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BACKGROUND The repolarization pattern of the human heart is
unknown.

OBJECTIVE The purpose of this study was to perform a multisite
analysis of the activation-repolarization patterns and mRNA
expression patterns of ion channel subunits in isolated human
hearts.

METHODS Hearts from 3 donors without reported cardiac disease
were Langendorff perfused with the patient’s own blood. A standard
ECG was obtained before explantation. Up to 92 unipolar electro-
grams from 24 transmural needles were obtained during right atrial
pacing. Local activation and repolarization times and activation-
recovery intervals (ARI) were measured. The mRNA levels of
subunits of the channels carrying the transient outward current
and slow and rapid components of the delayed rectifier current were
determined by quantitative reverse transcriptase polymerase chain
reaction at up to 63 sites.

RESULTS The repolarization gradients in the 3 hearts were
different and occurred along all axes without midmural late
repolarization. A negative activation-repolarization relationship

occurred along the epicardium, but this relationship was positive
in the whole hearts. Coefficients of variation of mRNA levels
(40%-80%) and of the Kv7.1 protein (alpha-subunit slow delayed
rectifier channel) were larger than those of ARIs (7%-17%). The
regional mRNA expression patterns were similar in the 3 hearts,
unlike the ARI profiles. The expression level of individual mRNAs
and of Kv7.1 did not correlate with local ARIs at the same sites.

CONCLUSION Inthe normal human heart, repolarization gradients
encompass all axes, without late midmural repolarization. Last
activated areas do not repolarize first as previously assumed.
Gradients of mRNAs of single ion channel subunits and of ARIs
do not correlate.
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Introduction

The ventricular repolarization sequence determines the
morphology of the T wave.' Dispersion of repolarization
plays a major role in the genesis of ventricular arrhyth-
mias.”” Despite its clinical relevance, the repolarization
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sequence of the human heart is essentially unknown.
Only a few studies have explored the local repolarization
times (RTs) in diseased hearts, and these recordings were
limited to the endocardium or epicardium.”~’ The local RT is
the sum of the local activation time (AT) and the duration of
the local action potential. The latter can be indirectly
assessed by the duration of the activation-recovery intervals
(ARIs) from local electrograms.8

Current cardiology textbooks sustain the assumption that
the last areas to be activated repolarize first.” Therefore,
a negative relationship between activation and RTs is
presumed. However, Hanson et al'” have shown that in
patients undergoing cardiac surgery, the slope of the AT-RT
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relationship is positive along the endocardium. In canine
hearts, the AT-RT relationship also is positive."’

The intrinsic duration of the action potential is determined
by the balance between inward and outward currents flowing
during the plateau and repolarization phases. Thus, it can be
anticipated that regional differences in expression of genes
encoding for repolarizing channels will lead to different
repolarization patterns.

This study was undertaken to assess the sequence
and distribution of cardiac repolarization in relation to
the activation process and local RNA expression of the ion
channels carrying the major repolarizing currents in isolated
perfused normal human hearts. The latter was quantitatively
determined at the same locations where local electrograms
were obtained, allowing direct correlation with ARI. The
density of the alpha-subunit of the slow component of the
delayed rectifier channel was measured as well. Our study
does not permit a direct comparison between repolarization
patterns and the T wave on the surface ECG.

Methods
Study material

We analyzed 3 human hearts obtained from organ donors
with no reported cardiac disease but unsuitable for cardiac
transplantation. These patients died because of irreversible
cerebrovascular lesions at the Hospital de la Santa Creu i
Sant Pau in Barcelona, Spain. Written informed consent for
explantation had been obtained from the relatives. The hearts
were extracted and immediately processed for experimental
studies. The investigation conforms to the principles of the
Declaration of Helsinki and was approved by the ethics
review board of the hospital. Clinical variables, laboratory
data, and conventional 12-lead ECG were obtained on
admission and before cardiac explantation.

Electrical mapping and data analysis

The explanted hearts were Langendorff-perfused at 37°C and
stimulated from the right atrium at cycle length of 700 ms. After
an equilibration period of 30-60 minutes, local unipolar
electrograms were simultaneously recorded (duration of each
registration 2 seconds) from up to 24 transmural needles
inserted in the left ventricle (LV) and septum (needles harboring
4 electrodes at 4-mm distance) and in the right ventricular (RV)
(needles with 3 electrodes at 4-mm distance). In each electro-
gram, activation time (AT) and RTs were detected automati-
cally as the moment of dV/dt,,;, during the QRS complex and
the moment of dV/dt,,,x during the T wave (relative to the
earliest start of the QRS complex in any of the electrodes),*'*"*
respectively, as shown in Online Supplementary Figure 1.
Subtraction of AT from RT yielded ARI. Activation, repola-
rization, and ARI patterns were manually constructed. To allow
comparison with the molecular biologic data, ARI data were
also expressed as a fraction of the average value of the entire
heart (see Online Supplemental Material for details).

Molecular analysis

Myocardial samples were obtained from each heart adjacent
to the sites with electrophysiologic data. Transmural samples
were divided into equal epicardial, mid, and endocardial
portions, except in the RV myocardium, which were divided
into equal epicardial and endocardial portions. Each sample
was immediately snap-frozen in liquid nitrogen and stored
at —80°C. A maximum of 63 samples (18 RV, 18 septum,
27 LV) was obtained per heart.

mRNA transcript analysis

Quantitative polymerase chain reaction data of mRNAs
encoding for alpha- and beta-units of the channels carrying
Lo, Igs, and Ix, were analyzed with the LinRegPCR
program.'*  Samples were measured in duplicate and
normalized to the housekeeping gene HPRT. Regional
RNA expression is provided as a fraction relative to the
average of the respective mRNA in the whole heart. Details
of the isolation and sequences of primers are given in Online
Supplementary Table 1.

Western blot analysis

For western blotting, 15 ug of total protein (whole cell lysate
isolated from human heart tissue samples) was separated on a
4%-20% gradient SDS-PAGE gel and incubated with the
following primary antibodies: anti-GAPDH (1:1000; catalog
no. 10R-G109a, Fitzgerald Industries International, Acton,
MA, USA) and anti-Kv7.1 (KCNQIm 1:200; catalog no.
APC-022, Alomone Labs, Jerusalem, Israel). All samples
were blotted in triplicate, and results were represented as
KCNQI1 density relative to glyceraldehyde-3-phosphate
dehydrogenase (GAPDH). Details on protein isolation,
blotting procedure, quantification, and data analysis are
provided in the Online Supplemental Material.

Statistical analysis

Analysis of variance was used to test regional differences of
local electrophysiologic variables. mRNA expression levels
between regions of the heart were tested nonparametrically with
the Kruskal-Wallis test. Post hoc analysis was performed by
either the Student-Newman—Keuls test or by the Dunn test.
AT-RT, mRNA-ARI, protein—ARI, and mRNA-protein
relationships (all at the same sites) were analyzed using linear
regression analysis. P < .05 was considered significant.

Results

Clinical findings

Table 1 summarizes the clinical, ECG, and echocardio-
graphic data of the 3 donors. Online Supplementary Figure 2
shows normal T waves in donor 1 but negative T waves in
donors 2 and 3 at the time of cardiac explantation. In the case
of donor 2, the negative T waves are asymmetric and appear
in leads V4—V§, whereas in donor 3 the negative T waves are
symmetric and altered in all precordial leads. Donor 2 had a
previous history of arterial hypertension, and the echocardio-
gram suggests mild-to-moderate LV hypertrophy.
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Table 1  Clinical, ECG, and echocardiographic data
Donor 1 Donor 2 Donor 3

Gender Female Male Male

Age (years) 73 66 68

Body mass index 26 21 30

Heart rhythm Sinus Sinus Sinus

Heart rate (bpm) 72 62 76

PR Interval (ms) 198 160 110

QRS complex duration (ms) 78 85 80

QT interval (ms) 445 460 395

T-wave morphology Normal Negative asymmetric (V4-V¢) Negative symmetric (V;-Ve)

T-wave Duration (ms) 280 175 160

T-wave peak to end (ms) 130 90 75

Left ventricular ejection 57 65 Not available
fraction (%)

Left ventricular end-diastolic 45 45 Not available
diameter (mm)

Septal thickness (mm) 11 15 Not available

Cause of death

Intraparenchymal cerebral

hemorrhage

Ischemic stroke with intracranial Intraparenchymal hemorrhage with

hypertension

intracranial hypertension
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Figure 1  Activation patterns (top panels) and repolarization patterns (bottom panels) in the 3 studied isolated human hearts. Activation starts at the
endocardium and follows an endocardial-epicardial sequence in the left ventricle (LV) and a sequence toward the base. Latest activation time was 90 ms in heart
1, 70 ms in heart 2, and 62 ms in heart 3. Repolarization gradients were 99 ms in heart 1, 108 ms in heart 2, and 145 ms in heart 3. Right panels summarize
activation times and repolarization times in right ventricle (RV) and LV. Perfect signal-to-noise ratio permitted analysis of only 1 cardiac cycle for these patterns.
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Electrophysiologic mapping

Figure 1 (top panels) shows that activation proceeds from the
LV endocardium toward the LV epicardium in all hearts,
corresponding to the report by Durrer et al.'” The base of the
hearts activates last. The total duration of local activation
matches reasonably with the width of the QRS duration on
the 12-lead ECG recorded before explantation in all cases.
Differences in the pattern of repolarization among the
3 hearts are more pronounced (Figure 1, bottom panels).
The total time from earliest to last repolarization (RT) is
shorter in heart 1 (99 ms) than in heart 2 (108 ms) or in heart
3 (145 ms). The repolarization sequence in heart 1 starts at
multiple sites (basal—posterior LV wall, central-posterior RV
wall, and apical-lateral LV wall) and progresses toward the
anterior region of the RV and LV. In heart 2, repolarization
ends in the LV with a transmural gradient (epicardium
repolarizing later than endocardium). In heart 3, repolariza-
tion ends in the right ventricle with—in addition—a prom-
inent base-to-apex gradient in the LV. Figure 1 (right panels)
shows that in heart 1 the absence of a left-to-right repolari-
zation gradient is caused by compensation of the AT profile
by the ARI profile. This is not the case in the 2 other hearts.
Thus, the differences between the hearts are much larger
during repolarization than during activation.

Figure 2 quantifies the dispersion in RTs of heart 1 along
the major anatomic axes. The largest dispersion is found
along the LV anterior—posterior axis. Figure 3 shows trans-
mural gradients in RTs in detail in 12 needles with complete
data in heart 1 (top panels, thin lines). In none of the needles
is a midmural maximum in RT present. The bold lines show
the averaged RTs (filled circles) and the averaged ARIs
(open circles). In the LV, epicardial ARIs are shorter than
endocardial ARIs, but not short enough to compensate for
the duration of transmural activation. Figure 3 (bottom
panel) shows the averaged transmural differences in RT in
the LV for all data points in each heart, that is, including
needles with missing data. Only in heart 2 are epicardial RTs
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Figure 2  Median repolarization times in heart 1. Dissection over the parts

(axes). LV = left ventricle; RV = right ventricle; SEP = septum. Further
dissection of the LV data along the transmural axis [endocardium (Endo) to
epicardium [Epi)], vertical axis (base to apex), and horizontal axis [anterior
(Ant) to posterior (Pos)]. Number of sites indicated within the bars.
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Figure 3  Top panels: Transmural differences in repolarization time (RT)

based on 12 needles with complete sets of data in the right ventricle (RV;
n = 6) and left ventricle (LV; n = 6) in heart 1. Thin lines indicate individual
RT values. Average RTs: filled circles (mean + SEM.). Averaged ARIs:
open circles (mean + SEM). Bottom panel: Transmural repolarization times
in the LV in the 3 hearts. All data points were included (also from needles
with incomplete data). ARI = activation—recovery interval.

significantly later than endocardial RTs. In none of the hearts
there is early epicardial repolarization or late midmural
repolarization.

Table 2 provides the relationships between AT and RT in
the 3 hearts. In the whole heart, the slope of this relationship
is always positive (0.19, 1.15, and 0.15, respectively).
In contrast, these relationships all are negative when only
the epicardium is considered (—1.53, —1.92, and -0.14,
respectively).

mRNA and protein expression
Online Supplementary Table 2 shows the expression levels
of the 6 measured mRNAs encoding the alpha- and beta-
subunits of the channels underlying the repolarizing currents
Iioc (KCND3 and KCNIP2), Ixs (KCNQI and KCNET), and
Ix: (KCNH2 and KCNE2) in all hearts. KCNIP2 has by far
the highest expression level in all hearts, whereas KCNE2
has the lowest expression level. The differences in expres-
sion level between the hearts are significant for almost all
mRNAs (see Online Supplementary Table 2 legend).
Figure 4 shows the distribution of mRNA values
expressed as fraction of the average 1.0 for heart 1 together
with its normalized ARIs. The left panels show regional
variability in mRNA expression of the subunits associated
with the channel carrying I,. The alpha-subunit (KCND3)
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Table 2 Relationship between activation and activation-recovery intervals and between activation and repolarization in isolated human
hearts
Whole heart Left ventricular epicardium
Function n r P value Function n r P value
Heart 1 AT-ARI y = -0.81x 4 283 92 -0.611 .001 y = -2.53x + 349 11 -0.698 .05
AT-RT y = 0.19x 4 283 92 0.183 NS y = -1.53x + 349 11 -0.508 NS
Heart 2 AT-ARI y = 0.15x + 252 52 0.119 NS y = -2.92x + 451 6 -0.698 NS
AT-RT y = 1.15x + 252 52 0.680 .001 y = -1.92x + 451 6 -0.540 NS
Heart 3 AT-ARI y = -0.85x + 294 71 -0.238 .05 y = -1.14x + 273 12 -0.392 NS
AT-RT y = 0.15x + 294 71 0.044 NS y = -0.14x + 273 12 -0.053 NS

AT = activation time; ARL = activation-recovery interval; RT = repolarization time.

has higher expression in the LV than the RV. In contrast, the
beta-subunit (KCNIP2) has a prominent transmural distribu-
tion pattern in the L'V with higher subepicardial expression.

mRNA levels of the alpha-subunit of the channel carrying
Ixs (KCNQI) are higher in the RV than in the LV (top panel,
second column). The opposite is seen for the beta-subunit
with prominent expression in the septum (KCNEI; bottom
panel, second column).

Heart 1: KCND3, Kv4.3, alpha unit |, (n=48) Heart 1: KCNQ1, alpha unit |, (n=42)
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Figure 4

In contrast to KCNQI, the alpha-subunit of the channel
carrying Iy, (KCNH?2) has higher mRNA expression levels
in the LV than in the RV (top panel, third column), with
little regional variability of the beta-subunit (KCNE2; bottom
panel, third column).

The minimum and maximum ARIs are 200 ms (central—
posterior RV) and 298 ms (basal-anterior LV). These values
differ <25% from the average value of 252 ms. Thus, the

Heart 1: KCNH2, alpha unit I, (n=49) Heart 1: Activation-recovery intervals (n=92)
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Regional relative expression levels of mRNAs and regional distribution activation—recovery intervals (ARIs) in heart 1. All values are relative to the

mean of the whole heart (for real values see online Supplementary Table 2). Left panels: Subunits transient outward channel. Mid-left panels Subunits slow
component of delayed rectifier channel. Mid-right panels: Subunits rapid component of delayed rectifier channel. Right top panel: ARIs. Shortest ARI = 200
ms; longest ARI = 298 ms. All ARIs expressed as fraction of averaged ARI (252 ms = 1.0). Right bottom panel: Coefficient of variation of the 6 mRNAs, 1

protein (Kv7.1; protein product of transcript KCNQ1) and of ARIs.
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regional variability in dispersion of ARIs expressed
as the coefficient of variation (SD/mean * 100) is (much)
lower (11%) than that of any of the mRNAs (Figure 4,
bottom right). Western blotting revealed that the
regional variability of expression of Kv7.1, the protein
resulting from translation of the transcript KCNQI, is also
substantially higher than that of ARIs. The same was
observed in the other 2 hearts (see Online Supplementary
Figure 3) with coefficients of variation for ARIs of only
7% and 17% in hearts 2 and 3, substantially lower than
the regional dispersion in mRNAs and that of Kv7.1 in
heart 3.

Because the RT patterns of the 3 hearts differed more than
the AT patterns, we analyzed for each ion channel subunit
the regional mRNA expression along the most relevant axes
in greater detail. Overall, regional mRNA expression pat-
terns (except for KCNQI, see later) are similar in the 3 hearts.
Figure 5 shows higher expression of KCND3 in the LV than
in the RV in all hearts (top left panel). KCNIP2 shows
inhomogeneity along the LV transmural axis (epi higher than
endo; bottom left panel) but not along the RV-LV axis (data
not shown).

There is no midmural minimum in KCNQ/! expression in
any of the hearts (bottom second column). The expression
profile of KCNQI along the RV-LV axis is the only one that
differs between the hearts (top second column). KCNE] has
a remarkably similar regional distribution in all hearts, with
highest expression in the septum (top third column), without
a transmural difference. (bottom third column). In all hearts
expression of KCNH? is highest in the LV without midmural
minimum (fourth column).
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LV Mid

Absence of correlation between mRNA expression
levels and ARIs

Figure 5 ( right panels) shows that there are significant
differences in ARIs along the LV-RV axis (top right panel)
and that—in addition—these profiles differ between the
hearts. These differences in ARIs are less apparent along
the LV transmural axis (bottom right panel).

Online Supplementary Table 3 shows that none except 1
of 36 correlations between the expression level of the
6 transcripts and the ARIs recorded at the same sites in the
RV and the LV of the 3 hearts is statistically significant.
Although the expression profiles of KCND3, KCNEI,
and KCNH?2 are remarkably similar along the RV-LV axis
(Figure 5) in the 3 hearts, the profile of KCNQ] is different.
Because this is also the case for the ARIs in the RV
(Figure 5, top right panel), we focused on the relationship
between KCNQ1 and ARIs in the RV in the 3 hearts in more
detail. Online Supplementary Figure 4 shows that there
is no significant correlation between local KCNQI
expression and the ARIs, recorded at the same site, in the
RV of individual hearts. However, the correlation across the
3 hearts is highly significant (r -0.726, P <.0005,
black dashed line in Online Supplementary Figure 4). Thus,
it appeared as if variable KCNQI expression is relevant for
ARI differences between hearts, but not within hearts.
To better explore this concept, we performed western blots
for Kv7.1 (the protein coded by KCNQI) at selected
sites in hearts 1 and 3. The selection focused on
combinations of low and high KCNQI expression in
combination with short and long ARIs, leading to 4 possible
combinations. Heart 2 was excluded because not enough
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component of the delayed rectifier channel. Column 4: Alpha subunit of the rapid component of the delayed rectifier channel. Right panels: Distribution of ARIs.
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Figure 6 A: Representative western blots of KCNQI/Kv7.1
and glyceraldehyde-3-phosphate dehydrogenase (GAPDH) (loading
control) from 4 different sites in heart 1 (molecular weight markers
indicated). B: Correlation of KCNQ! transcript of KCNQ1I vs KCNQI1
protein (Kv7.1 density corrected for GAPDH) levels in hearts
1 and 3 (H1, H3). Asterisks indicate midmural sites. C: KCNQ1 protein
levels (Kv7.1 density corrected for GAPDH) vs activation—
recovery intervals (ARIs) in hearts 1 and 3 (H1, H3). Asterisks indicate
midmural sites.

tissue was available. Figure 6A shows the density of the
Kv7.1 protein at 4 sites from heart 1. Figure 6B shows
a moderately positive (and significant) correlation between
KCNQI and Kv7.1 in heart 1 but not in heart 3.
Figure 6C shows the absence of a relationship between the
density of Kv7.1 and the ARIs within the hearts, compatible
with our observations on mRNA and ARIs (see Online
Supplementary Table 3). There were no midmural sites
(indicated with an asterisk in Figures 6B and 6C) with lowest
protein expression levels.

Discussion

Main findings

This study is the first analysis of the repolarization pattern of
isolated perfused intact human hearts from donors free of
significant cardiac disease, which includes transmural data.
We found that in contrast to the well-defined endocardial to
epicardial activation sequence in the LV, the repolarization
pattern does not follow a specific pattern, starting at multiple
sites and creating gradients along various cardiac axes
although without midmural peak values. These repolariza-
tion patterns varied more between the hearts than the
activation patterns, but this variability should be regarded
with extreme caution, given the small number of hearts in
this study. Correlations between activation and repolariza-
tion were weak, but they were positive when the whole heart
was taken into account and negative when only the epicar-
dium was considered. This last observation is in line with
previous reports of the human heart™™ and is the prevailing
explanation for concordance of polarity of QRS complex and
T wave in textbooks.” Concurrent mapping of mRNA
expression levels of alpha- and beta-subunits of the ion
channels carrying I, Ig;, and Ixs showed large agreement
between the hearts but virtually no relationship with local
ARIs. The same was observed for the Kv7.1 protein, the
alpha-subunit of the Ik, channel.

Activation and repolarization gradients

Although the total AT of the hearts matched the duration of
the QRS complex on the donor’s 12-lead ECG, the period
between earliest and latest repolarization was much shorter
than the duration of the T wave. This repolarization
mismatch corresponds to what was analyzed recently in the
pig' and is explained because the cellular repolarization
process starts much earlier than the moment of local
repolarization (RT). RT as used in this study closely
corresponds with the time of APDg,, when the myocytes
are almost completely repolarized."” Our study does not
permit a comparison between the repolarization pattern and
the T wave on the patient’s ECG because they were not
simultaneously acquired.

Recently, a study in isolated perfused porcine heart with
simultaneous recording of local electrograms and pseudo-
ECG signals from electrodes distributed along a bucket filled
with perfusion fluid revealed that the morphology of the T
wave of the ECG was mainly determined by repolarization
gradients in the entire heart and not along a single particular
anatomic axis." In accordance with that study, our study of 3
human hearts with different T-wave polarities also showed
repolarization gradients along the whole heart, but not along
the transmural axis in particular. The duration of the total
repolarization gradient in the heart with positive T waves
(heart 1, 99 ms) was shorter than that recorded in the other 2
hearts with negative T waves. The T wave of these 2 patients
may have evolved to a negative pattern in concurrence with
the development of intracranial hypertension, thus suggest-
ing a neurogenic related mechanism.'®
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Relation to molecular data in man

mRNA expression levels of membrane channel subunits
relevant for action potential duration have been reported
previously in normal donor hearts, but not with a regional
resolution as in our study.'’~"” Therefore, we were able to
demonstrate regional differences within a heart that are of the
same order of magnitude, or larger, than those between
hearts (Figure 4 and Online Supplementary Table 2). Thus,
single sample analyses in other studies should be interpreted
with caution, especially if the site of origin is not the same
among hearts.

The relationship between transcript and protein expres-
sion in general is not straightforward because of posttran-
scriptional regulation (see Chick et al’” for references). We
show a weak but moderately positive correlation between the
KCNQI transcript and its Kv7.1 protein in 1 heart but not in
the other (Figure 6B). Gaborit et al' " reported “good agree-
ment” between transcript and protein expression for KCND3
and KCNIP2 without actually quantifying this relation. We
could not confirm the strict linear and highly significant
relationship between transcript, protein, and I, as for the
beta-unit of the I, channel in the dog,”' for transcript and
protein of the alpha-subunit of the slowly activating delayed
rectifier channel, and ARIs in the human heart. The reason
that we could not confirm this strict relationship between
mRNA, protein, and function (see Online Supplementary
Table 3, and Figures 6B and 6C), may be as follows. (1) We
measured in whole hearts (electrotonus) and not in single
myocytes. (2) We measured ARIs, which result from a
composite of many membrane currents. (3) The regional
variability in KCNIP2 is much higher than for the other
transcripts (as is its expression level). (4) We measured in
man and not in dog.

We speculate that the lower coefficient of variation in
ARIs than in expression of any of the mRNAs reflects that
cardiomyocytes are electrotonically coupled and therefore
regional electrophysiologic differences are moderated,
whereas mRNA and protein expression are not.

Repolarization of the human heart progresses along
various anatomic axes and is not correlated to mRNA
expression of single ion channels and also not to the protein
expression of one of them.
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