolarisation alternans

As expected from the published literaflinepolarisation alternans was observed during
rapid pacing in all preparations at low temperattt@vever, repolarisation alternans was
only observed in a single heart at 37°C. This isantrast to other reports, where alternans
has been elicited at 37°C at higher stimulatioagahan at 30°€. Unfortunately, data
regarding the heart rate thresholds for alternaB83 @ were not given to allow
comparisons with the rates achieved in the custmty. The possibility exists that the
stimulation rates achieved in these experimentg wet sufficiently fast to induce
alternans. In the current study, the fastest satian rate supported by normal hearts at
37°C was significantly faster than that supporte80aC. The difference between the two
temperatures in terms of the fastest CL captures-w#&bpm (24ms, ~ 15% of the value
at 30°C). Assuming a constant relationship betwatsmnans threshold and fastest
stimulation rate achieved at the two temperatunelsagplying the same 15% reduction to
the alternans threshold observed at 30°C wouldigirad alternans threshold of around
152ms (395bpm) at 37°C. In fact all preparation37aC captured at least to 400bpm and
still alternans was not consistently observed. Téngls to suggest that the stimulation rates
achieved at 37°C should have been sufficientlytimgtduce alternans, assuming that
alternans threshold and fastest CL captured aeethdodified to the same extent by low
temperature. It seems likely that some specifictedphysiological property present at low
temperature is required for the induction of aléer® The data presented in Chapter 3
show that low temperature was associated with bag/jorolongation of APB, a reduction

in transmural conduction velocity and a steeperimakrestitution slope. It is likely that
the steeper restitution slope, along with the rédaan conduction velocity explain the
increased occurrence of alternans at low tempera8patially discordant alternans did not
occur in any normal heart at 37°C. However, usisgralar estimate based on results at
30°C, spatially discordant alternans at 37°C waoultlbe predicted to occur at the

stimulation rates achieved in these experiments.

The requirement for low temperature to induce ladtérnans and spatially discordant
alternans challenges the relevance of this paratbgime induction of arrhythmia in

normal hearts. However, a recent study has showndamcordant and discordant
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alternans on the epicardial surface of rabbit lseduting rapid pacing at 37°8. A
decremental pacing protocol was used and steatdysaing at a CL of 150-170ms (353-
400bpm) resulted in APJgalternans of up to 10ms, with spatially discordatgrnans
occurring at around 140-150ms (400-429bpm). Onsiplesexplanation for the
differences between the findings is likely to be #xtent of the ventricular myocardium
imaged. In the study by Mironat al, the entire anterior and posterior surface of the
ventricle was mapped, whereas the current studysked on a smaller area. In addition,
the definition of significant alternans employeds&#a&3ms and alternans was not
confirmed by spectral analysis. The magnitude oDAsfiternans reported is generally
smaller than that seen in the current study. P4eQ@s were not recorded and it is
therefore not clear whether the small magnitud@RD alternans seen at 37°C would have
been reflected in the ECG. Importantly, Mironetval did not report data regarding the
occurrence of re-entrant arrhythmias during theigibadiscordant alternans they
observed. The importance of discordant alternarmsmaschanism for the induction of
ventricular arrhythmias at 37°C remains to be destrated.

Alternans occurring on the epicardial surface

There were no significant differences between ttegreans recorded on the transmural and
epicardial surfaces. As discussed in Chapter 3pmhedifference between the
electrophysiological parameters recorded on theaegial surface compared with the
transmural surface during endocardial stimulatioB0AC was a reduction in the

dispersion of activation time. There was no sigaifit difference in dispersion of AR§or

in APDqg restitution.

Limitations

In these experiments, amvitro preparation was used, which was not exposed to the
mechanical and autonomic inputs presentivo. These may influence electrophysiology
in general and alternans in particular. The usa@éhanical uncouplers was required to
reduce motion artefact during optical imaging. B[3M is known to have effects on AP
restitution and so may conceivably have influenaigkrnans behaviour. Calcium is
important in the development of cellular alternand is likely to influence alternans
development in tissue. Dual calcium and voltagegimg may therefore have given some
supplementary information regarding the exact aggf alternans. In these studies,
repolarisation alternans was accompanied by T-vaéteenans in the pseudoECG, the best

available experimental surrogate for MTWA. Althoudgita from electrophysiological
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studies in humans do suggest that monophasic &matlts does occur during MTWA, it
remains possible that different cellular proce$sdbhose described here underlie MTWA

in human hearts.

Conclusions

This set of experiments has identified and chareseté the occurrence of repolarisation
alternans in rabbit ventricular myocardium. Likpakarisation alternans described under
other experimental conditions, the alternans resid this study was heart rate and
temperature dependent. Unlike other published adspthe progression to spatially
discordant alternans was not a consistent finditayvever, both episodes of ventricular
arrhythmia at 30°C did occur following an increasstimulation rate during spatially

discordant alternans.

During repolarisation alternans, changes in themv&Re not limited to the repolarisation
phase. Alternating changes in activation time aRdafnplitude were also found. This
suggests that an interplay between conduction gmalarisation occurs during alternans.
The transmural magnitude of alternans was modulayegttivation sequence, in a similar
manner to that described for ARDN Chapter 4. Sites distant to the stimulus diggdica
greater degree of alternans. This points to therapce of dynamic mechanisms in
determining alternans in ventricular myocardiume T@dmperature dependence of alternans
could be explained by an interplay of slow conduttnd steep APJgrestitution at low
temperature, as described in Chapter 3. Considérexg findings together suggests that
the electrophysiological basis for the alternamndeere involves slowed conduction
interacting with changes in repolarisation, perhegussed by steep restitution, to produce
alternans of both AP§g and AP amplitude.

The near absolute requirement for low temperatlosng with the very rapid stimulation
rates required to induce alternans challenge tlegaece of this paradigm to the induction

of re-entrant arrhythmia in normal hearts.



Chapter 7:  Repolarisation alternans and arrhythmogaesis in heart
failure
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Introduction

Microvolt T-wave alternans occurs at low heart satepatients with heart failure and left
ventricular systolic dysfunction following myocaatlinfarction, particularly in those with
prior ventricular arrhythmi&. There is some clinical evidence that the preseh84TWA
at low heart rates may predict the future occuresforentricular arrhythmf4, although
recent evidence is conflictifg®® Alternans of cellular repolarisation is thoughtinderlie
MTWA*°®® In isolated guinea-pig epicardium at short padygje lengths, spatially
discordant repolarisation alternans is associaiddextreme gradients of repolarisation,
unidirectional conduction block and re-entrant vientar arrhythmi&”. This provides a
potential mechanistic link between alternans anldyéinmia. However, as outlined in
Chapter 1, repolarisation alternans has not beessiigated in clinically relevant models
of pathology. This set of experiments was designezkamine the occurrence and

consequences of repolarisation alternans in atrafdmel of heart failure.

Alternansin heart failure

Investigation of contractile dysfunction has dentmatsd that mechanical alternans occurs
more readily in heart failuté®**° Calcium transient alternans was observed witfdrap
pacing in mice over-expressing cardiac BN, but this was not mechanistically linked to
arrhythmia. Although the transgenic animals devetba heart failure syndrome, they
displayed an overall reduction in heart rate. Thveeee no tachyarrhythmic deaths,
indicating important differences from human heaitute. In canine hearts following Ml,
alternation of the area under the QRST deflectimmpolar electrograms was found to
be of greater magnitude in animals with inducibé\. A lowered heart rate threshold for
discordant repolarisation alternans has been obdencanine pacing-induced heart
failure, a model that has previously been showatigplay a two-fold increase in
transmural dispersion of repolarisation comparetti wontrols*®. The hypothesis is that
heart failure gives rise to increased electrophggioal heterogeneity, which would be
expected to increase propensity to discordant agjgakion alternans. However, this has

yet to be shown definitively.
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Aims

To determine whether repolarisation alternans patialy discordant alternans occur

more readily in failing hearts.

To explore the effect of heart failure on the onpatterns and consequences of

repolarisation alternans across the transmurahserbf intact rabbit left ventricle

To investigate whether repolarisation alternansspatially discordant alternans lead to

ventricular arrhythmia in failing hearts.
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Methods

In order to investigate transmural alternans iadghtabbit left ventricular tissue the CCD-
based optical mapping system described in Chapies2used to record optical action
potentials from the transmural surface of perfuséidventricular wedge preparations in
the rabbit. Hearts from 32 male New Zealand Wratghits were used in these
experiments, which conform to standards set otlierlUK Animals (Scientific
Procedures) Act, 1986.

Experimental protocols

The left ventricular wedge preparations (n = 328dus this set of experiments were
prepared as described in Chapter 2. Perfusion Wa&’€ (n = 16) except where low

temperature was specifically investigated (n = 16).

Data analysis

Data analysis was performed as described in Chapter

Statistical analyses

All data are expressed as mean + SEM. Groups afwlate compared using a Student’s t-
test (paired where appropriate), or when more thangroups were compared, using a
repeated measures ANOVA with post-hoc Tukey-Krameltiple comparisons testing.

All statistical analyses were performed using GRaahsoftware.
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Results

The occurrence of repolarisation alternansin heart failure

Repolarisation alternans occurred in a total 0822Apid pacing protocols (71%). The
inducibility of repolarisation alternans during idjpacing in normal hearts was compared
with that in failing hearts. Figure 7.1A comparis tnducibility of repolarisation alternans
during rapid pacing in normal and failing heartsoat (30°C) and normal (37°C)
temperature. Figure 7.1B compares the heart regshblds for repolarisation alternans in
normal and failing hearts at 30°C and 37°C. Thethrase threshold for alternans is
expressed as the fastest stimulation rate withgoifeant alternans. At low temperature
repolarisation alternans was elicited in all nori@®9) and all failing hearts (7/7). The
heart rate threshold for alternans was signifigalotiver in failing hearts than in normal
hearts at 30°C (294 = 14bpm vs. 337 £ 7bpm, p 2@/ At physiological temperature,
failing hearts were significantly more likely toadop repolarisation alternans, which
occurred in 5/7 failing hearts compared with 1/8nmal hearts (p = 0.0406). At 37°C the
heart rate threshold for alternans was also siamtiy lower in failing hearts compared
with normal hearts (396 + 18bpm vs. 449 + 14bpm,(p0349). Of the 7 normal hearts
which did not develop repolarisation alternans7aC3 all captured to a CL of at least
400bpm (mean 442 + 19bpm).

Spatially discordant alternans in heart failure

Spatially discordant alternans was observed in fdilhg hearts, compared with 3/17
normal hearts (p = 0.6067). Transmural spatialbgadidant alternans was seen in a single
failing heart at 30°C. In this particular hearsairdant alternans was not preceded by
concordant alternans, and was induced at a cyatgHeof 200ms (300bpm). Transmural
discordant alternans persisted through rapid sttiar and this heart went on to develop a
ventricular arrhythmia during a shortening of Carfr 160 to 150ms. Transmural spatially

discordant alternans was never observed at 37fli@ren normal or failing hearts.
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Figure 7.1 The occurrence of repolarisation alternas in normal and failing hearts

A. The proportion of preparations displaying alters at 30°C and 37°C in normal (black
bars, n =9 at 30°C, n = 8 at 37°C) and heartrai(white bars, n = 7 at each temperature).
Fishers exact testp < 0.05. B. The heart rate threshold for altesn@xpressed as the
fastest HR without alternans) at 30°C and 37°Camal (black bars, n =9 at 30°C,n=8
at 37°C) and heart failure (white bars, n = 7 aheamperature). Unpaired t-tesp <

0.05.
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Extent and magnitude of repolarisation alternansianmal and failing hearts

A comparison of the extent and magnitude of rejgdéion alternans at 30°C is shown in
Figure 7.2. The number of preparations displayiggiicant alternans was higher in
failing hearts at low stimulation rates. There weoesignificant differences between
normal and failing hearts in terms of mean altesmaagnitude at any pacing cycle length,
peak magnitude of alternans (64 £ 14 [n = 9] vst BB [n = 7], p = 0.8105), maximal
heterogeneity of alternans (31 + 9 [n = 9] vs£381 [n = 7], p = 0.7686) or the peak
extent of transmural alternans (68 £ 10% [n = 9]5Gs+ 13% [n = 7], p = 0.2825).
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Figure 7.2 The magnitude and extent of transmural €polarisation alternans in

normal and failing hearts

A. The percentage of preparations which displaygaifscant alternans at each pacing CL
in normal (black bars) and failing hearts (white)aB. The proportion of transmural
pixels which showed significant alternans at eaating CL in normal (closed squares)
and failing hearts (open squares). C. Mean alternaagnitude at each pacing CL in
normal and failing hearts. D. Comparison of peagrabins magnitude, range of alternans
magnitude and 5-95% range of alternans magnituderimal and failing hearts. Normal
hearts, n = 9 at 250ms and n = 6 at 150ms. Failaagts, n = 7 at 250ms and n = 4 at

150ms.
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Transmural gradients of repolarisation alternanshieart failure

In failing hearts at 30°C, the site of earliesealans was in the subepicardium in 5/7 cases
and in the subendocardium in 2/7 cases. The siteagfmal alternans was in the
subepicardium in 5/7 cases. As shown in Figuresit@ilar transmural patterns of

alternans were seen in failing hearts as were testfor normal hearts in Chapter 6, with
greater alternans magnitude at the subepicardiwwweMer, in the group of failing hearts
the interheart variability was greater than thatnsie normal hearts. Consequently, the

differences in alternans magnitude between diffetramsmural regions were not

significant.
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Figure 7.3 Transmural alternans magnitude in normaland failing hearts

A comparison of mean alternans magnitude (at maxaternans for each preparation) in
different transmural regions in normal (black bars; 9) and failing hearts (white bars, n =
7). One-way ANOVA, p = 0.2938.
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Alternans and APBE restitution in heart failure

In order to examine the role of ARfxestitution in the increased vulnerability to afi@ns

in failing hearts, separate AR§restitution curves were constructed for sites Whiere
prone to and resistant to the development of rejgalidon alternans. Alternans prone sites
were defined as those pixels which displayed sicgmit alternans at the slowest
stimulation rate. Other transmural sites were a®grsid alternans resistant. There were no
significant differences in the¥x values or rate constants associated with the ey
curve fits, as shown in Table 7.1. In both nornmal &ailing hearts, the maximal APD
restitution slope in alternans prone sites wasifsogimtly greater than the maximal
restitution slope found in alternans resistanssitdne maximal slope of the ABD
restitution curve in alternans prone sites infglhearts (3.22 + 0.14) was greater than the
maximal slope in alternans prone sites in normattsg2.58 + 0.12), but this difference

did not reach statistical significance after muétipomparisons testing.

Table 7.1 APDy, restitution curve characteristics in alternans prae and resistant
sites in normal and failing hearts

Normal (n =9) Heart failure (n = 7)
Mean (SEM) P value
Prone Resistant Prone Resistant
Y max 1715+3.7 171.1+2.2 170.4 + 3.8 164.4 + 2.7 4007
0.0277 + 0.0257 + 0.0230 + 0.0249 +
Rate constant 0.0899
0.0016 0.0008 0.0013 0.0011

Maximal slope | 2.58+0.12| 1.25+0.17 3.22+0.14 | 1.30+0.79 | <0.0001

SEM, standard error of the med&hvalue refers to a one-way ANOVA in each case<*qb001 vs. alternans
prone sites in normal hearts, ** p < 0.001 vs.rali@s prone sites in failing hearts.

Transmural dispersion during alternans

Transmural dispersion of activation time, repokaitn time and APE) were calculated
for each pacing cycle length in normal and failhegrts. These data were then separated

into two groups representing alternans prone asidtent areas.
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Transmural dispersion of activation time

The results for transmural dispersion of activatiare at 30°C are shown in Figure 7.4.
There was a non-significant trend towards an iregea dispersion of activation time

during rapid stimulation. In normal hearts thereswa significant difference in dispersion
of activation time between alternans prone andradtes resistant areas at any stimulation
rate (Figure 7.4A (i)). In failing hearts, dispersiof activation time was significantly
greater in alternans prone areas compared to aftemesistant areas at all stimulation rates
(Figure 7.4A (ii)). There were no significant difteice between normal and failing hearts
in the dispersion of activation time associatedhwaiternans prone (Figure 7.4B (i)) or

alternans resistant areas (Figure 7.4B (ii)).
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Figure 7.4 The relationship between transmural disprsion of activation time and
cycle length

A. (i) Mean dispersion of activation time as a ftioic of cycle length in alternans prone
regions (closed squares and solid line) and alternasistant regions (open squares and
dashed line) in normal hearts (n = 9). (ii) Measpairsion of activation time as a function
of cycle length in alternans prone regions (closgahres and solid line) and alternans
resistant regions (open squares and dashed lifi@ljimg hearts (n = 7). B. (i) Mean
dispersion of activation time as a function of eylength in alternans prone regions in
normal hearts (n = 9, closed squares and soli}l éind failing hearts (n = 7, open squares
and dashed line). (ii) Mean dispersion of activatione as a function of cycle length in
alternans resistant regions in normal hearts (nctod8ed squares and solid line) and
failing hearts (n = 7, open squares and dashejl Ibree-way ANOVA with Tukey-
Kramer post tests, p < 0.01,” p< 0.001.
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Transmural dispersion of repolarisation time

The results for transmural dispersion of repolaiasetime at 30°C are shown in Figure

7.5. There was no significant or consistent changkspersion of repolarisation time

during rapid pacing. In normal hearts there wasignificant difference in dispersion of
activation time between alternans prone and alteynasistant areas at any stimulation rate
(Figure 7.5A (i)). In failing hearts dispersionrefpolarisation time was significantly

greater in alternans prone areas compared to altemesistant areas at cycle lengths of
350-250ms, but not at shorter CLs (Figure 7.5A.(ihere were no significant difference
between normal and failing hearts in the dispersiorepolarisation time associated with

alternans prone (Figure 7.5B (i)) or alternansstasit areas (Figure 7.5B (ii)).
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Figure 7.5 The relationship between transmural disprsion of repolarisation time and
cycle length

A. (i) Mean dispersion of repolarisation time asiaction of cycle length in alternans
prone regions (closed squares and solid line) #acthans resistant regions (open squares
and dashed line) in normal hearts (n = 9). (ii) Mdapersion of repolarisation time as a
function of cycle length in alternans prone regieiesed squares and solid line) and
alternans resistant regions (open squares anddiasbgin failing hearts (n = 7). B. (i)
Mean dispersion of repolarisation time as a fumctibcycle length in alternans prone
regions in normal hearts (n = 9, closed squaresald line) and failing hearts (n = 7,
open squares and dashed line). (i) Mean disperdiogpolarisation time as a function of
cycle length in alternans resistant regions in radimearts (n = 9, closed squares and solid
line) and failing hearts (n = 7, open squares aghdd line).One-way ANOVA with
Tukey-Kramer post tests, p < 0.01,” p< 0.001.
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Transmural dispersion of ARP

The results for transmural dispersion of AlRBt 30°C are shown in Figure 7.6. There was
no significant or consistent change in dispersibARDg, time during an increase in
stimulation rate. In normal hearts there was naigant difference in dispersion of

APDgo between alternans prone and alternans resisiegs at any stimulation rate (Figure
7.6A (i)). In failing hearts dispersion of ABPwas significantly greater in alternans prone
areas compared to alternans resistant areas atlepgths of 350-250ms (Figure 7.6A

(ii)). Alternans prone areas in failing hearts wassociated with a greater dispersion of
APDg than alternans prone areas in normal hearts dbigest CLs (Figure 7.6B (i).

There were no significant difference between noramal failing hearts in the dispersion of
repolarisation time associated with alternans tasisareas (Figure 7.6B (ii)).

A. (i) Normal (i) Heart failure
—a— Prone —=— Prone
-0+~ Resistant - Resistant

~ M 111
£ 10 < ol
E o £
@ s o
E_ & E s
2= 74 25 .
£8 £8 o]
<z <z
5§ 5 55 51
5= 4 S= 44
8 34 8 34
§ 24 ;-’. 2
N R . I N T

o o

I U s M b Sy g Sy M S —————
P PSP PS S e O I T S ,\Q'
Pacing cycle length (ms) Pacing cycle length (ms)
B. (i) Alternans prone (i) Alternans resistant
—=— Normal —=— Normal
-0 Heart failure -0~ Heart failure

114 M9
B 104 E 104
% 94 % 94
E_ & E_ &
8= 7 2= .
£8 of £6
<z <z
5§ 5 58
§5 + §% #
D 3 I
§ A 2 2
a 14 a 14

od od

T d N v ¥ ¥ d v v T T T T T T T T T T T

S S & S & & &
F S PSP S S T I P N R R
Pacing cycle length (ms) Pacing cycle length (ms)

Figure 7.6 The relationship between transmural disprsion of APDyo and cycle length
A. (i) Mean dispersion of AP§g as a function of cycle length in alternans praggons
(closed squares and solid line) and alternanstaesigegions (open squares and dashed
line) in normal hearts (n = 9). (ii) Mean dispersaf APDyas a function of cycle length in
alternans prone regions (closed squares and gadddnd alternans resistant regions (open
squares and dashed line) in failing hearts (n B7{i) Mean dispersion of APJgas a
function of cycle length in alternans prone regionsormal hearts (n = 9, closed squares
and solid line) and failing hearts (n = 7, openasga and dashed line). (ii) Mean
dispersion of APy as a function of cycle length in alternans resistagions in normal
hearts (n = 9, closed squares and solid line) ailiddg hearts (n = 7, open squares and
dashed line).One-way ANOVA with Tukey-Kramer passts, p < 0.01,” p< 0.001.
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Ventricular arrhythmiasin heart failure

The inducibility of ventricular arrhythmias durimgpid pacing protocols was compared in
normal and failing hearts. A total of 14 ventriaudarhythmias occurred during 31 rapid
pacing protocols (45%). All episodes of ventricidarhythmia were sustained, in that they
lasted > 30 seconds or required intervention tmiteate them. 11 arrhythmias occurred in
14 failing hearts (79%) and 3 arrhythmias in 17nmarhearts (18%, p = 0.0011). Figure
7.7A compares the inducibility of ventricular arthsia during rapid pacing in normal and
failing hearts at low (30°C) and normal (37°C) tergiure. Figure 7.7B compares the
heart rate thresholds for ventricular arrhythmiaanmal and failing hearts at 30°C and
37°C. The heart rate threshold is expressed aashest stimulation rate without VA, and

therefore equates to the fastest stimulation gearted 1:1 by the preparation.

At low temperature, ventricular arrhythmias werduoed by rapid pacing in 2/9 normal
and 6/7 failing hearts (p = 0.0408). At 30°C thstést stimulation rate followed 1:1 was
not significantly different between normal andifagl hearts (387 = 14bpm vs. 372 £ 25
bpm, p = 0.5881). Of the 7 normal hearts whichrditidevelop an arrhythmia at 30°C, all
captured to a CL of at least 333bpm (mean 371 piBbAt physiological temperature,
failing hearts were significantly more likely toadop ventricular arrhythmias. VA
occurred in 5/7 failing hearts compared with 1/8nmal hearts (p = 0.0408). At 37°C the
fastest stimulation rate followed 1:1 was not digantly different between normal and
failing hearts (462 £ 26bpm vs. 450 + 24 bpm, p7@5). Of the 7 normal hearts which
did not develop an arrhythmia at 37°C, all captuced CL of at least 400bpm (mean 450
+ 26bpm).
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Figure 7.7 Inducibility of ventricular arrhythmias in failing and normal hearts

A. The proportion of preparations which developedtvcular arrhythmia at 30°C and
37°C in normal (black bars, n =9 at 30°C, n = 8#C) and heatrt failure (white bars, n =
7 at each temperature). Fishers exact tgst 0.05. B. The heart rate threshold for
ventricular arrhythmia (expressed as the fastesiiiRout VA) at 30°C and 37°C in
normal (black bars, n =9 at 30°C, n = 8 at 37%@) heart failure (white bars, n =7 at
each temperature).
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The relationship between alternans and ventricular arrhythmia
Concordant alternans and ventricular arrhythmiagidg rapid pacing

At 30°C, ventricular arrhythmias were elicited chgrirapid pacing in 8/16 hearts. All
hearts at 30°C displayed alternans at the shatlestaptured. Consequently, all episodes
of VA at 30°C occurred in the context of pre-exigtiransmural alternans. 8/16 hearts
displayed concordant alternans but did not devedyricular arrhythmia during rapid
pacing. Of these, 1/8 was a failing heart and #8wormal hearts.

At 37°C ventricular arrhythmias were elicited dgrimpid pacing in 6/15 hearts. 4/6
(66%) episodes of VA occurred in hearts which digptl repolarisation alternans directly
prior to the induction of the arrhythmia. 2/6 epgies of ventricular arrhythmia at 37°C
occurred in hearts which did not display altern@me normal heart and one failing heart).
2/15 hearts displayed alternans but did not devedopricular arrhythmia during rapid

pacing (one normal heart and one failing heart).

Discordant alternans and ventricular arrhythmiasrithg rapid pacing

Spatially discordant alternans was observed in B&its (1/14 failing hearts and 3/17
normal hearts). Transmural spatially discordargratins was never observed at 37°C,
either in normal or failing hearts. Of the 8 VA spiles at 30°C, 3 were preceded by
transmural discordant alternans (1 failing head 2Zmormal hearts). Discordant alternans
did not precede any of the 6 episodes of VA at 37°C

Alternans magnitude and ventricular arrhythmias

The numbers in each group precluded separate c@opsaibetween alternans magnitude
in those preparations which did and did not dev&#gn normal (n =2 and 7
respectively) and failing hearts (n = 6 and 1 respely). For these comparisons normal
and failing hearts were considered together amalrelhs magnitude was compared
between those preparations which did and did ne¢ldp VA during rapid pacing (n = 8
in each group). There was no significant differeimcthe shortest cycle length captured
(154 + 4ms no VA vs.168 + 13 with VA, p = 0.3208he results of the comparison of
alternans magnitude are shown in Table 7.2. Thaen® significant difference in the
mean alternans magnitude, peak alternans magrotuaketerogeneity of alternans.
Similarly, there was no difference in the extentrahsmural alternans in those

preparations which did and did not develop ventaicarrhythmia.
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Table 7.2 Magnitude and extent of alternans accordg to the subsequent occurrence

of ventricular arrhythmia

No VA VA P value
Mean (SEM)
(n=28) (n=28)
Mean alternans
12+5 26 +£15 0.3909
magnitude
Peak alternans
49 £ 14 83 £33 0.3590
magnitude
Heterogeneity of
25+10 41 +21 0.5028
alternans
% of surface displaying
62 + 12% 62 + 13% 1.0000
alternans

SEM, standard error of the mean. VA, ventriculahghmia.P value refers to an unpaired t-test in each

case.
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Discussion

The occurrence of repolarisation alternansin heart failure

These experiments show that experimental heauréai$ associated with an increased
vulnerability to repolarisation alternans. At loaniperature, all normal and failing hearts
developed repolarisation alternans during rapid@ation. The heart rate threshold for
alternans was significantly lower in failing heattaportantly, at physiological
temperature repolarisation alternans was veryyalaited in normal hearts, but was
consistently elicited with rapid pacing in failihgarts. Again, the stimulation rate
threshold for the induction of repolarisation ati@mns was significantly lower in failing
hearts. In order to make these comparisons, altertheeshold was expressed as the fastest
stimulation rate without alternans. This definitas used as it allowed comparison of
alternans thresholds between groups when only sraalbers of preparations in one
group developed alternans. However, this definitounld be influenced by differences in
the fastest stimulation rate supported by the pegjmas in each group. It is therefore
important to note that there were no significaffiedences in the fastest stimulation rates
achieved in normal and failing hearts at each teaipee. Moreover, all of the normal
hearts which did not develop alternans at 37°Cuwagtto rates at least as fast as the mean
threshold for alternans in failing hearts at 37f6gether these data provide convincing
evidence that failing hearts are more prone to ldgvepolarisation alternans than normal
hearts, irrespective of temperature and stimulat®. As discussed in Chapter 1, one of
the gaps in our current knowledge of the clinied¢vance of repolarisation alternans is
that it has not been investigated in experimentadets relevant to the pathologies which
cause MTWA in man. Therefore, these data consitiesitengthen the

pathophysiological correlation between MTWA andekpental repolarisation alternans.

Spatially discordant alternans in heart failure

Spatially discordant alternans was not a commonroence in these experiments.
Moreover, spatially discordant alternans did ngiesgy to be more common in failing
hearts. It is possible that the stimulation ratdseved were not sufficiently fast to induce
discordant alternans. However, given that aroutidafidghe preparations which did not
develop spatially discordant alternans captureadfaster rate than the threshold for
spatially discordant alternans, insufficient stiatidn rates are unlikely to account fully for

the lack of spatially discordant alternans in thesarts. As discussed in Chapter 6, it is
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more likely that spatially discordant alternans wasurring in other parts of the

preparation not within the transmural imaging wiwdo

Magnitude and extent of alternans in heart failure

The data from these experiments do not suppoititeethat alternans magnitude is greater
in failing hearts. Comparisons of spectrally-dediaternans magnitude were made at the
CL with maximal alternans (which was always thertdsi CL captured) in order to
maximise numbers for comparison. Despite thisctimaparison was complicated by
significant inter-heart variability and in this denrt it is possible that the group sizes were
too small to detect a difference in mean altermaagnitude. However, even comparing
the peak value, the heterogeneity of alternanteftefd in the range and 5-95% range) and
the transmural extent of alternans failed to shaliffarence between normal and failing

hearts in terms of alternans magnitude.

Transmural gradients of alternans in heart failure

The transmural gradients of alternans magnituderebd in failing hearts were
qualitatively similar to those described for norrhahrts in Chapter 6. This suggests that
the same interaction between underlying celluléefogeneity and electrotonic influences

determine alternans magnitude in failing hearts.

APDqyg restitution and alternans in heart failure

It appears from the data presented here that afehe myocardium prone to alternans
have steeper maximal ABgrestitution slopes than those without alternarms Was the
case in both normal and failing myocardium. Stesitution may be associated with the
induction of alternans and is likely to be oneldf factors driving the development and
maintenance of alternans in tisélfeAs described in Chapter 5, ARDestitution was not
found to be significantly steeper in failing heaifthis remains true when alternans prone
areas are specifically examined. It therefore apgpitet although vulnerability to alternans
Is associated with areas of steeper restitutios dbes not explain the increased

vulnerability to alternans seen in failing hearts.
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Vulnerability to ventricular arrhythmiain heart failure

The ventricular arrhythmias observed in these ex@nts were generally sustained, in
contrast to some experimental models where vemdrnieurhythmias are self-terminating
within a short timescaté®. At each temperature, VA were more common inrgikearts
than in normal hearts. Clearly, ventricular arrimytas may simply be a function of
stimulation rate. It is therefore important to cdees differences in the stimulation rates
achieved when comparing the inducibility of venitar arrhythmias during rapid pacing.
In these experiments there was no significant dfiee in the fastest stimulation rate
supported in normal and failing hearts at each tgatpre. This suggests that the
differences in VA between normal and failing he#tsot due to stimulation rate. These
data therefore confirm that this experimental madéieart failure is associated with an

increased vulnerability to ventricular arrhythmias.

Spatially discordant alternans and re-entrant ventlar arrhythmia

Published accounts of discordant repolarisaticeradins emphasise the key role of
discordant alternans in the induction of re-entkeamttricular arrhythmias. In contrast to
this, in the majority of cases in the current stutlgcordant alternans was not observed
prior to the development of ventricular arrhythmiaparticular, discordant alternans did
not precede any ventricular arrhythmias in failirggarts at physiological temperature.
These are precisely the most clinically relevaqeginental circumstances, and those in
which discordant alternans has not previously beesstigated. In mitigation of these
conclusions, as there were no ECG correlates obrdiant alternans it was not possible to
determine whether it may have been present in angpiut of the preparation. It therefore
remains possible that discordant alternans wasas$sd with the induction of re-entrant

VA in these experiments.

Limitations

These experiments used iarvitro preparation, which did not have normal mecharacal
autonomic inputs which may influence alternansivo. Moreover, although a clinically
relevant model of heart failure was used delibératethese experiments, animal models
are unable to replicate exactly the behaviour lmfiman heart. Ventricular arrhythmias
were more easily inducible in failing hearts durmagid pacing, and this is interpreted as
representing a pro-arrhythmic substrate associaithdexperimental heart failure.

However, although inducible arrhythmias are ass$ediaith an increased risk of sudden
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cardiac death in patients with post-infarction héafure, inducible arrhythmias are not a

surrogate for spontaneous re-entry.

Conclusions

These experiments demonstrate an increased vuilitgredbrepolarisation alternans in a
rabbit model of heart failure following myocardiafarction. This finding is an important
step in investigating the possible mechanistic bekween alternans and arrhythmia. The
increased vulnerability to alternans in failing tieglaces the experimental paradigm in a
clinically relevant model of pathology. Failing mtsawere also more vulnerable to
ventricular arrhythmia during rapid pacing. As nefgathe progression from alternans to
re-entry, these experiments fail to demonstratassociation between spatially discordant
alternans and the development of ventricular almima, in particular in failing hearts and
at physiological temperature. In summary, althohgart failure was associated with both
alternans and ventricular arrhythmia, alternansgccoat be mechanistically linked to
ventricular arrhythmias in failing hearts. Equallyese results do not disprove such an
association and underline the complexity inherentvestigating the induction of

ventricular arrhythmias.



Chapter 8: Summary and conclusions
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Rationale for the current study

The aim of this thesis was to investigate expertalerepolarisation alternans in heart
failure, and to examine if there may be a mecharlisk between alternans and the
induction of ventricular arrhythmias in failing hésa These aims were developed using an
established background of both basic and clinic@nse knowledge regarding alternans.
Patients with heart failure are more prone to MTWAfAl to ventricular arrhythmidsand
MTWA testing may be a potentially useful risk sifieation tool for sudden cardiac
deatti*2. Repolarisation alternans underlies MTWA and sfiigttliscordant alternans has
been linked experimentally to the induction of rerant ventricular arrhythmi&® This
work aimed to bridge an important gap in the curstate of knowledge regarding
repolarisation alternans by examining it in an expental model of heart failure. The
focus was on developing a clinically relevant ustknding of the basic science which
could not only improve our knowledge of arrhythmrmachanisms in heart failure but may
also help to inform clinical use of MTWA testing.

Aims and hypotheses

This study was designed to investigate whetheeas®d regional heterogeneity of
repolarisation as a result of heart failure wouledispose to the development of
arrhythmogenic spatially discordant alternans. Aiy@otheses were that in the presence of
alternans, at a given cycle length, the transnmpatiern of alternans would be dependent
on intrinsic cellular repolarisation propertiesddrence, independent of stimulus site.
Heterogeneity of alternans would increase with gkation rate until discordant alternans
developed. Discordant alternans would be a negepsafcondition for unidirectional
conduction block and re-entry. In heart failurgttimcreased transmural heterogeneity of
repolarisation in the surviving hypertrophied myawitam would predisposes to alternans,
such that it occurs at slower stimulation rates\aild greater magnitude than in normal
hearts. Finally, that in failing hearts, the onslediscordantlternans and the induction of

re-entry would occur at slower stimulation rateantin normal hearts.

In order to test these hypotheses, transmuralref@tysiology was first characterised in
both normal and failing ventricular myocardium. Exments were then conducted to
compare alternating behaviour and the relationghgrhythmia in normal and failing

hearts.
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Baseline electrophysiology in normal rabbit ventricilar myocardium

Electrophysiology in intact ventricular tissue

In this study, optical action potentials were relaar from across the transmural surface of
rabbit ventricle during endocardial pacing at pbiagically relevant stimulation rates. The
first important finding from this study is the denstration of the marked differences in
APDg, recorded from isolated cells and those recordaa frells within the intact
ventricular myocardium. Not only are transmuraldigats attenuated but baseline AlpD

in intact myocardium is significantly shorter thizwat observed in isolated cells. This is an
extremely important finding for the interpretatiohdata recorded from isolated
cardiomyocytes, as ionic currents and excitatiomt@etion coupling will both be
modulated by the cellular APD. This may be paracyl important when investigating rate
dependent phenomena such as alternans, and ueddHamimportance of replicating

electrophysiological findings from isolated celisimtact tissue.

Transmural heterogeneity of repolarisation

In isolated myocytes, transmural differences inmAérphology, APD, and the rate
dependence of APD have been observed in a widetyan species, including humans, at
slow stimulation rates. If this heterogeneity werexist in intact myocardium it would
potentially be extremely important, as dispersibrepolarisation in ventricular
myocardium is a powerful substrate for the genenatif ventricular arrhythmfa

Moreover, the development of spatially discorddt@raans may depend upon baseline
heterogeneities in repolarisation, including theganning the ventricular wall, and
significant transmural dispersion of repolarisatinay be crucial in the genesis of
arrhythmias associated with spatially discordatgraans.

This is the first study to record optical actiorigrtials from across the entire transmural
surface of rabbit ventricular myocardium and pregi@ detailed characterisation of
transmural ventricular electrophysiology in intagtocardium at physiological stimulation
rates. The data presented in Chapter 3 demon#tatedansmural gradients of ARjxlo

exist under physiologically relevant experimentaditions, but that there does not appear
to be any identifiable M cell behaviour. Transmugeddients of APE) were maintained
during rapid stimulation and at low temperaturggekmental conditions which are used to
elicit repolarisation alternans. Low temperature\abso associated with a global
prolongation of APIg, a reduction in transmural conduction velocity ansteeper

maximal restitution slope. Slow conduction and gtesstitution have been implicated in
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the induction of alternans and so these resultspmayide an explanation for the
commonly observed temperature dependence of régeatian alternans.

Modulation of APDg by activation sequence

In this study, baseline electrophysiological chaastics were recorded during both
endocardial and epicardial stimulation. This wategt the hypothesis that if transmural
gradients of APy were due to differences in intrinsic cellular rigpisation, then they
would exist independent of activation sequenceeblts the data demonstrate that
transmural gradients of ARPare modified by activation sequence, consistettt wi
modulatory effect of electrotonic current flow dretrepolarisation phase of the AP. This
suggests that electrotonic influences between asfismportant in determining APD

Vivo.
Electrophysiological changes as a consequence o#hdailure

The effects of heart failure on the electrophysiglof mammalian ventricle have been
widely investigated. The aim of this set of expemnts was to examine the
electrophysiological effects of heart failure imaict rabbit ventricle, with a specific focus
on elucidating whether transmural heterogeneitgtexand also to characterise the
changes in electrophysiological parameters that leaglevant to the production of

repolarisation alternans and spatially discordapolarisation alternans.

These experiments have examined the transmurataddgsiological changes occurring
as a consequence of heart failure secondary toangiat infarction in intact rabbit
ventricular myocardium. This work adds to the psiiodid literature characterising the
electrophysiological consequences of heart failollewing coronary arterial ligation in

the rabbit****3” The main hypothesis as regards the inductiorissbddant alternans was
that increased heterogeneity of repolarisationfesature of heart failure. Conversely the
data suggest that in heart failure, there is noeame in transmural heterogeneity of
repolarisation in the surviving hypertrophied myaitam. Indeed, these experiments were
able to identify very few baseline electrophysiabad differences between normal and
failing hearts, underlining the potential importaraf dynamic mechanisms in

arrhythmogenesis in this context.
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The occurrence of repolarisation alternans

Alternans was induced with a combination of low pemature and rapid pacing. In
accordance with the hypotheses, the magnitude eteddgeneity of alternans was heart
rate dependent. The data suggest that the elegBigbbgical basis for alternans involves
slowed conduction interacting with changes in rapséation, perhaps caused by steep
restitution, to produce alternans of both ARBnd AP amplitude.

One of the main hypotheses in the current studythetstransmural pattern of alternans is
dependent on intrinsic cellular repolarisation gnties, and hence is independent of
stimulus site. This is underpinned by publishedkngarggesting that gradients of alternans
in tissue mirror gradients of APD. However, in therent study, the hypothesis that
gradients of alternans are dictated by intrinsltutas gradients of APD is not upheld.
Indeed, transmural gradients of both ARBnd alternans were modulated by activation
sequence, and this phenomenon appeared to beteohsiih electrotonic influences on
the repolarisation phase of the action potentiaé theory of spatially discordant alternans
identifies spatial heterogeneity of alternans askigy in the development of a pro-
arrhythmic substrate. Thus the spatial determinain@dternans in tissue are extremely
important. In the current study, electrotonic iefhces appear to be a major determinant of
both APD and patterns of alternans in intact mydican. Consequently, dynamic
electrotonic influences may be critical in the depenent of spatially discordant alternans.

Spatially discordant repolarisation alternans

The development of discordant alternans could eattbdied definitively, as only areas of
discordant alternans within the transmural imagurgdow were detected. During the
episodes that did occur it did not appear thatrbgeneity of alternans was closely related
to the development of discordant alternans. Veuaicarrhythmia did occur in the
absence of discordant alternans on the imagedptré transmural surface. However it is
perfectly possible that discordant alternans wasgat in another part of the ventricle.
Therefore whether discordant alternans is a negepsa-condition for unidirectional
conduction block and re-entry cannot be determirmd these data. Similarly, although
heart failure was not associated with a signifigahigher incidence of spatially discordant

alternans, this may be a reflection of the voluhegocardium imaged.

Spatially discordant alternans has been demondttatee directly responsible for the

induction of re-entry under extremely non-physiatadjexperimental conditions.
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Discordant alternans produces re-entry after pheotogical APD prolongation and where
the endocardial surface has been ablated to ledva em of viable epicardial cells. It
may be that these extreme changes - in the fisgt,caarked APD prolongation and in the
second case significant cellular uncoupling - aeessary for marked gradients of
repolarisation, which may not occur under condgiarhich are more pathophysiologically

relevant.

Repolarisation alternans as a mechanism of ventridar arrhythmia in heart failure

If repolarisation alternans is to be consideredealmnism of arrhythmogenesis, then this
paradigm should be reproducible in experimental efedf heart failure. These
experiments show that heart failure is associatiéd an increased vulnerability to
repolarisation alternans. This finding was not aatlyow temperature, where the heart rate
threshold for alternans was significantly lowefailing hearts, but importantly also at
physiological temperature. In combination with thbust clinical relevance of the
experimental model used, these data consideraigiygthen the correlation between

MTWA in man and experimental repolarisation altesa

In these experiments, as has been shown previdhslyabbit coronary ligation model of
heart failure was associated with an increasedevability to ventricular arrhythmia, and
these arrhythmias were consistently preceded bymahs. However, although heart failure
was associated with an increased vulnerabilitpaoh the development of repolarisation
alternans and to ventricular arrhythmia, the inauncof arrhythmias could not be directly
attributed to alternans. Although an associatiaets)etween heart failure and

inducibility of arrhythmias and also between héaiture and alternans, a direct link has

yet to be shown.

The results from this study suggests an associbBbtmeen alternans and arrhythmia, but
present a number of complex paradigms. In partictha development and propagation of
alternating behaviour in tissue appears to be muate dependent on dynamic factors
dictated by the tissue conditions than on intrircgltular properties pertaining to
repolarisation. Whether transmural gradients of Af*@uce transmural gradients of
alternans, or whether these phenomena are memagiated is as yet unclear. The
observation of amplitude alternans underlines thesibilities that multiple underlying
processes may contribute to the development ofa@adternans. Overall, the results from
this study suggest that the development of camitacnans is not solely dictated by

cellular repolarisation characteristics, but ratheomplex interplay of fixed cellular and
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dynamic tissue factors, which may include differiators under different experimental or
pathophysiological conditions.

Future directions

Two main future directions are suggested by thikwdhe first is to further explore the
clinical relevance of this model of alternans toWA in humans. An increased
vulnerability to repolarisation alternamsvitro has been demonstrated, and the natural
extension is to examine whether a similar assariagkistan vivo. Algorithms for
detecting MTWA from ambulatory ECG records haverbeéeveloped for use in humans,
and with some minor technical adaptations theseesdgorithms could be applied to
ambulatory monitoring in rabbits. This approach W@daalso provide invaluable data
regarding the occurrence of and circumstances wuding spontaneous ventricular

arrhythmias in animals with heart failure.

The second avenue for future research is to impoovecientific understanding of the
relationship between alternans and arrhythmia.fiftaeng in this study of amplitude
alternans which does not appear to be presemghescells but may rather be due to
heterogeneous coupling and 2:1 failure to captusmime groups of cells, is intriguing.
Not only does this observation provide a provigetential framework by which
macroscopically similar alternans could be produmgéntirely different underlying
processes, but also it could be hypothesised nkeiittent failure to respond in some
cells but not in others could be pro-arrhythmisa@me circumstances. To clarify and
investigate this possibility requires a rigorouamnation of the behaviour of single cells
in intact myocardium, which would then allow a deth comparison of the cellular events
underlying alternans produced by different expentakinterventions relating to the

disparate clinical pathologies which provoke aléers
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Conclusions

The main hypothesis of the current study was thaeased baseline heterogeneity of APD
in heart failure would result in increased hetermggy of alternans and ultimately lead to a
greater vulnerability to discordant alternans dretdfore to re-entrant arrhythmia. The
experimental data demonstrate an increased vuliigrab repolarisation alternans and
ventricular arrhythmia in heart failure. Althoughart failure was associated with both
alternans and ventricular arrhythmia, there wademonstrable mechanistic link between
alternans and ventricular arrhythmias in failinghg. It therefore remains possible that the
occurrence of alternans and re-entrant ventricrdrythmia simply co-exist in failing
hearts. Only through understanding the electropihygical basis of alternans in failing
myocardium can we hope to reconcile the now comgliical data regarding the
relationship between alternans and arrhythmia trepis with heart failure. These data
establish the occurrence of the experimental pgnadh a clinically relevant pathology,

and so constitute an important step forward inumderstanding. A definitive mechanistic
link between alternans and arrhythmia in heartfaiis yet to be shown, and determining
whether such a link exists remains a crucial aitmanslational cardiac electrophysiology

research.
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Introduction

In optical recordings of repolarisation alternahg, alternating behavior observed is not
restricted to the repolarisation phase of the ap#d. Alternans of action potential
amplitude is also seen, the basis for which isknotvn. Whether alternans of AP
amplitude occurs in single cells remains unclearinvestigate this we recorded alternans
from single cells in intact rabbit ventricular myawdium and compared these with
conventional optical recordings. If the alternatiolAP amplitude were primary, then this
might be expected to have an effect on the APDgr@ducing “secondary” repolarisation
alternans). If alternans of AP amplitude was seesirigle cells, then the mechanisms,
which remain uninvestigated, may be quite diffeterthose described for repolarisation
alternans. Similarly, if amplitude alternans isaaitefact of optical records then the
possible explanations for this extend beyond adtlesrof repolarisation. In either case, it is
conceivable that changes in recorded AP amplitua Imave implications for the
development of unidirectional conduction block, amaplitude alternans therefore requires
careful consideration, as it raises the possitifit other aspects of electrical activity,
aside from repolarisation, may responsible for BOWA and the accompanying

proarrhythmic status.
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Methods

Hearts from 17 male New Zealand White rabbits wised for these experiments.
Epicardial electrical activity was recorded fromfpsed left ventricular wedge
preparations using voltage sensitive dyes. In ebhefsexperiments a CCD-camera
detection system (single pixel dimension —32@) was used to record optical action
potentials (n = 8). In a separate set of experim@nt 9), optical action potentials were
recorded from single cells within the wedge prepanausing 2-photon excitation (920nm)
at a depth of ~50mm from the epicardial surfacé @it x-y resolution of ~1xin and a z-

axis resolution of ~2m.

Two photon fluorescence microscopy

In addition to the CCD-based system, a systermfiaging voltage in intact tissue using a
two-photon fluorescence microscope was developedtiphoton fluorescence

microscopy combines the advanced optical techniqliEser scanning microscopy with
long wavelength multiphoton excitation to captuighkhresolution images of specimens
stained with specific fluorophorebwo-photon excitation means that two low energy
photons are used to excite a fluorophore, resuitirige emission of a high-energy
fluorescence photon. This depends on simultaneossration of two photons and

therefore requires a high intensity of excitatitmoions, produced by a femtosecond pulsed
infrared laser. The laser beam is focused thromgbbgective lens toward the preparation
and the fluorescence from the sample is thenlsphtavelength and collected by two
photomultiplier tubes (PMTSs). As two-photon exdiatonly occurs at the focal point of
the laser, optical sectioning is produced by thetmpread function formed where the
pulsed laser beams coincide. This removes the foe@dpinhole (used in conventional
confocal microscopy) and so improves light transiois efficiency. The use of infrared
light to excite fluorophores in tissue is benefitiacause longer wavelengths are scattered
to a lesser degree than shorter ones, allowingehigiatial resolution. In addition, longer
wavelength light is less likely to cause photodaentagthe tissue outside the optical
section. These properties also mean that imagindpeachieved deeper into the tissue
than with conventional confocal microscopy, mearihag two-photon fluorescence

microscopy is better suited to imaging intact prapans.

Two-photon optical imaging system
The laser (LSM 510, Carl Zeiss Inc.) was focusedhenpreparation using a water-dipping
objective. Excitation was set at 920nm, the emitiigorescence was then split from the

excitation path using a 700nm main dichroic, antected using two non-descanned
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detectors (PMTSs) by splitting emission at 580nmo it10-560nm and 590-700nm bands
(see Figure A). Linescans were gated to the stismpldse and recorded at 50-150um from
the epicardial surface. With the 40x objective x-gesolution was 1x1x&n, and with the

10x objective 4x4x@m.
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Figure A. Two-photon optical imaging system

The upper panel illustrates the optical setting=sdusr imaging of Di-4-ANEPPS with the
two-photon confocal microscope. The lower panelghfsactional change in fluorescence
from Di-4-ANEPPS on administration of KCl, measunedsolated rabbit ventricular
cardiomyocytes. The optics for the two-photon imggsystem are illustrated.
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Motion artefact

The two-photon system has a lower tolerance foranpprinicipally because of its high
spatial resolution. This meant that 15mmol/L BDMswasufficient to allow optical
recordings by this method. 10pumol/L blebbistatiesetibed in Chapter 2gction 2.7.p
was added to 15mmol/L BDM produced a complete &bolof motion and allowed
optical mapping of voltage at this very high spgagsolution. BDM was continued to
reduce any potential differences between the potéacsed for the two imaging systems.
Effects of both compounds (and the combinatiorheftivo) were reversible by washout.
Blebbistatin (Biomol International) is a recentigebvered inhibitor of myosin Il
isoforms, which has been successfully employedrdiac optical mapping. In rabbit
ventricular myocardium 5-10umol/L blebbistatin abloés motion without any evident
effects on AP parameters, ventricular conductidoorgy or effective refractory period
(Federov, Heart Rhythm, 2006). 10pumol/L blebbistatided to 15mmol/L BDM
produced a complete abolition of motion and allowptical mapping of voltage at high
spatial resolution. BDM was continued to reduce jpoigntial differences between the
protocols used for the two imaging systems. Effe€tsoth compounds (and the

combination of the two) were reversible by washout.

Experimental protocols

In each experiment, baseline pacing from the errdadasurface at a CL of 350ms was
initiated after the preparation had been mountdtierimaging section of the chamber.
Optical recordings were taken for 2 seconds dwstegdy state pacing, and at least 30s
after any change in pacing CL. Baseline recordmegse repeated at the end of each
protocol, to assess for any changes in the comdatighe preparation caused by the
protocol. Experiments were performed at 30°C. Gptiecordings were taken during
baseline endocardial pacing at a CL of 350ms. BaClnwas then progressively shortened
in 50ms decrements to 200ms and then in 10ms deatspand recordings were taken
after 30s of pacing at each CL. Pacing CL was @sgjvely reduced until loss of 1:1
capture or a ventricular arrhythmia (VA) was inddicé/here VA was sustained, overdrive
pacing was attempted, and where this failed pawiagterminated and a rapid bolus of
25ul 1M KCI was administered to induce asystoleth&tend of the protocol pacing was
returned to a CL of 350ms.

Data analysis
The data files were saved using the Zeiss micrassofiware and were stored on two hard
drives as well as on CD/DVD. Each linescan wasv@&sh of APs on two separate

channels, which corresponded to the two wavelengihlected. For each wavelength, the
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linescan data were exported as a bitmap. Theseesaguld then be read into a program
which allowed ratio of channel 1 and channel Zyrtmduce a ratiometric optical signal (see
Figure B). Each individual signal in the raw ratiace was then averaged long the length
of the linescan to produce a averaged AP. The progiso allowed a number of
variations of the averaging algorithm, such thatspaf APs along the trace could be
averaged, so that any alternans could be ident@firequantified. The averaged APs,
regardless of how they were derived, could theartaysed for AT-mid, RT and ARB

using the same definitions as described for the G@&idem analysis.
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Figure B. Ratiometry and averaging of two-photon Inescan data

Raw fluorescence signals taken from a two-photoesitan, along with the corresponding
averaged pairs of APs. (i) Fluorescence record&d@560nm (ii) fluorescence recorded
at >590nm (iii) ratio fluorescence signal.
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Results

CCD recordings

At a cycle length (CL) of 350ms, optical action gxtials showed no alternating
characteristics. Progressive reduction in CL preduaiternans, which was confirmed by
spectral analysis. At the shortest cycle lengtlpsued, the mean change in alternate
APDzswas 20.1+7.1% and in alternate AP amplitude wag £P.9% (mean CL 156.7 £
5.8ms).

Two photon confocal recordings

An example of an action potential recorded by twotpn fluorescence microscopy is
given in Figure C. As shown in Figure D, at the imiam CL supported (mean 165.0 £
7.3ms), the changes in alternate AP[®.5 = 1.9%) and AP amplitude (3.5 + 1.3%) were
significantly smaller than those seen at the losyatial resolution. As shown in Figure E,
during alternans recorded at high spatial resatutiferent behaviours were observed in
single cells. In some cases, single cells displayeamittent 2:1 block while in adjacent
regions 1:1 coupling was observed, producing atesrof AP amplitude and APD. In
others alternans of APD was observed at the stejldevel, without clear alternans of AP

amplitude.
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Example of cardiomyocytes at =100

Time
P

10%

Amplitude

0%

100 ms

um depth

Example of linescan at =100 um depth (3H2)

Figure C. Action potentials in intact myocardium mesured by 2P linescan
Courtesy of Dr Ole Johan Kemi. The upper panel shafluorescence image of the

subepicardium stained with Di-4-ANEPPS using the dibjective.
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Figure D. A comparison of results from the CCD an®P systems
Percentage difference in ARfand AP amplitude in each set of experiments, *Qu05,

w1 < 0.001.
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Figure E. Examples of single cell behavior underlyig alternans

In the upper panel, the raw trace shows alternbA®D, which is reflected in the
averaged signal. In the lower trace, intermittenpdut is seen, which results in alternans
of both APD and AP amplitude in the averaged signal
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Discussion

These data demonstrate the differences in actitenpal characteristics recorded during
alternans at different spatial resolutions. Thelgsn of the CCD recordings is such that
the signal represents the mean voltage within @fgsgnt volume of myocardium. In
contrast, the two-photon confocal system allowsagad recordings from a single cell
within the intact myocardium. While significantelhans of AP amplitude and APD are
recorded at lower spatial resolution, the magnititihe proportional change is much
smaller when recordings are taken from single c&lss raises the possibility that
heterogeneous single cell responses may undeglialtdérnating morphology of the optical
action potential measured at a low spatial resmtutindeed, we did observe different
single cell behaviours during alternans, from ak¢ing APD to intermittent action
potential failure. These data suggest that inital@mtricular myocardium rapid pacing
and low temperature induce heterogeneous respfmsesingle cells and consequently,
that different cellular behaviours may underlie #tternating changes in AP amplitude and

APD recorded from larger areas of myocardium.



