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Chapter13


SummaryandFuturePerspectives

SelectioncriteriaforCardiacResynchronizationTherapy(CRT)aremainlybased
onthemorphologyandtimedurationoftheQRScomplex.Followingguideline
criteria,however,approximatelyoneͲthirdofthepatientsimplantedwithCRT
willnotrespondfavorably.Overthelasttwodecades,numerousstudieshave
soughttodeterminevariablesassociatedwithimprovedCRTresponse.Itisnow
widelyacceptedthatthesefactorsincludestrictleftbundlebranchblock(LBBB)
morphology,longerQRSduration(QRSd),sinusrhythm,nonͲischemicetiology,
youngerageandfemalegender.Ontheotherhand,consensushasstillnotbeen
reachedonthepredictivevalueofcardiacimagingtechniquesinCRTcandidates.
Onthismatter,theroleofmyocardialstrainparametersisespeciallydebated.
AfterthedecisiontoimplantCRThasbeenmade,thequestionarisesifdevice
optimizationstrategiesincreasesbenefitfromthetherapy.This,again,istopic
ofsignificantdebateandrequiresfurtherresearch.Thepresentthesisaimsto
investigatetwostrategiesthatcanpotentiallyincreaseeffectivenessofCRT:(i)
improvedselectionofpotentialresponderspriortoimplantationusingcardiac
imaging techniques and (ii) optimized device settings afterwards in order to
maximizehemodynamicbenefits.Bothstrategieswillbediscussedbelowinpart
one(patientselection)andparttwo(deviceoptimization),respectively.

PartIANormalizationofQRSdurationtoLVdimension
CRTprovideselectricaltherapyforheartfailureintheformofpacingpulsesthat
resynchronize the ventricular contraction sequence affected by distorted
electricalconduction.Beinganelectricaltherapyforanelectricaldisease,itis
notsurprisingthatpatientselectionforCRTisguidedbytheelectricalparameter
QRSd.IncreasedQRSd,however,mayarisefromslowcellͲtoͲcellconduction(i.e.
trueLBBB),orbyincreasedconductionpathlength(dilationofthefailingheart).
PartIAofthethesisevaluatesthetheoreticalconceptthatincorporationofleft
ventricular(LV)structuralmeasurementsintheassessmentofelectricaldelay,
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bynormalizingQRSdtoLVsize,improvespredictionofCRTresponse.Chapter
two provides a proofͲofͲprinciple study amongst thirtyͲtwo patients who
underwentCMRimagingbeforeCRTimplantationfollowedbyinvasivepressureͲ
volumeloopmeasurementstoobtainacuteLVpumpfunctionchangesduring
CRT.NormalizationofQRSdtoLVdimension(i.e.QRSddividedbyLVdimension)
improved correlation with acute LV pump function improvement by CRT.
DifferentmetricsofLVsize(volumes;diameter;length;mass)allshowedsimilar
resultsinrelationtoQRSdandCRTresponse.Inaddition,womenachievedmore
pump function improvement during CRT compared to men. This sexͲspecific
difference in CRT outcome may be partly ascribed to differences in LV size
between both sexes. As the female heart is generally smaller, women have
shorterQRSdcomparedtomen.InordertoreachthecutͲoffQRSdvalueforCRT
(guidelines are identical for men and women), female hearts will have more
conduction delay compared to male hearts and might therefore be more
amenableforsuccessfultreatmentwithCRT.Theseresultswereconfirmedby
Varmaetal.whoshowedinasubsequentstudythatsexͲspecificdifferencesin
the QRSdͲresponse relationship resolved after QRSd normalization to LV
dimension.(1)
Subsequently, chapter three extends the role of QRSd normalization to the
prediction of clinical endpoints in a large population of twoͲhundredͲfifty
patients eligible for CRT. QRSd normalization improved prediction of survival
afterCRTimplantation.Moreover,normalizedQRSdyieldedprognosticvaluein
apredictionmodeltogetherwithage,atrialfibrillation,renalfunctionandheart
failureetiology.ThesefindingsindicatethatamultiͲmodalityapproachincluding
electrical, structural and clinical parameters could potentially improve patient
selectionforCRT.

PartIBMyocardialstrainimaging
InCRT,electricalresynchronizationleadstoLVpumpfunctionimprovementby
mechanicalreͲcoordinationofcontractionbetweendifferentregionsoftheLV
walls,especiallybetweentheseptumandlateralwall.Amorehomogenouswork
distributionincreasesLVpumpfunctionefficiencyandresultsinlargerexternal
work to eject blood.(2) Therefore, the purpose of CRT may be referred to as
mechanical reͲcoordination rather than electrical resynchronization therapy.
ThisconceptissupportedbyresultsfromthePROSPECTtrialwherenumerous
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dyssynchrony parameters were unable to predict CRT outcome.(3) Whether
detectionofmechanicaldiscoordination(systolicstretchingofsegments)rather
than dyssynchrony (regional timing differences between segments) yields
additionalvalueinthepredictionofLVpumpfunctionimprovementafterCRT
remains to be proven. Part 1B of this thesis evaluates the role of myocardial
strain imaging to improve patient selection for CRT. In chapter four regional
strain measurements are combined with LV pressure curves to calculate
myocardial work distribution.(4) Contribution of the septum to total LV work
varieswidelyinCRTcandidateswithLBBB,andthelowertheseptalcontribution
tototalmyocardialwork(orthehighertheseptalwaste)atbaselinethehigher
theacuteimprovementinpumpfunctionthatcanbeachievedduringCRT.These
resultsareconfirmedinasubsequentstudybyVeceraetal.whoshowedthat
wasted septal work strongly predicted CRT response after one year.(5)
Myocardialstrainimagingthereforeprovidesaninsightinthenegativeeffectof
LBBB on myocardial work and energy utilization, and reflects the potential
benefit that can be achieved by CRT. In our smallͲscale study, all patients
underwentCMRtagging(CMRͲTAG)toobtainhighͲqualityregionalstraincurves.
AvailabilityofCMRͲTAG,however,isverylimitedinclinicalpractice.Therefore,
theroleofothernonͲinvasiveimagingtechniquessuchasCMRfeaturetracking
(CMRͲFT)andspeckletrackingechocardiography(STE)isofinterest.Chapterfive
providesacomparisonofstrainvaluesobtainedwithCMRͲFTandSTEversus
‘goldstandard’CMRͲTAG.TwentyͲsevenCRTͲcandidates,prospectivelyincluded
intheMarkersAndResponsetoCRT(MARC)study,underwentCMRimagingand
echocardiographicexamination.BothCMRͲFTandSTEtechniquesshowedtobe
potentially valuable alternatives for CMRͲTAG, especially in the evaluation of
mechanical discoordination. Subsequently, chapter six provides
echocardiographic followͲup data in these patients allowing to compare
predictivevalueforCRTresponseofdifferentstrainparametersusingmultiple
imaging techniques. Of all strain parameters, measuring endͲsystolic septal
strain (ESSsep) showed strongest relation with CRT response after one year,
irrespective of imaging technique. ESSsep reflects fiber length change of the
septum throughout systole. Detection of septal discoordination with higher
ESSsep values (i.e. septal stretching instead of contraction) at baseline was
associated with more extensive reverse remodeling after CRT. Moreover,
measuringESSsep byanyavailableimagingtechniqueshowedtobeadditiveto
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present guideline criteria (QRS morphology; QRSd). The application of strain
imaginghasyetnotbeenincludedindailypractice,butitislikelytobecomea
usefulapplicationwhenevaluatingheartfailurepatientsforCRTimplantation.
This may be of particular interest in CRT candidates with unfavorable patient
characteristics (nonͲstrict LBBB morphology, shorter QRSd), in whom benefit
from CRT is doubted. Subsequently, the novel segment length in cine (SLICE)
straintechniqueisintroduced.ThepurposeofSLICEistoprovidethecliniciana
simplified strainanalysistechniquetoestimatebenefitfrom CRTbyanalyzing
standardCMRcineimages,basedonpreviousfindings.Morespecifically,SLICE
consists of a series of manual frameͲtoͲframe segment length measurements
betweenanatomiclandmarksonstandardshortͲaxisCMRcines.Inafirststep,
SLICEwasvalidatedto‘goldstandard’CMRtaggingintwentyͲsevenpatientsof
theMARCpopulation(chapterseven).SLICEͲderivedstrainvaluesshowedgood
agreementwithCMRͲTAGandgoodͲtoͲexcellentreproducibility.Anadvantage
oftheSLICEtechniqueisthatitobviatestheneedforadditionalCMRscanning
sequences (i.e. CMRͲTAG) or commercial postͲprocessing software tools (i.e.
CMRͲFT).However,strainparametersthatrequireSLICEanalysisoftheentire
straincurvemaytakealongprocessingtime(upto60minutes).Subsequently,
SLICE analysis was performed in fiftyͲseven MARC patients who underwent
standardCMRexaminationinchaptereight.PredictivevalueofdifferentSLICEͲ
derived strain parameters were compared with ESSsep showing the strongest
relationtoreverseremodelingafterCRT.Theseresultsareinlinewithearlier
CMRͲTAG,CMRͲFTandSTEfindings,indicatingthatESSsepisarobustpredictor
ofCRTresponse.Inamultivariableanalysis,ESSsepshowedtobeanindependent
predictorofCRTresponsetogetherwithageatimplantandQRSAREA derivedby
vectorͲloop ECG analysis. A great advantage of the ESSsep parameter is that it
requires only two (endͲsystolic and endͲdiastolic) segment length
measurementsandcanbeperformedinundertenminutes,makingthisafast
andstraightforwardtechnique.Lastly,theroleoftheSLICEͲESSsepmeasurement
was extended to the prediction of clinical outcome after CRT in a large
population of CRT candidates. Chapter nine presents a twoͲcenter study
including twoͲhundredͲeighteen patients who underwent CMR imaging
including late gadolinium enhancement (LGE) prior to CRT implantation. The
mainfindingsofthisstudywerethatapositiveESSsepatbaselinewasassociated
withtwoͲtothreeͲfoldlowerrateofallͲcausemortalityandHFeventsafterCRT
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implantation. However, predictive value ESSsep was confounded by regional
scarringoftheseptum,indicatingthatSLICEshouldbecombinedwith LGEto
excludeseptalscarringasthecauseofseptalstretching.Inclinicalpractice,CMR
imagingisincreasinglyusedtoscreencandidatesbymeasuringLVEFcombined
withLGEimagingtoguideLVleadplacement.(6)AdditionalSLICEanalysisofthe
septum could potentially improve diagnostic yield of CMR and guide future
patientselectionforCRT.

PartIIDeviceoptimization
InparttwoofthisthesisseveralCRToptimizationstrategiesareevaluated.The
first two chapters are part of the OPTICAREͲQLV (Optimization of Cardiac
ResynchronizationTherapywithaQuadripolarLeftVentricularLead)study.The
mainaimoftheOPTICAREͲQLVstudywastorelateelectricalparameters(Qon
surfaceECGtoLVsensinginterval,QLV)toacutehemodynamicresponseinCRT
usingquadripolarLVleadsasdescribedinchapterten.FortyͲeightheartfailure
patientswithLBBBwereprospectivelyenrolledandunderwentbothelectrical
and invasive pressureͲvolume loop measurements directly after CRT
implantation.AlthoughtherewasalargevariationinacutehemodynamicCRT
response between different electrodes of the quadripolar lead, electrical
parameters(QLV;QLV/QRSd)wereunabletoidentifythemostbeneficialpacing
electrode of a quadripolar lead. Therefore, optimization of the pacing
configuration of CRT with a quadripolar LV lead should rely on functional
assessment of cardiac function, instead of local electrical delay. Acute CRT
responsecanbeassessedbyinvasivehemodynamictestinginordertooptimize
devicesettings.Typically,themaximumrateofLVpressurerise(dP/dtmax)isused
asanindexofventricularperformance.Alternatively,strokework(SW)canbe
measured from pressureͲvolume loops. Chapter eleven evaluates the acute
effect of dP/dtmax versus SW guided CRT optimization, and relates acute
hemodynamic changes to longͲterm CRT response. It was demonstrated that
hemodynamicoptimizationoftheLVpacingelectrodeandAVdelayinCRTwith
quadripolarleadsresultinapproximatelyoneͲthirdadditionalimprovementin
the parameter used for optimization (either dP/dtmax or SW). Improvement in
oneparameter,however,didnotcoincidewiththeotherindicatingtwodifferent
mechanisms. Whereas dP/dtmax optimization favored LV contractility, SW
optimization improved ventricularͲarterial coupling leading to higher stroke
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volume and ejection. Acute changes in SW showed high predictive value for
prediction of longͲterm CRT response, whereas predictive value of dP/dtmax
changewasnonͲsignificant.PressureͲvolumeguidedhemodynamicoptimization
maythereforebeconsideredapotentialstrategytousethefullpotentialofCRT
withquadripolarleads.Lastly,chaptertwelvesummarizesrecentliteratureon
the role of cardiac implantable electronic devices (ICD; CRT) for treatment of
chronotropic incompetence (CI) in HF patients. A substantial part of the HF
populationispresentlyequippedwithanimplanteddeviceofferingtheunique
opportunitytostudyHRdynamicsanddeliverpacemakertherapy.RateͲadaptive
pacinghasshownfavorableeffectsonbothexercisecapacityandsurvivalina
well selected subset of HF patients with manifest CI. Advances in device
technology by incorporating additional physiological activity sensors and the
detectionofCIusingadevicehistogramͲbasedheartratescoremightimprove
futuretreatmentofCIintheHFpopulation.

Clinicalimplications
Patients with HF, reduced ejection fraction and wide QRS on the
electrocardiogram are recommended for CRT by the present guidelines.
Electrical resynchronization typically results in narrowing of the QRS complex
andleadstoLVpumpfunctionimprovementbymechanicalreͲcoordinationof
LVcontraction.PreviousstudiesshowedthatCRTcandidateswithnarrowQRS
complexesyieldnobenefit(orderivedharm)fromCRT.(7)Ontheotherhand,
noteverypatientwithwideQRScomplexbenefitsfromthetherapy.Therefore
additional selection criterion are needed to reduce the rate of nonͲresponse.
CurrentguidelinesonCRTjustifytheuseofcardiacimagingonlytoestimateLV
ejectionfraction.However,informationoncardiacdimensionscouldpotentially
addtothepredictivevalueofQRSdurationasdemonstratedinthefirstpartof
thethesis(QRSdnormalization).Inaddition,assessmentofcardiacmechanics
may also be used to further improve patient selection for CRT. Although
parameters of mechanical dyssynchrony (regional timing differences) showed
inconsistent results, mechanical discoordination (systolic stretching) of the
septum provides added value to guideline parameters in the prediction of LV
pumpfunctionimprovementafterCRT,irrespectiveofimagingtechnique.When
comparing different imaging techniques, CMR has unique advantages over
echocardiography in accurately and reproducibly quantifying LV size and
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function and by enabling the detection of myocardial scar tissue. Additional
SLICEanalysisoftheseptumfurtherincreasesdiagnosticyieldofCMRandmay
thereforebeconsideredthefirstͲchoiceimagingmodalityintheworkͲupofCRT
candidates. Performing CMR imaging is in particular of interest in patients in
whom benefit from CRT is doubted (old age, ischemic cardiomyopathy, nonͲ
strictLBBBmorphology).IncaseCMRimagingshowssevereLVdilatation(low
QRSd/LVEDV ratio), lack of septal discoordination (negative SLICEͲESSsep), and
extensivemyocardialscarring(especiallyoftheseptum),CRTmaybewithheld
inthesepatients.Becausedifferenttypesofparametersyieldedpredictivevalue
inmultivariableanalysis,amultimodalityworkͲupincludingclinicalparameters,
electrical (ECG) assessment and mechanical (CMR) analysis seems legitimate
beforeundergoinginvasiveCRTimplantation.Afterthedecisionhasbeenmade
forCRTimplantation,deviceoptimizationstrategiesmaybeconsideredtouse
thefullpotentialofCRTwithquadripolarleads.Electrical(i.e.QRSduration;QLV)
and echocardiographic (i.e. stroke volume; mitral flow) parameters are most
widelyusedinclinicalpracticealthoughconvincingscientificevidenceforthese
methodsislacking.PressureͲvolumeguidedhemodynamicoptimizationinCRT
usingaconductancecatheter results in approximatelyoneͲthirdadditionalLV
pump function improvement on top of conventional CRT. Although invasive
hemodynamic optimization is unfeasible in clinical practice, the concept of
volume (instead of pressure) Ͳbased optimization may guide future
implementation of nonͲinvasive surrogates such as intraͲcardiac impedance
measured between leads, or CRT stimulation in the CMR environment (see
future perspectives). Lastly, reversal of CI by rateͲadaptive pacing algorithms
may increase clinical benefit from device implantation. Strategies to improve
CRTasinvestigatedinthethesisaresummarizedinfigure1.
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PreͲimplantation: patient selection
Clinicalfactors:age;renal function ; etiology; atrialfibrillation
Electrocardiogram:QRSd;QRSmorphology;QRSAREA
CMRimaging:LVEDV(QRSd/LVEDV);LVEF;LGE;SLICEͲESSSEP




PeriͲimplantation: LVlead placement
Lead:QuadripolarLVlead
Location:Lateralareaoutsidescar,awayfromphrenicnerve




PostͲimplantation: device optimization
• OptimizationofLVpacing electrode and AVͲ / VVͲdelaysby
volumetricparameters(strokeworkorstrokevolume)

• OptimizationofheartrateprofilebydetectionofCIand
treatmentbyrateͲadaptivepacingduringexercise


Figure 1: Strategies to improve Cardiac Resynchronization Therapy: QRSd, QRS duration;
LVEDV, LV endͲdiastolic volume; LVEF, LV ejection fraction; LGE, late gadolinium
enhancement; SLICEͲESSSEP; endͲsystolic septum strain derived by segment length in cine
analysis;QLV,atrioventricular;VV,interventricular;CI,chronotropicincompetence
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FUTUREPERSPECTIVES
Electrocardiography
UsingguidelinerecommendationsforCRTbasedonstandardECGparameters
(QRSmorphologyandQRSd)resultsinalargeproportionofpatientsbecoming
nonͲresponders.(8)Recentstudiessuggestthatvectorcardiographymayidentify
LVlateralwalldelayedactivationbetterthanconventionalECGparameters.(9)
QRSAREA,obtainedfroma3dvectorloopsynthesizedfromadigital12ͲleadECG,
showedpredictivevalueforCRTresponseoverstandardECGparametersinthe
MARCstudyincluding240patients.(10)Inaddition,QRSAREAshowedimproved
predictionofclinicaloutcomeinotherstudies.(11,12)Thelatestdevelopmentin
nonͲinvasive ECG imaging is body surface mapping. A MRI or CT scan is
performedwithupto224unipolarelectrodesplacedonthepatient’schestand
subsequentlytheseelectrodesareusedtoobtaina224leadECG.Subsequently,
a3Ͳdimensionalmeshoftheventriclesisconstructed,andisochronalmapsare
superimposed to display detailed electrical wave propagation. Body surface
mappingreliablyandaccuratelydetectselectricaldyssynchrony,thesiteoflatest
activation, and electrical resynchronization during biventricular pacing.(13)
Advanced electrical mapping, however,does not obviatetheneed forcardiac
imaging to assess the mechanical consequences arising from the electrical
conductiondisorder.

CardiacimagingbeforeandafterCRTimplantation
ApromisingstrategytoincreasebenefitfromCRTistargetedLVleaddeliveryby
multiͲmodalityimaging.OptimalpacingsitescanbedeterminedbyCMRimaging
(i.e.segmentwithlatecontractionoutsidescararea)andCTscans(i.e.anatomy
ofcoronarysinusandphrenicnerve)andfusedwithlivefluoroscopicprojections
duringimplantation.(14,15)Ofnote,CMRisalsocapableofvisualizationofthe
coronary venous anatomy, enabling a singleͲmodality workͲup for CRT
candidates.(16)Moreover,CMRcannowbeusedforfollowͲupofCRTpatients
as CEͲmarked CMRͲcompatible CRT devices have recently been launched for
clinical applications. Theoretically, these novel devices allow for evaluation of
pacingeffectsonthemyocardiumusingCMR,providingnewopportunitiesto
individualize CRT settings. However, due to their metal composition these
devices cause various types of artifacts within CMR images. Therefore, we
initiatedthePICARIAͲCRTtrial(PacinginCardiacMagneticResonanceImaging,
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a CRT Trial) at our center. The objective of this pilot study is to assess the
feasibilityofCMRimaginginpatientsimplantedwithaCMRcompatibleCRTͲD,
and to evaluate the effect of biventricular pacing on LV functional
measurements.Thefirstcasesshowedpromisingresultswithsufficientimage
qualityforLVvolumequantificationasillustratedinfigure2.

Figure2:CMRimaginginapatientimplantedwithaCRTͲD:ShortͲaxiscineimageinapatient
implanted with a CMRͲcompatible CRT device demonstrating good image quality using a
retrospectivelyECGͲgatedspoiledgradientecho(SPGR)sequence.
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MeasuringLVstrokevolumeduringdifferentpacingconfigurationsallowsfora
volumeͲbased optimization strategy similar to the invasive pressureͲvolume
loop approach. Moreover, CMR volumes may be combined with brachial
pressure measurements to obtain completely nonͲinvasive pressureͲvolume
loops as recently demonstrated by Seemann et al.(17) NonͲinvasive pressureͲ
volume loop optimization could potentially result in a similar oneͲthird
additional LV pump function improvement on top of conventional CRT, but
withouttherisksofaninvasiveprocedure.

IntraͲcardiacconductanceoptimization
Astheheartundergoesfunctionalandstructuralchangesduringtheprocessof
reverse remodeling after CRT, optimal device settings may vary over time.
ContinuousassessmentofLVpumpperformanceenablesnonͲstopoptimization
ofLVpumpfunctionduringrealͲlife.SurrogateparametersofLVpumpfunction
can be derived by the device itself using the same principle as the (invasive)
conductance catheter. LV  conductance is measured between standard
ventricularleadsbyapplyingacurrentbetweentheRVcoilandoneoftheLV
electrodesandmeasuringthereturningvoltagebetweentheRVringandoneof
theLVelectrodes,seefigure3.ThistechniqueenablesrealͲtimeoptimizationof
CRT by maximizing the amplitude of the conductance signal, resembling LV
stroke volume.(18) Furthermore, this method may be used for remote home
monitoringtotimelydetectheartfailureprogressionandpreventheartfailure
hospitalization. Lastly, the conductance technique may be used to detect
hemodynamicunstablearrhythmiasandprovideappropriateICDtherapy.Taken
together,intraͲcardiacconductancemeasurementsmayhavelargeimplications
for patients with HF implanted with a biventricular device. Since validation
studies showed promising results with accurate and robust assessment of LV
volumechanges,(18Ͳ20)futurestudiesinaclinicaltrialsettingareawaited.
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Figure3:IntraͲcardiacconductancemeasurements:IntraͲcardiacconductanceismeasuredby
applyingacurrentbetweentheRVcoilandoneoftheLVelectrodes(inthisexampleM3)and
measuringthereturningvoltagebetweentheRVringandoneoftheLVelectrodes(D1orM2
orP4).

Heartrateoptimization
Cardiac output is the product of stroke volume and heart rate. In addition to
strategiesthatoptimizeLVstrokevolume(aspreviouslydiscussed),improving
HR responsiveness during exercise may further improve exercise capacity in
patients with HF and CI. The ADAPTION (Rate Adaptive Atrial Pacing in Heart
FailurePatientswithChronotropicIncompetence)trialledbyourgroupaimsto
assess the ability of minute ventilation sensor driven rateͲadaptive pacing to
restore functional capacity and quality of life in HF patients with CI. It is
hypothesizedthatCIiscommonintheheartfailurepopulationandthatreversal
of CI by rate adaptive pacing using physiological (minute ventilation) activity
sensors could potentially add to the benefit of cardiac implantable electronic
devicessuchasCRT.
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Newcardiacpacingtechniques
Recently, His bundle pacing (HBP) has gained interest as an alternative to
biventricularpacing(CRT).Bystimulatingnativeconductiontissuedistaltothe
conductionblockcausingLBBB,normalconductionpathwaysarerecruitedand
relativelynormalelectricalactivationoftheventriclesisaccomplished(figure4).
HBPmightovercomepumpfunctiondeteriorationinducedbyconventionalright
ventricular pacing, and several studies have shown HBP to achieve greater
electrical resynchronization compared to conventional CRT.(21) Further pump
functionimprovementmightevenbeachievedbyHisͲOptimizedCRT(HOTͲCRT)
in which His bundle pacing is combined with biventricular pacing or
univentricularpacingtofurtherimprovesynchrony.Recently,afeasibilitystudy
showedthatHOTͲCRTwassuccessfullyachievedin25of27patients.(22)QRS
durationatbaselinewas183±27msandsignificantlynarrowedto162±17ms
withCRT,to151±24msduringHBP,andfurtherto120±16msduringHOTͲCRT.
However,electricalresynchronizationwithHOTͲCRThasneverbeenevaluated
ingreaterdetailthanbysimplymeasuringQRSduration.CurrentlytheHOTͲCRT
studyisconductedattheUniversityHospitalofGenevawhichaimsaninͲdepth
electricalcharacterizationofHOTͲCRTusingECGimaging.OthernewLVpacing
approaches include endocardial pacing as well as leadless LV pacing.(23) In
endocardialpacing,theLVleadisplacedintheLVendocardiumthroughatransͲ
septalatrialorventricularapproach.Althoughtheoperatorwillbeabletoreach
allregionsofftheLVandendocardialpacingresultsinfastLVdepolarization,this
techniqueishamperedbyanincreasedriskofthromboͲembolicevents.(24,25)
Incontrast,theuseofaleadlessendocardialLVleadelectrodeavoidsthromboͲ
embolicrisks.(26)Leadlesspacemakerscouldbethefutureofcardiacpacing.
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Figure4:HisBundlePacing:HisBundlePacingengagestheHisbundleͲPurkinjeconduction
system(inyellow)andcanrestorephysiologicalactivationoftheventricleswithcorrectionof
(proximallylocated)bundlebranchblock.

