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ABSTRACT

Background
Since the U-wave was first described over a century ago, its genesis has been a matter of 
debate. There are two main hypotheses: intrinsic potential differences in the terminal part of 
the action potential, and mechanoelectrical feedback during diastolic relaxation.

Objective
We aimed to investigate the relationship between the U-wave and the inward rectifier current 
IK1 as this current predominantly regulates the terminal part of the action potential.

Methods
Fiducial segment averaged electrocardiograms (FSA-ECGs) were recorded in control subjects 
and in patients with a gain- or loss-of-function mutation in KCNJ2 (IK1↑ or IK1↓). Additionally 
we studied patients with a gain-of-function mutation in KCNQ1 or KCNH2 (IKs↑ or IKr↑). 

Results
FSA-ECGs revealed a U-wave in every recording (n=51). U-wave areas and amplitudes were 
found to decrease with increasing IK1 activity, from IK1↓, over normal IK1 to IK1↑. Comparison 
with previously published echocardiograms in the IKr↑-patients revealed that the U-wave starts 
well before aortic valve closure and, thus, cannot solely be explained by diastolic relaxation.

Conclusions
This study gives further insight in the 100 year old enigma of the U-wave in the human 
electrocardiogram. Not only is a U-wave noticeable in every electrocardiogram after 
appropriate signal averaging, it is modulated by either an IK1 decrease or increase with a 
corresponding increase or decrease of its amplitude. Furthermore, it occurs before aortic 
valve closure in IKr↑-patients. This strongly supports the long-lived notion that the U-wave is 
caused by intrinsic potential differences in the terminal part of the action potential.
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INTRODUCTION

In 1906, eleven years after Einthoven’s first description of the P-QRS-T complex in a human 
electrocardiogram in 1895,1 he reported the existence of a wave after the T-wave, accordingly 
named U-wave, in a patient with ‘degenerative myocardial disease’.2 In the following years, 
Einthoven and Lewis noted the existence of a U-wave in the majority of their tracings.3,4 
Einthoven stated that the U-wave is normally of low amplitude but may reach considerable 
height in pathological cases.3 Lewis related the U-wave to the diastolic phase of the cardiac 
cycle since it appeared directly following the second heart sound.4 At present, the clinical 
significance of the U-wave is not much valued. It often escapes observation and its genesis 
has been debated over the last century. Yet, interference of a U-wave with measurement of the 
QT-interval may lead to iatrogenic harm.5-7 Further, a negative U-wave where this deflection 
is usually positive is almost always associated with cardiac pathology.5,6 The mere fact that the 
U-wave genesis remains an enigma after its first description over 100 years ago, justifies its 
further investigation.6

Historically and at present,5,6,8-11 there are 2 main hypotheses on the U-wave origin: 
1) it is generated by intrinsic potential differences between the terminal parts of action 
potentials, and 2) it is actuated by mechanoelectrical feedback with a prolonging effect on late 
repolarizing myocardium.5,8,12 For the first hypothesis different causes have been considered: 
1a) potentials occurring in the terminal part of the action potential, previously referred to 
as ‘after-potentials’, which are intrinsic to the action potential and not equivalent to early or 
delayed afterdepolarizations,5,8,13 1b) longer duration of the action potential in some parts 
of the ventricles, such as Purkinje fibers,14 papillary muscle15 or ‘M-cells’,16 and 1c) early 
or delayed afterdepolarizations.11 In contrast, the second hypothesis relates the U-wave to 
myocardial stretch during diastolic relaxation.6 

Recently, the unresolved problem of the U-wave genesis attracted renewed 
attention.17-21 Based on a computer simulation model of the left ventricle, Ritsema van Eck 
et al. reported that the U-wave is an intrinsic part of repolarization, subject to a substantial 
amount of cancellation and that, presumably, the action potential has a tapering tail that 
extends well beyond what is conventionally taken to be the end of the T-wave.18 Morita et al., 
using an experimental Andersen-Tawil-syndrome (often referred to as long QT syndrome 
type 7 [LQTS-7]) model, reported that the U-wave is associated with a delay in the late phase 
3 of the action potential.19 Both these studies are thus in support of the hypothesis that regards 
the U-wave genesis as an intrinsic part of repolarization (1a). In contrast, by comparing 
echocardiograms with the U-wave onset in SQTS-patients, it was concluded by Schimpf et 
al. that the U-wave coincided with aortic valve closure and isovolumetric relaxation, thus 
supporting the mechanoelectrical hypothesis (2).21 These contradictory results prompted us 
to further investigate this phenomenon. 
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The terminal part of the action potential is predominantly regulated by the inward 
rectifier repolarizing current IK1.

22 In the present study we further investigated the relationship 
between the U-wave and this current in the human electrocardiogram. Accordingly, we 
conducted electrocardiographic studies in controls and in patients with either a gain- or a 
loss-of-function mutation in the gene responsible for IK1 (KCNJ2) to assess the effect of these 
mutations on the U-wave. Hence, we studied patients with either SQTS-3 (IK1↑) or Andersen-
Tawil-syndrome (IK1↓). In addition, because in patients with SQTS, the short QT-interval 
facilitates observation of the U-wave, we studied patients with SQTS-1 (KCNH2 gain-of-
function mutation/IKr↑) and SQTS-2 (KCNQ1 gain-of-function mutation/IKs↑). 

METHODS

Patients
ECGs were recorded in 5 SQTS-patients, encompassing all 3 types of SQTS currently known 
world-wide. Namely, in 2 patients with a gain-of-function mutation in KCNH2 (IKr↑/SQTS-
1)23,24 (patient III-3 and IV-8 of the second family in reference23), 1 patient with a gain-of-
function mutation in KCNQ1 (IKs↑/SQTS-2)25 and two patients with a gain-of-function 
mutation in KCNJ2 (IK1↑/SQTS-3).26 Note that there is only 1 other SQTS-2 patient described 
worldwide,27 and that no other SQTS-3 patients have been described. In addition, ECGs were 
recorded in 6 patients carrying a loss-of-function mutation in KCNJ2 (IK1↓/Andersen-Tawil-
syndrome/LQTS-7), some of whom have also been described earlier.28 In these Andersen-
Tawil-syndrome patients ectopic beats were frequent and often occurring in bigeminy with an 
exit from the U-wave (example in Schoonderwoerd et al28). Still, in 2 of these 6 patients none of 
multiple recordings was fit for analysis because of the many ectopic beats, leaving 4 Andersen-

 Table 1     Group characteristics 

Control 
subjects
(n=42)

KCNH2
(Ik1↑)

SQTS-1
(n=2)

KCNQ1
(Iks↑)

SQTS-2
(n=1)

KCNJ2 
(Ik1↑)

SQTS-3
(n=2)

KCNJ2
(Ik1↓)

ATS/LQTS-7
(n=4)

Age (years) 37±2 58±14 77 24±15 38±7

Male 23(55) 0(0) 1(100) 1(50) 2(50)

VT/VF/syncope 0(0) 0(0) 1(100) 0(0) 2(50)

Antiarrhythmic drugs 0(0) 0(0) 1(100) 1(50) 2(50)

Pacemaker/ICD 0(0) 2(100) 1(100) 0(0) 1(25)
Data are mean±standard error or n(%). ↑, gain of function; ↓, loss of function; ATS, Andersen-Tawil 
syndrome; ICD, implantable cardioverter defibrillator; KCNQ1, IKs encoding gene; KCNH2, IKr encod-
ing gene; KCNJ2, IK1 encoding gene; LQTS, long QT syndrome; SQTS, short QT syndrome; VT/VF, 
ventricular tachycardia/fibrillation. Analysis of variance or Fisher exact test: no significant differences.
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Tawil-syndrome patients for analysis 
(Table 1). Siblings and spouses, non-
carriers, of individuals with a disease 
causing LQTS mutation (n=42), served 
as control subjects (Table 1). Control 
subjects had a normal ECG and an 
unremarkable medical history. 

Fiducial segment averaged 
electrocardiograms
The U-wave is a low frequency signal 
with in general a low amplitude. 
This makes it vulnerable to noise 
and filtering.5,6,8 Furthermore, to a 
certain extent, there is variability in 
the configuration of both T-wave and U-wave that results from 1) changes in heart rate, 2) 
changes in local activation times, and 3) variations in action potential duration and QT-
interval that may occur even at a constant heart rate and constant activation pattern, which 
may hinder observation of the U-wave. To account for these matters, 5-minute standard 12-
lead ECG recordings were made at rest in the supine position using the Cardio Perfect system 
(Welch-Allyn CardioControl, Delft, the Netherlands) at a sampling rate of 600Hz without 
filtering. ECGs were then signal averaged with special focus on the U-wave. For this purpose 
we used fiducial segment averaging (FSA).29 FSA uses beat-to-beat coherence of relative small 
segments within the P-QRS-T complex. Briefly, individual QRS complexes are identified by 
using a matching filter technique. The obtained trigger time points are fine-adjusted by cross-
correlating in turn a segment around the trigger-point of each individual complex with the 
average segment of the remaining complexes and then shifting the complex until maximum 
correlation is obtained. This iterative process continues until no further improvement can 
be achieved. Complexes are excluded from measurement if they are abnormal (ectopics, 
distortion) or premature. In the resultant averaged ECG complex, the fiducial-points (P-onset, 
QRS-onset, QRS-offset and T-offset) are identified. The same iterative process is then applied 
to align the individual fiducial-points; each individual fiducial-point is shifted until optimal 
correlation is achieved of the segment around this fiducial-point and the remaining complexes 
(Figure 1). The amount of shifting required, is retained and constitutes the individual variation 
in the point estimate. As a result of FSA, in the 12 separate leads the average U-wave of an 
individual becomes perceptible and the end of the U-wave can be identified. Complexes with 
U-waves that overlap with the following P-wave are excluded. The usefulness of FSA in the 
present study can briefly be described as follows: it diminishes noise and variability in the 

Figure 1  Fiducial segment averaging

Illustrative example of fiducial segment averaging (FSA). A:
Multiple TU-waves from one recording when complexes are 
aligned on the start of the QRS-complex. B: Effect of FSA with 
alignment of complexes on the end of the T-wave.
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configuration of both T-wave 
and U-wave which may hinder 
their observation. 
 In the FSA-ECGs, the 
following parameters were 
studied: heart rate (bpm), QT-
interval (ms), QU-interval 
(ms), U-wave duration (QU-
interval minus QT-interval, 
ms), QTc-interval using Bazett 
(QT/√RR) (ms), mean and 
maximal absolute area under the 
U-wave across lead I, II, V1-V6 
(ms∙µV) and the spatial U-wave 
amplitude (µV) computed from 
the vectorcardiographic X-Y-Z 
leads as reconstructed from the 
standard ECG-leads.30 

Statistical analyses
Statistical analyses were performed in SPSS 15.0.Variables were compared by one-way analysis 
of variance (ANOVA) using a Tukey-HSD or Games-Howel multiple comparisons post-hoc 
test depending on equality of variances (Levene’s). Categorical variables were compared by a 
Fisher’s exact test. ANOVA post-hoc tests for linear trend were performed for U-wave mean 
and maximal area, and spatial amplitude between patients with a loss-of-function mutation 
versus controls (normal function) versus patients with a gain-of-function mutation. Because 
there was only one patient studied with a KCNQ1 gain-of-function (IKs↑), this patient had to 
be disregarded for statistical analysis. Categorical variables were also not compared against 
patients with a KCNH2 or KCNJ2 gain-of-function mutation (IKr↑, IK1↑) because of low 
numbers (n=2). A two sided p-value<0.05 was considered statistically significant.

RESULTS

Baseline and ECG characteristics
Group characteristics are shown in Table 1. Three patients used a betablocker (IKs↑, n=1; IK1↓, 
n=2) and one patient (IK1↑) used Sotalol. Plasma potassium levels were normal in all patients. 

FSA-ECGs contained on average 317±9 P-QRS-T complexes yielding 251±11 TU-
complexes after removal of complexes with a P-wave superimposed on the U-wave. On every 

Figure 2  FSA in a control subject

Example of the FSA ECG of a control subject. Shown are the PQRS-
TU complex of I-III, V1-V6, and a detail of the U-wave in lead I-III, 
V1-V6. End of the T-wave and U-wave are indicated by vertical lines. 
FSA, fiducial segment averaging.
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FSA-ECG a U-wave was clearly present in all 12 leads, but with different morphologies in 
these leads dependent on the projection on the lead axis. Figure 2 shows a typical FSA-EG in 
a control subject. A U-wave can be discerned in all leads and often has the highest amplitude 
in lead V2/V3. The U-wave normally lasts for about 200-300ms after the end of the T-wave 
(Table 2). Figure 3 shows examples of U-wave changes in patients with either IK1 decrease or 
increase caused by a KCNJ2 loss- or gain-of-function mutations. It is obvious that the U-wave 
appears much larger in the Andersen-Tawil-syndrome patient (IK1↓, Figure 3A) than in the 
control subject (Figure 2). In the SQTS-3 patient (IK1↑, Figure 3B) the U-wave is much smaller 
than in either the control (Figure 2) or the Andersen-Tawil-syndrome patient (Figure 3A). 

A FSA-ECG of a SQTS-2 patient and a SQTS-1 patient is shown in Figure 4 (panel 
A and panel B, respectively). These patients have gain-of-function mutations in the two genes 
encoding for IKs (KCNQ1) and IKr (KCNH2). From these figures it is clear that although the 
QT-interval is shorter, there remains a marked process of repolarization after the T-wave, 
namely the U-wave, which now lasts for about 350ms (Table 2). 

FSA U-wave area and amplitude
U-wave areas and amplitudes were, on average, about 2 to 3 times larger in the patients with 
a KCNJ2 loss-of-function (IK1↓, p<0.05) and about 1.5 to 2 times smaller in the patients with 
a KCNJ2 gain-of-function (IK1↑, not significant) as compared to the other patients and to the 
controls who showed little variation in these parameters (Table 2). Therefore, ANOVA post 
tests for linear trend were performed between patients with a KCNJ2 loss-of-function (IK1↓), 

 Table 2     FSA ECG parameters

Control 
subjects
(n=42)

KCNH2 
(Ikr↑)

SQTS-1
(n=2)

KCNQ1 
(Iks↑)

SQTS-2
(n=1)

KCNJ2 
(Ik1↑)

SQTS-3
(n=2)

KCNJ2
(Ik1↓)

ATS/LQTS-7
(n=4)

QT interval (ms) 413±4* 320±25†‡ 395 397±13 449±17*

QU interval (ms) 677±9§ 667±7 740 626±3† 745±89

U-wave duration (ms) 264±6 347±18 345 230±10 296±40

QTc Bazett (ms) 429±3* 355±23†‡§ 401 437±11* 434±15*

Mean heart rate (bpm) 66±2 74±2 62 73±1 56±4

Mean U area (ms∙µV) 2690±160‡ 2459±729‡ 2528 1401±219‡ 6702±2324*†§
Max. U area (ms∙µV) 5197±323‡ 5028±1312‡ 4951 2718±556‡ 13472±4621*†§
Spatial U amplitude (µV) 3646±203‡ 4154±653‡ 3773 1922±383‡ 10417±3277*†§

Data are mean±standard error or n(%). ↑, gain of function; ↓, loss of function; ATS, Andersen-Tawil syn-
drome; KCNQ1, IKs encoding gene; KCNH2, IKr encoding gene; KCNJ2, IK1 encoding gene; LQTS, long 
QT syndrome; SQTS, short QT syndrome; Analysis of variance post-hoc test. *p<0.05 vs. Ikr↑; †p<0.05 
vs. controls; ‡p<0.05 vs. Ik1↓; §p<0.05 vs. Ik1↑.  
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vs. controls (normal IK1) versus 
patients with a KCNJ2 gain-of-
function (IK1↑). This resulted 
in a significant linear down-
sloping trend for both mean and 
maximal U-wave area, and for 
spatial amplitude, going from 
IK1 loss, over normal IK1, to gain 
of IK1 (Figure 5). 

DISCUSSION

Because the U-wave is a low 
frequency signal of, in general, 
relatively low amplitude, it 
may well be that on many 
conventional ECGs the filter 
settings and/or noise prevent 
its proper recognition. 
Furthermore, at rates above 
circa 90 bpm the U-wave 
may become engulfed by 
the next P-QRS-T complex.5 
Nevertheless, Lepeschkin 
already noted U-waves in nearly 
100% of cases in the precordial 
leads, most prominent in lead 
V3.5 We found that a U-wave 
is discernable in all leads of all 
cases processed by FSA (up 
to now well over 5000 cases) 

although loss or gain of IK1 seems to pivot its appearance. We have, indeed, never seen an 
individual without a clearly noticeable U-wave. 
 We were given the unique opportunity to record FSA-ECGs in two patients with a 
KCNH2 gain-of-function (IKr↑) who were also included in the recent report by Schimpf et al.21 
and to match our FSA-ECG findings with their echocardiograms. Figure 4B shows the FSA-
ECG of the same patient as published by Schimpf et al.21 The start of the U-wave was aligned 
with closure of the aortic valves and start of isovolumetric relaxation. Indeed, the deflection 

Figure 3  FSA in KCNJ2 mutation patients

Example of KCNJ2 gain-of-function/loss-of-function mutation FSA 
ECGs. A: FSA ECG of a patient with a KCNJ2 loss-of-function muta-
tion (Andersen-Tawil syndrome/IK1↓). B: FSA ECG of a patient with 
a KCNJ2 gain-of-function mutation (SQTS-3/IK1↑). FSA, fiducial 
segment averaging.
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in lead V2 and V3 that is referred 
to as the U-wave, seems to start 
about 105ms after the end of the 
T-wave and has its peak about 
100ms later. However, in leads 
II and III a positive deflection 
immediately following the 
T-wave can be observed, having 
its start and peak both 100ms 
earlier than the U-wave in V2 and 
V3. By definition, all variations 
of potential following the T-wave 
should be ranked under the 
term U-wave.5 Spatially there is 
only one U-wave. The different 
appearances of the U-wave in 
various leads are due to the 
varying projections on different 
lead vector axes. Consequently, 
what is described as U-wave by 
Schimpf et al. is actually a later 
phase of a U-wave that already 
started at least 100ms earlier. In 
fact, closer scrutiny of Figure 4B 
reveals that there is no isoelectric 
phase between the T-wave and 
U-wave in any of the leads but 
that T-wave and U-wave are 
parts of a single repolarization 
process. Moreover, in the patients’ mother, also part of the studied patient group,21 similar 
findings were observed. At the time of their report,21 these additional data were not available 
to Schimpf et al. 
 Thus, we must conclude that the U-wave starts well before closure of the aortic 
valves, as derived from the FSA-ECGs and echocardiograms of the patients with a KCNH2 
gain-of-function mutation. The U-wave also appears to be modulated by IK1 increase or 
decrease, as demonstrated by the FSA-ECGs of patients with a KCNJ2 loss- or a gain-of-
function mutation. There is no effect on the U-wave magnitude due to mutations causing IKs 
or IKr increase. Hence, we postulate that the U-wave is associated with IK1 regulated membrane 

Figure 4  FSA in KCNH2/KCNQ1 mutation patients

Example of KCNH2 and KCNQ1 gain-of-function FSA ECGs. A: FSA 
ECG of the patient with a KCNQ1 gain-of-function mutation (SQTS-
2/IKs↑). B: FSA ECG of a patient with a KCNH2 gain-of-function 
mutation (SQTS-1/IKr↑). FSA, fiducial segment averaging.
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potential differences in the late phase 3 or phase 
4 of the cardiac cycle and not with diastolic 
relaxation as previously presumed.6,21 
    In Figure 6, a simplified representation of the 
action potential and the ECG is shown with the 
postulated influence of a decrease or increase of 
IK1. As can be appreciated from Figure 6B and 
6C, the terminal part of the action potential is 
predominantly regulated by the inward rectifier 
repolarizing current IK1 and an increase or 
decrease of this current leads to a faster or slower 
approach to the resting membrane potential. 
The resultant changes in the ECG (Figure 6A) 
show a modest attenuation of the last part of the 
T-wave and a decrease or increase of the U-wave 
amplitude. This also explains the only modest 
prolongation of the QT-interval in Andersen-
Tawil-syndrome/LQTS-7 (IK1↓)28,31 and the 
only modest shortening of the QT-interval in 
SQTS-3 (IK1↑),26 as IK1 seems to predominantly 
regulate the U-wave and to only mildly affect 
T-wave duration. In contrast, IKs or IKr increase 
predominantly affects the T-wave and not the 
U-wave. In fact, in our experience also IKs or IKr 
decrease (LQTS-1/IKs↓ or LQTS-2/IKr↓), does 
not affect the U-wave area or spatial amplitude. 
  The idea that the U-wave corresponds to 
intrinsic membrane potential differences at 
the end of the action potential (hypothesis 
1a) was first proposed by Nahum and Hoff in 
1939.9,13 These authors continued on previous 
work of Erlanger and Gasser on nerve32 which 
revealed ‘the existence of after-potentials whose 
duration far exceeds the period of excitation 
accompanying propagation of the impulse’.13 

These after-potentials show a slow but gradual approach to the resting membrane potential 
and should not be confused with afterdepolarizations with true ‘humps’ in the action 
potential. In 1969, Lepeschkin and others apparently preferred this intrinsic after-potential 

Figure 5  U-wave parameters

U-wave; mean and maximal area, and spatial 
amplitude. Mean and maximal (absolute) area 
under the U-wave (ms∙V) and spatial Uwave 
amplitude (µV) for KCNJ2 loss-of-function muta-
tion patients (Andersen-Tawil syndrome/IK1↓), 
controls (normal KCNJ2 function/IK1), and KCNJ2 
gain-of-function mutation patients (SQTS-3/IK1↑). 
Error bars show mean±standard errors. Note the 
logarithmic scale. NS, not significant; SQTS, short 
QT syndrome.
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hypothesis.5,8,9 This notwithstanding, Lepeschkin and certainly Surawicz also considered 
the mechanoelectrical hypothesis where myocardial stretch has a prolonging effect on late 
repolarizing myocardium.6,8,9 
 Low potassium levels increase the U-wave and high potassium levels decrease the 
U-wave.33 Interestingly, Lepeschkin and Surawicz already reported that for the combination of 
hypokalemia and large U-waves, patients with familial periodic paralysis were very eligible.33 It 
is tempting to speculate that these patients were actually Andersen-Tawil-syndrome patients, 
since these features represent the hallmarks of this syndrome.19,28 On a theoretical basis the 
present data are consistent with the effect of extracellular potassium. The steepness of the 
I-V curve of IK1 critically depends on extracellular potassium.22 In the presence of elevated 
extracellular potassium, its slope is steep, increasing IK1, and in the presence of low extracellular 
potassium its slope is shallow, decreasing IK1.

22 Figure 6 illustrates that IK1 increase, by either 
hyperkalemia and/or KCNJ2 gain-of-function mutations, will be associated with a reduced 
U-wave amplitude. Conversely, IK1 decrease, by either hypokalemia and/or KCNJ2 loss-of-
function mutations, will be associated with an increased U-wave amplitude. 
 When the U-wave is indeed (partially) caused by IK1 repolarizing current as the 
present study indicates, overall electrical current must flow through the ventricular wall after 
the end of the T-wave. Therefore, local disparity of action potentials is mandatory. Small 

Figure 6  IK1 and the U-wave

Simplified presentation of the ECG (A) and the action potential with its ionic currents (B, C). The effect of loss-of-
function and gain-of-function of IK1 is illustrated in the terminal phase of the action potential (dotted lines) and 
the ECG. Note the only modest prolongation and shortening of the QT-interval in loss-of-function and gain-of-
function of IK1 and the increase and decrease of the U-wave respectively.
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potential differences between the terminal parts (phase 3/4) of action potentials may be 
enough to create current for a U-wave, provided that sufficient myocardial mass is involved.18 
An interaction between repolarizing current (IK1) and depolarizing current (Na/Ca exchange) 
probably determines this overall (net) electrical current and such a condition will be 
facilitated by heterogeneous expression of these channels in the heart.22 In preparations with 
reductionism like the canine ventricular wedge preparations, block of IK1 with CsCl creates 
a pseudo Andersen-Tawil-syndrome phenotype with mild prolongation of the QT-interval, 
prominent U-waves, frequent premature activations, ventricular arrhythmia and bidirectional 
tachycardia that could be potentiated by hypokalemia, isoproterenol, and increased heart 
rate.19 In fact, all changes in interaction between repolarizing and depolarizing current in the 
terminal phase of the action potential may well explain the U-wave changes seen in cardiac 
pathology such as ischemia or heart failure,5,22 altered calcium cycling by, e.g., inhibiting 
the intracellular Ca-binding protein calmodulin34 or membrane hyperpolarization by KATP 
openers like pinacidil.35 

When it is accepted that the U-wave is the reflection of a continuous process of 
repolarization, it is no surprise that defining the true end of the T-wave (or the true onset of 
the U-wave) is complicated,5-7,36 if not impossible. Still, the U-wave should not be included in 
measurement of the QT-interval. First, it is hard to recognize on conventional ECGs. Second, 
normal references in controls are not readily available. Third, the QU-interval has, thus far, 
not been associated with arrhythmias. 

Our findings support the long-lived notion that the U-wave is caused by intrinsic 
potential differences in the terminal phase of the action potential which appear to be 
modulated by IK1. The finding that the U-wave starts well before closure of the aortic valves 
contradicts the mechanoelectrical hypothesis, albeit that mechanical factors were not 
experimentally addressed in the present study. Hence we can also not prove or disapprove 
with the current data that the U-wave may change in response to changing ventricular 
pressure or volume as this has been used in favor of the both the mechanoelectrical and the 
intrinsic afterpotential hypothesis.6,9 As for the other two ‘intrinsic’ hypotheses, namely (1b) 
longer duration of the action potential in some parts of the ventricles, such as Purkinje fibers,14 
papillary muscle15 or ‘M-cells’,16 or (1c) early or delayed afterdepolarizations,11 this study was 
not designed to test these hypotheses. However, the first of these two remaining hypotheses 
relies on modest prolongation of the plateau or early phase 3 of the action potential in a 
(very) small part of the cardiac muscle or conduction system. The amount of prolongation 
and the myocardial mass involved makes this an unlikely mechanism in the U-wave genesis, 
as discussed previously by us and others.6,10,11 The second remaining hypothesis explaining the 
U-wave by afterdepolarizations, is likewise improbable as a U-wave is notable in all hearts, 
normal and abnormal, while afterdepolarizations are certainly not of common occurrence. It 
is, however, plausible that afterdepolarizations may augment or change preexisting U-waves 
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as they cause potential differences in the terminal part of the action potential. This may also 
imply that there is a difference between the genesis of a normal U-wave (based on intrinsic 
potential differences in the terminal phase of the action potential) and a pathological U-wave. 
A pathological U-wave may occur in pathology resulting in a change in IK1 and/or Na/Ca 
exchange, but also with the addition of afterdepolarizations.16 The latter may, for example, 
explain the (catecholamine sensitive) arrhythmias with an origin from the U-wave in 
Andersen-Tawil syndrome.19,28

Limitations
The principal limitation of the present study is the paucity of patients in some of the studied 
groups. Unlike loss-of-function mutations in KCNQ1 and KCNH2, loss-of-function 
mutations in KCNJ2 are sparse. Also, patients with a KCNJ2 loss-of-function mutation may 
have so many ectopic beats that adequate signal averaging is not possible. Furthermore, gain-
of-function mutations in any of these genes are extremely rare.23-27 Unfortunately, there are no 
other SQTS-3 patients described world-wide than the two we have studied and one of these 
patients received Sotalol.

Conclusions
This study gives further insight in the 100 year old enigma of the U-wave in the human 
electrocardiogram. Not only is a U-wave noticeable in every electrocardiogram after 
appropriate signal averaging, it is modulated by either an IK1 decrease or increase with a 
corresponding increase or decrease of its amplitude. Furthermore, it occurs before aortic valve 
closure in SQTS-1 patients. This strongly supports the long-lived notion that the U-wave is 
caused by intrinsic potential differences in the terminal part of the action potential.
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