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BACKGROUND Enhanced dispersion of action potential duration
(APD) is a major contributor to long QT syndrome (LQTS)-related
arrhythmias.

OBJECTIVE To investigate spatial correlations of regional hetero-
geneities in cardiac repolarization and mechanical function in LQTS.

METHODS Female transgenic LQTS type 2 (LQT2; n = 11) and
wild-type littermate control (LMC) rabbits (n = 9 without E4031
and n = 10 with E4031) were subjected to phase contrast magnetic
resonance imaging to assess regional myocardial velocities. In the
same rabbits’ hearts, monophasic APDs were assessed in corres-
ponding segments.

RESULTS In LQT2 and E4031-treated rabbits, APD was longer in all
left ventricular segments (P < .01) and APD dispersion was greater
than that in LMC rabbits (P < .01). In diastole, peak radial
velocities (Vr) were reduced in LQT2 and E4031-treated compared
to LMC rabbits in LV base and mid (LQT2: —3.36 = 0.4 cm/s, P <
.01; E4031-treated: —3.24 = 0.6 cm/s, P < .0001; LMC: —4.42 =
0.5 cm/s), indicating an impaired diastolic function. Regionally
heterogeneous diastolic Vr correlated with APD (LQT2: correlation
coefficient [CC] 0.38, P = .01; E4031-treated: CC 0.42, P < .05).
Time-to-diastolic peak Vr were prolonged in LQT2 rabbits (LQT2:
196.8 = 2.9 ms, P < .001; E4031-treated: 199.5 = 2.2 ms, P <
.0001, LMC 183.1 * 1.5), indicating a prolonged contraction
duration. Moreover, in transgenic LQT2 rabbits, diastolic time-to-
diastolic peak Vr correlated with APD (CC 0.47, P = .001).
In systole, peak Vr were reduced in LQT2 and E4031-treated rabbits

(P < .01) but longitudinal velocities or ejection fraction did not
differ. Finally, random forest machine learning algorithms enabled
a differentiation between LQT2, E4031-treated, and LMC rabbits
solely based on “mechanical” magnetic resonance imaging data.

CONCLUSIONS The prolongation of APD led to impaired diastolic
and systolic function in transgenic and drug-induced LQT2 rabbits.
APD correlated with regional diastolic dysfunction, indicating that
LQTS is not purely an electrical but an electromechanical disorder.
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ABBREVIATIONS APD = action potential duration; APD;5 = action
potential duration at 75% of repolarization; [Ca®*]; = cytoplasmic
Ca?*t concentration; CC = correlation coefficient; ECG =
electrocardiogram; EPS = electrophysiological study; Ic, = L-
type Ca2+ current; Iy, = rapid delayed rectifier potassium current;
IV = intravenously; LMC = wild-type littermate control; LQT2 =
long QT syndrome type 2; LQTS = long QT syndrome; LV = left
ventricle/ventricular; MAP = monophasic action potential; MRI =
magnetic resonance imaging; pVT = polymorphic ventricular
tachycardia; QTc = heart-rate corrected QT; SD = standard
deviation; TTP = time-to-peak velocities; Vr = radial velocities;
Vr_dia = diastolic peak radial velocities; Vz = long-axis velocities;
Vz_dia = diastolic peak long-axis velocities
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Introduction
The inherited long QT syndrome (LQTS) is an arrhythmogenic
disease characterized by impaired cardiac repolarization that
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clinically manifests with QT prolongation, polymorphic ven-
tricular tachycardia (pVT), syncopes, and sudden cardiac
death." A spatially heterogeneous prolongation of repolariza-
tion leading to an enhanced dispersion of action potential
duration (APD) is considered a major contributor to LQT-
related arrhythmias.” As a result of their prolonged repolariza-
tion, patients with LQTS have globally prolonged cardiac
contraction duration with transmural differences.”* However,
the spatial relationship between electrical and mechanical (dys)
function remains to be elucidated.
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Phase contrast magnetic resonance imaging (MRI) has
been used successfully to determine regional differences in
myocardial contraction and relaxation velocities in human
patients.” Healthy women, who physiologically have longer
repolarization than men, have altered peak velocities and
different regional patterns of relaxation compared to men,°
suggesting that it may be possible to determine changes and
spatial differences in mechanical function in LQTS by using
this technique.

Rabbits exhibit pronounced similarities in the expression
and function of voltage-gated K* channels’ and Ca*"
cycling proteins® as humans, suggesting that rabbits can
fairly appropriately mimic the human phenotype of cardiac
diseases with electrical and/or mechanical impairment.
Indeed, several transgenic rabbit models of human diseases
such as LQTS and hypertrophic cardiomyopathy have
demonstrated pronounced similarities with the human phe-
notype.”'" Transgenic LQTS type 2 (LQT2) rabbits mimic
human LQTS with QT prolongation, pVT, sudden cardiac
death, and an increased APD dispersion as major arrhythmo-
genic mechanism.” Moreover, despite some species differ-
ences in myocardial motion between humans and small
animals, we could recently show similarities between
humans and rabbits in regional contractile behavior with a
similar rotational motion,'' indicating that LQT2 rabbits
may be a useful tool to assess mechanical function in LQTS.

By using in vivo phase contrast MRI, ex vivo monophasic
action potential (MAP) measurements, and machine learning
approaches, we aimed at elucidating the spatial relationship
between regional electrical and mechanical cardiac function
and their spatial dispersion in transgenic and drug-induced
LQT?2 rabbits.

Methods

A more detailed method description can be found in the
Online Supplement.

Rabbits

Adult female transgenic LQT2 (HERG-G628S, 4.1 = 0.6
months, 2.4 * 0.3 kg) and wild-type littermate control
(LMC) rabbits (without drugs, 6.3 = 1.0 months, 3.8 = 0.6
kg; with E4031, 4.0 £ 0.2 months, 2.9 * 0.3 kg) were
subjected to MRI followed by MAP measurements.

Phase contrast MRI
To assess myocardial velocities, transgenic LQT2 (n = 11)
and LMC rabbits (n = 9 without drugs, n = 10 with E4031,
bolus 10 ug/kg and infusion 1 ug/(kg-min)'?) were sub-
jected to phase contrast MRI at 1.5 T (Avanto, Siemens,
Germany).ll Animals were anesthetized with (S§)-ketamine/
xylazine (12.5/3.75 mg/kg intramuscularly, followed by 1-
2.5 mL/kg/h intravenously [IV]), which does not affect
cardiac repolarization,"” and positioned in a 12-channel
head coil.

Experiments were performed with a black blood prepared
gradient echo sequence with prospective electrocardiographic

(ECG) gating and high temporal (7.6 ms) and spatial resolution
(1.0 x 1.2 x 4 mm)."" For data postprocessing, customized
MATLAB software was used. For regional analysis, the left
ventricle (LV) was partitioned into 16 segments in the base,
mid, and apex (the American Heart Association model'?).
Mean radial (Vr) and long-axis (Vz) systolic and diastolic peak
and time-to-peak (TTP) were determined. The standard devia-
tion (SD) of TTP from 16 segments was calculated as a measure
for mechanical dispersion. Heart rate-corrected diastolic TTP
were computed as the percentage of RR.

MAP measurements in Langendorff-perfused

rabbit hearts

To correlate electrical and mechanical function, MAPs were
acquired in the same LQT2 (n = 10) and LMC rabbits (n = 9
without drugs; n = 10 with E4031; 0.1 uM"?). Rabbits were
anesthetized with (S)-ketamine/xylazine (12.5/3.75 mg/kg)
intramuscularly and received 1000 IU heparin IV. After
euthanasia with sodium thiopental (40 mg/kg) IV, hearts
were excised rapidly and mounted on the Langendorff-
perfusion setup (IH5, Hugo Sachs Electronic-Harvard Appa-
ratus, Hugstetten, Germany). Hearts were retrogradely per-
fused with modified Krebs-Henseleit solution.'® ECG, MAP,
coronary flow, and pressures were continuously recorded
with Isoheart software (Hugo Sachs Electronic, Version
1.1.1.218(32)).

After mechanical atrioventricular node ablation, hearts
were stimulated with 2, 3, and 4 Hz to obtain APD at heart
rates comparable to MRI (130-189 beats/min). Four MAP
electrodes were repetitively positioned on all different LV
segments except for the septal segments (see the Online
Supplemental Figure 2). APDs at 75% of repolarization
(APD75) and standard deviations (SD) of APD55 within all
LV segments were calculated as measures for electrical
dispersion.

Machine learning for image-based classification
Multivariate data analyses were performed by using random
forest machine learning algorithms to explore the possibility
to differentiate between LQT2, E4031-treated, and LMC
rabbits based on MRI data. Image-based features included
peak velocities, TTP, regional velocity statistics, and corre-
lations with normal velocity curves (over 700 features per
rabbit). Feature space dimension reduction was performed by
using the ¥ test. Only top-relevant features were considered.
Cross-validation was used to obtain an estimate of classifier
accuracy.'’

Since heart-rate corrected QT (QTc) duration'® and QT
dispersion'” are known arrhythmogenic risk factors in LQTS
and since we observed correlations between APD and
diastolic dysfunction in LQT2 rabbits, we next tested
whether MRI can provide sufficient information to discern
differences in the extent of APD prolongation by using
random forest machine learning algorithms. LQT2 rabbits
were divided into 2 groups: (1) rabbits with “very long” APD
and “pronounced” dispersion (longest APD > 155 ms,
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SD_APD > 12 ms) and (2) rabbits with “long” APD and
“moderate” dispersion (longest APD > 140 ms and < 155
ms, SD_APD < 12 ms) (see the Online Supplemental
Table 1).

Statistical analysis

For normally distributed values, we used the unpaired
Student ¢ test for comparisons and Pearson test for correla-
tions. For values not normally distributed, we used the
Mann-Whitney test for comparisons and Spearman test for
correlations. Correlations were visualized by using linear
least-squares fit calculated on the basis of all LQT2 rabbits’
data. Analyses were performed with Prism 4.03 (Graphpad,
San Diego, CA).

Results

Dispersion of cardiac repolarization in transgenic
and drug-induced LQT2 rabbits

As shown in representative MAPs of the LV base of
individual transgenic LQT2 and LMC rabbits (Figure 1B)
and in averaged bull’s eye plots of APD55 in all LV regions
(Figure 1C), LQT2 and E4031-treated rabbits had signifi-
cantly longer APDs than did LMC rabbits. Moreover, the
spatial dispersion of APD was significantly greater in LQT2
and E4031-treated rabbits than in LMC rabbits (Figure 1D).
A similar difference was observed in surface ECG with
significantly longer QT intervals in LQT2 and E4031-treated
rabbits than in LMC rabbits (Figure 1E).

During faster stimulation, APD shortened in all groups
(LQT2: P < .0001; E4031-treated: P = .002; LMC: P =
.002). Despite this rate-dependent APD shortening, APD
remained significantly longer in LQT2 and E4031-treated
rabbits than in LMC rabbits at 3 Hz (3 Hz, base, LQT2, 132
* 8.5 ms, p = .02; E4031-treated, 121 = 3.6 ms p = .04;
LMC, 113 = 1; 4 Hz, LQT2, 105 = 9.7, E4031, 97 = 7.6
LMC, 89 = 0.5). Moreover, APD dispersion remained more
pronounced in LQT2 and E4031-treated rabbits than in LMC
rabbits at 3 and 4 Hz (Figure 1D).

Mechanical function in transgenic and drug-induced
LQT2 rabbits

Global peak systolic radial velocities (Vr) were significantly
reduced in LQT2 and E4031-treated rabbits compared to
LMC in LV base (LQT2: P = .01; E4031-treated: P = .0004)
and mid (LQT2: P = .002; E4031-treated: P = .0009) and
tended to be reduced in the apex (LQT2: P = .07) owing to
regionally reduced velocities in anterior and anteroseptal
segments (Figure 2A). Global peak systolic longitudinal
velocities (Vz) did not differ. Regional systolic Vz, however,
were reduced only in LQT2 in anteroseptal segments
(Figure 2B). Ejection fractions were normal in all groups
(Figure 2C). LV end-diastolic and end-systolic volumes were
lower in the smaller LQT2 rabbits (Figure 2D). After body-
weight correction, however, no differences were found
between groups (Figure 2D).

Global and regional peak diastolic Vr were significantly
reduced in LQT2 and E4031-treated rabbits in the LV base
(LQT2: P = .002; E4031-treated: P < .0001), mid (LQT?2:
P =.002; E4031-treated: P < .0001), and apex (LQT2: P =
.01; E4031-treated: P = .006; Figures 3A and 3B), indicating
an impaired diastolic function in LQT?2 rabbits. Global peak
diastolic Vz did not differ between LQT2 and LMC rabbits,
but were reduced in E4031-treated rabbits (base:
P < .0001; mid: P = .0002; apex: P = .02). Regional
diastolic Vz were reduced in LQT2 rabbits in anterior seg-
ments, while in E4031-treated rabbits, diastolic Vz were
reduced in inferior and lateral regions (Figure 3D).

Global and segmental time-to-diastolic peak Vr
(TTP_dia_Vr) were significantly longer in LQT2 and
E4031-treated rabbits than in LMC rabbits (LQT2: base,
P = .0002; mid, P = .04; E4031-treated: base, P < .0001,
mid, P < .0001; Figure 4A), indicating a delayed relaxation
due to prolonged contraction duration. After heart-rate
correction, differences between LQT2 and LMC rabbits
were even more pronounced (TTP_dia_Vr_base_%; LQT2:
652% = 0.8%; LMC: 58.8% = 0.6%; P < .0001;
Figure 4B). In contrast, global and segmental heart-rate
corrected TTP_dia_Vz were similar in all groups.

Correlation of electrical and mechanical dysfunction
In LQT2 rabbits, APD correlated moderately with the
regional reduction in diastolic Vr and Vz in the LV base
(Vr_dia: correlation coefficient [CC] 0.38, P = .02; Vz_dia:
CC 047, P = .002; Figure 3C). Moreover, the SD of APD
and peak diastolic Vr, as markers of electrical/mechanical
dispersion, correlated strongly in the LV mid (CC 0.75, P =
.03). In addition, TTP_dia_Vr, as a marker of contraction
duration, correlated moderately with APD in the LV base
(TTP_dia_Vr: CC0.47, P=.001; TTP_dia_Vr_%: CC 0.43,
P = .001; Figure 4D). As for systolic function, APD
correlated moderately with systolic Vz in the LV mid (CC
0.37, P = .03). In E4031-treated rabbits, APD correlated
with diastolic Vr (CC 0.42, P = .04), while in LMC rabbits,
no correlations were observed.

Machine learning approaches for MRI-based
classification

On the basis of the observed differences in mechanical
function, we first explored the possibility to differentiate
between groups solely based on “mechanical” phase contrast
MRI data. By using random forest machine learning algo-
rithms with only most relevant features (see the Online
Supplemental Table 2), we could differentiate between
LQT2 and LMC rabbits with an accuracy of 95%. All
LQT?2 rabbits were correctly classified, while 1 LMC with
relatively low Vr_dia was misclassified (see the Online
Supplemental Table 3). Most relevant features were regional
diastolic Vr, TTP_dia_Vr, and their SDs (see the Online
Supplemental Table 2), while systolic features were only of
minor importance. As indicated in the cumulative region
relevance plot, important features were mainly located in the
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Figure 1

Spatial differences in action potential duration. A: Langendorff-perfusion setup for MAP measurements. B: Representative MAP tracings of

individual LQT2 (red) and wild-type littermate control (LMC; black) rabbits. C: Bull’s eye plots of average APDs (ms). Circles represent (from outside to
inside) the LV base, mid, and apex. APDs are color coded as indicated. Septal APDs were not assessed. D: APD-dispersion (SD of APD) in the base, mid, apex,
and global LV at 2, 3, and 4 Hz. E: ECG parameters in LQT2, LMC, and E4031-treated (1 pg/(kg - min)) rabbits. n = 10 LQT2, n = 9 LMC, and n = 10 E4031-

EEEY

treated rabbits; P < .05, P < .01,

P < .001 vs LMC. APD = action potential duration; APD;5 = action potential duration at 75% of repolarization; ECG =

electrocardiogram; LMC = wild-type littermate control; LQT2 = long QT syndrome type 2; LV = left ventricle/ventricular; MAP = monophasic action

potential; SD = standard deviation.

base (Figure 5A). Moreover, we could differentiate between
E4031-treated and LMC correctly with an accuracy of 100%
(see the Online Supplemental Table 3). Most of the relevant
features for the classification were regional diastolic Vr and
Vz, TTP_dia_Vr, and SDs of Vr_dia, TTP_dia_Vr, and
TTP_dia_Vz (see the Online Supplemental Table 2), mainly
located in base inferior and mid regions (Figure 5B).

On the basis of the correlations between electrical and
mechanical features in LQT?2 rabbits, we next tested whether

MRI could provide sufficient information to discern even
slight differences in the extent of APD prolongation (LQT2
rabbits with “very long” APD: 164 = 7.6 ms; LQT2 rabbits
with “long” APD: 144 = 2.8 ms; P < .001; see the Online
Supplemental Table 1). Using only the 17 most relevant
features (see the Online Supplemental Table 2), it was
possible to differentiate between “very long” vs “long”
APD groups with a classification accuracy of 100% (see
the Online Supplemental Table 3). Most relevant features
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Figure 2

Spatial differences in systolic velocities. A: Phase contrast MRI in the LV base during early systole and diastole in representative LMC rabbit. Upper

panel: Zoomed vector field plot, with yellow arrows indicating summation vectors. Middle panel: Magnitude images. Square indicates region magnified in the
upper panel. Lower panel: Phase difference images containing longitudinal velocity information (Vz). B: Bull’s eye plots of peak systolic radial velocities (Vr,
cm/s). Vr are color coded as indicated. C: Bull’s eye plots of peak systolic longitudinal velocities (Vz, cm/s). D: Ejection fraction (EF) and left ventricular end-
diastolic and end-systolic volumes (LVEDV, LVESV). Body-weight-corrected volumes were calculated for better comparison. n = 10 LQT2, n =9 LMC, and n

= 10 E4031-treated rabbits; P < .05, P < .01,

P < 001 vs LMC. P < .05, 7"P < .01, """P < 001 vs LQT2. BW = body weight; LMC = wild-type

littermate control; LQT2 = long QT syndrome type 2; LV = left ventricle/ventricular; MRI = magnetic resonance imaging; SD = standard deviation.

were diastolic Vr and Vz and TTP_dia-TTP_sys (see the
Online Supplemental Table 2), primarily located in the mid
(Figure 5C).

Discussion

By using phase contrast MRI, MAP, and multivariate
random forest machine learning algorithms, in this study
we provide a comprehensive assessment of the regional
dispersion of repolarization and mechanical function in
LQT?2 rabbits. We revealed that a genetically induced or
rapid delayed rectifier potassium current (Ig,) blocker-
induced prolongation of APD led to a globally and regionally
impaired diastolic function and, importantly, that regional
differences in APD correlated with regional differences in
diastolic dysfunction. These observations indicate that
inherited and drug-induced LQTS are not purely electrical
but rather electromechanical disorders. Moreover, we dem-
onstrated the possibility to (1) differentiate between LQT2
and normal rabbits and (2) discern differences in the extent of
APD prolongation in transgenic LQT?2 rabbits solely based
on phase contrast MRI data, indicating a potential future use
of MRI for risk stratification in LQTS.

Dispersion of repolarization in LQT2 rabbits

A spatially heterogeneous prolongation of repolarization lead-
ing to an enhanced APD dispersion is considered a major
contributor to LQT-related arrhythmias.” LQTS patients have a
more pronounced QT and Tpeak-end dispersion, indirectly
reflecting regional and transmural APD heterogeneities.'**
Spatial and transmural heterogeneities in I, Igs, and L-type
Ca®>" current (Icar) underlie these pronounced APD hetero-
geneities in LQTS.*"** To directly assess the dispersion of
repolarization in LQTS patients, invasive electrophysiological
(EPS) studies (EPS) are necessary, and this assessment is
limited to regions easily accessible during EPS.” Taking
advantage of transgenic LQT2 rabbits, we have previously
demonstrated a pronounced dispersion of repolarization on right
ventricular endocardium® and LV anterior surface’ by using
in vivo EPS and ex vivo optical mapping. We here comple-
mented these data by systematically assessing APD in anterior,
anterolateral, inferolateral, and inferior regions of the LV base,
mid, and apex and demonstrated a more pronounced APD
dispersion within each level and global LV. Moreover, we
demonstrated that this increased APD dispersion was not altered
by faster stimulation despite a rate-dependent APD shortening.
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Dispersion of contractile and diastolic function in
LQT2 rabbits

For the first time, we systematically assessed global and
regional systolic and diastolic function in LQTS and
demonstrated that APD prolongation (1) was associated with
delayed cardiac relaxation and (2) had an impact on radial
systolic velocities and (3) particularly, on radial and longi-
tudinal diastolic velocities, indicating an impaired mechan-
ical function in LQT?2.

Heart size (LV volumes, ventricular mass, and wall
thickness) may affect systolic and less pronouncedly dia-
stolic velocities.® The observed pronounced differences in
systolic and diastolic velocities in LQT2 and E4031-treated
rabbits compared to LMC rabbits, however, cannot (solely)
be explained by differences in LV volumes since E4031-
treated rabbits were bigger than LQT2 rabbits but had
similarly reduced diastolic velocities. Furthermore, differ-
ences in heart size cannot explain regional correlations
between APD and diastolic velocities in transgenic and
drug-induced LQT?2 rabbits, as heart size did not vary much
within these groups.

Since electrical and mechanical cardiac functions are
coupled and affect each other,” LQTS patients not only
have prolonged repolarization but also have similarly altered
ventricular contraction patterns with slow contraction in the

late wall thickening phase,”® longer isovolumetric relaxation
times,”’ and globally prolonged contraction duration with
transmural differences,”* as demonstrated by M-mode and
tissue Doppler echocardiography. Moreover, in a case report
of an infant with a particularly long QT, the onset of pVTs
was preceded by a globally impaired systolic and diastolic
function.”® Two small studies demonstrated that mechanical
abnormalities in LQTS patients were associated with
arrhythmogenic events*®: the alteration of myocardial veloc-
ities was more sensitive and more specific for the prediction
of cardiac events than QTc duration,” indicating a possible
prognostic value of regional velocity imaging in LQTS
patients.

However, the tissue Doppler imaging technique is limited
by the low reproducibility and angle dependency of measure-
ments and does not permit the evaluation of all myocardial
segments and all velocity directions.” Phase contrast MRI
overcomes these limitations and allows assessing all veloc-
ities in all segments.” By using this technique, we revealed
that not only global peak velocities are reduced and global
time-to-diastolic peak velocities are prolonged in LQT2, but
also that the reduction of diastolic velocities and prolonga-
tion of contraction duration are regionally heterogeneous,
indicating a mechanical dispersion. Interestingly, in trans-
genic LQT2 rabbits, Vr were particularly reduced and radial
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as indicated. B: Bull’s eye plots of heart-rate corrected TTP_diastolic_% in Vr. C: Correlation between APD and time-to-diastolic peak Vr in the base
(correlation coefficient [CC] 0.47; P = .001) in LQT2 rabbits. n = 10 LQT2, n = 9 LMC, and n = 10 E4031-treated rabbits; P < .05, "P < .01 vs LMC;*P <
.05, 7P < .01 vs LQT2. APD = action potential duration; LMC = wild-type littermate control; LQT2 = long QT syndrome type 2; LV = left ventricle/
ventricular; SD = standard deviation; Vr = radial velocities; Vz = long-axis velocities.

time-to-diastolic peak was particularly prolonged. In line demonstrated the highest correlations with APD. These
with our findings, in LQTS patients, a very slow late observations stress the particular importance of evaluating
contraction was observed in radial direction.”® Moreover, regional radial motion in LQTS, which cannot be assessed in
dispersion parameters and contraction duration in Vr all LV segments by using standard echocardiography.
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Figure 5  Classification based on phase contrast MRI. A: Bull’s eyes plot of cumulative region relevance for LQT2 vs LMC classification. Chi-square attribute
values of most relevant features were added within each region, normalized, and color coded as indicated. None of the relevant features were located in white
regions. B: Bull’s eyes plot of cumulative region relevance for E4031 vs LMC classification. C: Bull’s eyes plot of cumulative region relevance for “very long”

vs “long” APD classification. APD = action potential duration; LMC = wild-type littermate control; LQT2 = long QT syndrome type 2; LV = left ventricle/
ventricular; MRI = magnetic resonance imaging.
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Correlation of electrical and mechanical dysfunction
and MRI-based differentiation of electrical
phenotype

Although it has previously been shown that LQTS patients
have a pronounced dispersion of both cardiac repolarization
and (transmural) contraction duration” thus far, no study has
investigated a potential spatial relationship between electri-
cal and mechanical dispersion in LQTS. Taking advantage of
transgenic LQT2 rabbits,” in which mechanical and electrical
function can be assessed systematically in similar segments,
we revealed for the first time a spatial correlation between
APD and the extent of diastolic dysfunction, contraction
duration, and mechanical dispersion, indicating a close
coupling of spatially heterogeneous electrical and mechan-
ical dysfunction in LQTS. Owing to electromechanical
coupling in cardiomyocytes, one might expect an even
stronger statistical correlation than the one observed in our
study. However, regional differences in fiber orientation and
heart geometry at different segments may also affect
amplitude and timing of radial, longitudinal, and rotational
velocities, thus modulating the direct effect of APD on
relaxation characteristics. Nevertheless, this observed corre-
lation between electrical and mechanical changes in LQT2
rabbits was pronounced enough to discern even moderate
differences in the extent of APD prolongation solely based
on phase contrast MRI data.

How this altered electromechanical function in LQTS
may affect arrhythmogenesis, for example, via reverse
excitation-contraction coupling,” via activation of stretch-
sensible ion channels,” or via reduced coronary perfusion
due to prolonged cardiac contraction and impaired diastolic
relaxation, remains to be elucidated. APD prolongation
results in increased Ca>" influx via Ica and increased
Ca”*-induced Ca”"-release from the sarcoplasmic reticulum,
thus increasing cytoplasmic Ca”* concentration ([Ca>*];).>!
Since physical properties of (resting) sarcomeres are related
to [Ca*™1;,* an increased [Ca®"]; may result in an impaired
diastolic relaxation. Moreover, the increased [Ca®"]; should
also increase systolic function.”’ However, our data suggest
that systolic function in LQT2 hearts is decreased, which is
indicative of a complex remodeling of Ca®" handling
systems like an adaptive decrease in Ic, 1 density observed
in transgenic LQT?2 rabbits.”* Further studies are necessary
to fully characterize molecular mechanisms responsible for
adaptive changes contributing to systolic and diastolic
dysfunction in LQT?2.

Clinical implications

To date, LQTS is mainly considered an “electrical”” disorder,
in which QTc duration'® and QT dispersionl‘) are known
arrhythmogenic risk predictors. The facts (1) that regional
differences in APD correlate with regional differences in
diastolic dysfunction and (2) that it is possible to discern
differences in the extent of APD prolongation by using phase
contrast MRI might open new approaches for risk stratifica-
tion and treatment decisions of LQTS patients. In the future,

it might be possible to use phase contrast MRI to assess the
arrhythmogenic risk in LQTS patients noninvasively by
deducing electrical dispersion from segmental mechanical
function and dispersion.

Transgenic LQT2 rabbits overexpress the dominant-
negative loss-of-function mutation HERG-G628S, which
leads to a complete loss of Ix,. Many missense mutations
in HERG in LQT?2 patients, however, lead to a substantial
decrease rather than a complete loss of I,. The findings of
pronounced diastolic dysfunction in transgenic LQT2 rabbits
thus likely recapitulate findings in human patients with a
(complete) loss of functional Ik,. The fact that Ig,-blocker
E4031, which only reduces Ik, also induces diastolic
abnormalities, however, indicates that LQT2 patients with
a substantial decrease in Iy, may have similar diastolic
dysfunction.

To validate the potential use of phase contrast MRI for
risk stratification, further studies investigating its potential to
predict the development of pVTs and clinical pilot studies
investigating the extent of mechanical (dys)function and its
spatial dispersion in LQTS patients with different mutations,
different QTc durations, and different arrhythmia incidences
are certainly warranted.

Study limitations

Regional mechanical and electrical data were acquired in
different experimental settings, for example, in vivo MRI
and ex vivo MAP in Langendorff-perfused hearts. Ideally,
both should be assessed simultaneously in the same in vivo
setting to perfectly correlate regional mechanical and elec-
trical functions. However, to date, detailed segmental MAP
measurements are not feasible in an in vivo setting and it is
still challenging to obtain any—Iet alone detailed—regional
electrical data during MRI.

The “diastolic dysfunction,” for example, abnormal
cardiac relaxation, observed in LQT2 rabbits must be
differentiated from “diastolic heart failure.” Clinically, none
of the LQT2 rabbits showed any signs of diastolic heart
failure, similarly as in LQTS patients, in whom no clinical
signs of heart failure were reported, even in older patients or
in patients with particularly prolonged QT.** Moreover, so
far, none of the clinical manifestations of LQTS has been
directly, pathophysiologically linked to the presence of
severe mechanical dysfunction. Importantly, however, we
could demonstrate that mechanical cardiac function was
sufficiently altered in LQT2 to allow a differentiation
between LQT2 and normal hearts solely based on phase
contrast MRI data. These data indicate that LQTS should
probably be considered not only an electrical disorder but
rather an electromechanical disorder.

Conclusions

Prolongation and increased dispersion of cardiac repolariza-
tion led to globally and regionally impaired diastolic and
systolic mechanical function and increased mechanical
dispersion in transgenic and drug-induced LQT2 rabbits.
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Moreover, in transgenic LQT2 rabbits, regional differences
in APD correlated with the extent of reduction of regional
diastolic peak velocities and regional time-to-diastolic peak
velocities — as marker of impaired diastolic function,
indicating that LQTS is not purely an electrical but rather
an electromechanical disorder. Finally, due to this associa-
tion of electrical and mechanical functions, it was possible to
(1) differentiate between LQT2 and normal LMC rabbits’
hearts, and to (2) discern differences in the extent of APD
prolongation and APD dispersion in LQT2 rabbits solely
based on MRI data, indicating potential new approaches for
risk stratification and treatment decisions of LQTS patients.
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