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Abstract
As one of the hypotheses, the presence of after-potentials might contribute to the genesis of U wave in ECG.
Volatile anesthetics inhibit cardiac transmembrane ionic currents and intracellular calcium activity. Such
pharmacological effects might explain their inhibitory actions on delayed afterdepolarizations and triggered activity.
The aim of the present study was to evaluate the possible effect of sevoflurane on U wave in human beings.
Perioperative ECG (lead II) were recorded and analyzed from 35 gynecologic patients (20 to 70 years old, ASA class I).
All these 35 patients with sizable U waves were consecutively included in this observational study. Anesthesia was
routinely induced with thiamylal, fentanyl and succinylcholine and maintained with sevoflurane and pure O2. U wave
amplitude (UAmp) was manually measured from amplified ECG records. Discernible U wave in variable size could be
identified in 35 patients (58 ± 29 µV). A negative correlation between RR interval and UAmp (r = 0.471) supported the
tachycardia-augmented nature of U wave in the presence of sympathetic stimulation. UAmp was larger in extrasystolic
beats (350 ± 217 % of the control, n = 11, p < 0.05). Sevoflurane (1 to 1.5 MAC) significantly and reversibly suppressed
UAmp (a decrease by 53 ± 27 µV, n = 35, p < 0.05). The suppressive effect of sevoflurane on UAmp might suggest the role
of intracellular calcium load and delayed afterdepolarizations as a possible origin of U wave in normal human beings.
Keywords: U wave, ECG, Sevoflurane, Volatile anesthetics

Introduction
U wave, an elusive inscription on the ECG, appeared in
pathologic conditions (e.g., hypokalemia, hypocalcemia,
cardiac ischemia, cardiac hypertrophy, subarachnoid
hemorrhage, etc). Interestingly, U wave also exists in normal
healthy subjects. The cellular mechanism for the origin of U
wave, however, remains unclear [1]. Several hypotheses have
been proposed to explain this late deflection immediately
following T wave in the ECG. For instance, late repolarization
of subendocardial Purkinje fibers was related to the generation
of U wave [2]. Inhomogeneous dispersion of action potential
duration in ventricular epicardium, endocardium, and middle
layers (M-cell layers) might also contribute to the genesis of U
wave [3]. Mechano-electrical feedback has been demonstrated
to be related to U waves in ventricular hypertrophy [4]. Both
delayed and early afterdepolarizations, due to the alteration in
transmembrane ionic currents and intracellular calcium, have
been proposed to play a plausible role in the formation of U
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wave [5,6]. Although several studies have already addressed
this unsolved issue, direct evidence to fully support any of
these hypotheses is still lacking.
Volatile anesthetics (e.g., isoflurane, desflurane,
sevoflurane etc.) exert both antiarrhythmic and
arrhythmogenic actions in the heart [7-9] and show inhibitory
effects on various transmembrane ionic currents and
intracellular sodium and calcium activities in cardiomyocytes
[10-13]. It has been demonstrated that halothane and isoflurane
could suppress digitalis or catecholamine-mediated triggered
activity in canine Purkinje fibers and ventricular muscles in
in-vitro condition [14-15]. These suppressive effects of
halothane and isoflurane are demonstrated to be mediated by a
reduction in the amplitude of afterdepolarizations. Therefore, it
is plausible to hypothesize that volatile anesthetics could
suppress U wave formation, under the assumption that the
after-potentials do play an important role in the genesis of U
wave. Recently, we have demonstrated that isoflurane and
desflurane can suppress U wave in anesthetized female
patients [16-17]. In the current study, the dynamic changes in
T-U waves recorded by routine peri-operative ECG (lead II)
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were analyzed in the anesthetized gynecologic patients
receiving sevoflurane.

Table 1. Changes in ECG parameters by sevoflurane.
(n = 35)
Control

Methods
The study population consisted of 35 female patients
receiving gynecological surgery. All patients were otherwise
healthy (American Society of Anesthesiologists (ASA) class I,
from 20 to 70 years old) and neither of them had arrhythmias,
electrolytes imbalance, myocardial ischemia and infarction,
cardiac hypertrophy and cardiomyopathy, or cerebral
hemorrhage. All subjects were in normal sinus rhythm and
showed sizable U wave in their electrocardiogram (ECG).
Medical history, physical examination, chest radiograph and
biochemical data revealed no remarkable abnormalities. None
of the patients were taking medications. The investigation
conformed with the principles outlined in the Declaration of
Helsinki.
This
observational
(non-randomized
and
non-invasive) clinical study was approved by the local
institutional research board. Offline lead II ECG tracings
showing sizable U waves from 35 patients receiving
sevoflurane were analyzed.
ECG, as a standard monitoring, was routinely recorded in
each patient before induction of anesthesia. The limb leads
electrodes were located on the left and right shoulders and the
fifth intercostal space at the left axillary line. All ECG
recordings were amplified (5 mm / 0.1 mV) and all selected
ECG strips were printed out at a paper speed of 25 mm / s. The
U wave was defined as a positive or negative deflection
immediately following the T wave. The amplitudes and the
duration of intervals of ECG waveforms were manually
measured using calipers and magnifying lens. The amplitudes
of T wave (Tamp) and U wave (Uamp) were defined as the
absolute distance from the apex of the respective wave to the
isoelectric baseline. If T and U waves fused, the Uamp was
measured from the nadir of the T-U complex to the peak of the
U wave. The ratio of Uamp / Tamp was also analyzed. The
duration of QT interval was measured from start of the Q wave
to the end of the T wave. If the descent of the T wave did not
touch the baseline, the end of the T wave was determined by
the intersection of slope of descent of the T wave and baseline.
The duration of the QU interval was measured from the start of
Q wave to the peak of the U wave. The preceding RR interval
was measured and was used to correct QT and QU using
Bazett’s formula (QTc and QUc). All waveforms were recorded
in lead II. For each ECG recording, measurement of
waveforms was performed when the heart rate, baseline and
configuration were stable.
In the study group of sevoflurane, standard peri-operative
monitoring was routinely instituted (blood pressure, ECG,
end-tidal CO2, pulsed arterial saturation) in 35 patients. The
induction of anesthesia was performed with fentanyl (1 to 2 µg
/ kg), thiamylal (4 to 6 mg / kg), and succinylcholine (1 to 2
mg / kg). After tracheal intubation was completed, anesthesia
was maintained with sevoflurane (1 to 1.5 MAC) in the
presence of pure oxygen (1 L / min). Both the inspiratory and
end-expiratory concentrations of sevoflurane were on-line

Age
(yr)
Weight
(kg)
Height
(cm)

Sevoflurane

Difference

41.1 ± 10.6 (20, 70)
55.6 ± 4.8 (42, 63)
158.5 ± 5.4 (149, 173)
＊

RR interval
(ms)

826 ± 121

1027 ± 158

Tamp
(µV)

462 ± 180

457 ± 168

Uamp
(µV)

58 ± 29

5±9

UAmp/TAmp

0.16 ± 0.17

0.01 ± 0.03

QT
(ms)

407 ± 26

460 ± 40

QTc
(ms)

450 ± 36

456 ± 39

QU
(ms)

507 ± 46

589 ± 66

QUc
(ms)

559 ± 46

563 ± 58

201 ± 144
[152, 251]
-5 ± 129
[-40, 49]
＊
- 53 ± 27
[-44, -63]

＊

- 0.15 ± 0.17
[-0.09, -0.21]
＊

53 ± 35
[41, 65]
6 ± 41
[-8, 20]
＊
82 ± 64
[33, 132]
4 ± 72
[-51, 60]

Data are expressed as mean ± standard deviation. * denotes p < 0.05
Numbers in parentheses indicate 95% confidence interval of
difference.

monitored with an agent analyzer. Muscle relaxation was
maintained with either atracurium or rocuronium. The depth of
anesthesia was monitored and adjusted by bispectral analysis,
auditory evoked potential or autonomic parameters. The results
are expressed as the mean ± standard deviation. Minimal and
maximal values are indicated in the round brackets. The
association between the amplitudes of T-U waves and the
preceding RR intervals was evaluated by linear regression
analysis. Comparisons between T-U changes before and after
the administration of sevoflurane were performed using paired
samples t-test. Numbers in parentheses indicate 95%
confidence interval of difference. To test the difference, a p
value < 0.05 was regarded as statistically significant.

Results
In 35 gynecologic patients (ASA class I), visible U waves
with variable sizes could be identified. The amplitude of U
wave was 58 ± 29 µV on average (Table 1). Figure 1 shows
examples of ECG recordings obtained from 8 patients. Note
that U waves appeared in 3 of them and was not discernible in
the other 2 patients (Fig. 1 B). Three different configurations
of U wave in association with the T wave or P wave could be
seen (Fig. 1 A). In addition to appear immediately after the end
of the T wave, the U wave could either fuse with T wave or
encroach into the P wave. Immediately after tracheal
intubation during induction of anesthesia, the heart rate and
blood pressure might increase due to residual adrenergic
stimulation. Figure 2 shows such an example in a patient with
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(a)
(b)
Figure 1. Examples of U wave. (a) ECGs from 3 different patients. The U wave (indicated by arrow) was fused with the T wave (upper panel)
or the P wave (lower panel). (b) The U wave was discernible in 3 patients (lower 3 panels) and not visible in 2 patients (upper two
panels).

Figure 2. Sympathetic stimulation-augmented U wave. A series of ECGs changes from the pre-intubation resting state (left upper 2 panels) to
those immediately after tracheal intubation (from left upper to right lower panels). Arrow indicates an example of the U wave. It is clear
that U wave amplitude increased in the left 3rd and 4th panels.

a visible U wave. The amplitude of the U wave was larger at
faster heart rates than at slower rates (from left upper to right
lower panels). In 13 patients, the U wave amplitude is
negatively correlated with the preceding RR interval (r =
0.471).
In certain patients, extrasystoles occurred immediately after
tracheal intubation during induction of anesthesia. Figure 3
shows ECG tracings of such an example. It is noted that
extrasystoles usually took off from near the peak of the U
waves of the preceding beat. Under such a circumstance, the
amplitude of U wave was much larger than those in the
pre-induction resting state (Fig. 3 (c-d) versus (a)).
Subsequently, the size of the extrasystole-augmented U waves
decreased in sinus rhythm. In 11 patients displaying

extrasystoles during induction of anesthesia, the U wave was
augmented to 350 ± 217 % (150, 800) of the control during the
sinus rhythm (p < 0.01).
The suppressive effect of sevoflurane (1 to 1.5 MAC) on the U
wave was recorded in 35 patients with a discernible U wave.
Figure 4 shows such an example. In comparison to that of the
control (pre-induction resting state, Fig. 4 (a)), the amplitude
of the U wave dramatically and progressively decreased by
sevoflurane (Fig. 4 (d)). The overall suppressive effect of
sevoflurane on the U wave is presented in Table 1. In addition
to prolonging the QT interval (53 ± 35 ms, p < 0.05),
sevoflurane significantly decreased Uamp (53 ± 27 µV, p <
0.05). It is noted that the suppressive effect of sevoflurane on
U wave is reversible (for example, Fig. 4 (e)).
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(a)

(b)

(c)

(d)

(e)

Figure 3. Extrasystoles-augmented U wave. (a) pre-intubation resting state; (b) after induction; (c-e) extrasystoles occurred immediately after
tracheal intubation. U wave (arrows) size is increased during extrasystoles.

(a)

(b)

(c)

(d)

(e)

Figure 4. Reversible suppressive effect of sevoflurane on the U
wave. (a) pre-induction resting state; (b-d) progressive
inhibition of the U wave by sevoflurane during
maintenance of anesthesia; (e) recovery of the U wave
after emergence from anesthesia. Arrow indicates
example of a U wave.

Discussion
U wave inscribed in ECG has been observed for more
than one hundred years, but its origin has not yet been fully
identified. It is known that the QT or QTU interval is
equivalent to the repolarization process of cardiac ventricular
cells [18]. Decrease or increases in certain transmembrane
ionic currents in cardiomyocytes from epicardium,
endocardium or M-cell layers can change the early or late
repolarization phase of the action potentials. Any
inhomogeneous lengthening in action potential duration might
cause a prolonging of the QT interval and provide substrates
for torsade de pointes or ventricular tachycardia. In association
with late ventricular repolarization, the pathophysiological role
of U wave has been demonstrated in myocardial ischemia,
cardiac hypertrophy or subarachnoid or intracerebral

hemorrhage [4, 19, 20]. However, a definitive cellular
mechanism of the genesis of the U wave is still lacking.
Although several hypotheses have been proposed, none of
them is sufficient to explain the elusive role of the U wave. For
example, the proposed role of contribution of subendocardial
Purkinje fiber to late repolarization has a shortcoming due to
the small volume of Purkinje cells [2]. Although the
inhomogeneous repolarization of cardiomyocytes from
epicardium, endocardium and M-cell layers is a plausible
hypothesis [3], the discrepancy of their electrophysiological
characteristics have not been revealed in in-vivo experimental
conditions. The role of mechano-electrical feedback on U
wave formation also remains to be confirmed [4, 21].
Interestingly, a recent computational model study showed that
the presence of after-potentials on the cardiac action potentials
might explain the U wave features in normal subjects [5]. The
role of after-potentials, however, has not been tested
experimentally.
The size of the U wave has been demonstrated to be
positively correlated with the preceding RR-interval in normal
control subjects [22]. In contrast, our observation from female
patients during induction of anesthesia shows a negative
correlation between the preceding RR-interval and the
amplitude of the U wave. When sympathetic activity was
enhanced by tracheal intubation, the U wave became more
prominent at faster heart rates (Fig. 2). This phenomenon could
also be observed while the patient was extubated following
emergence from anesthesia. These findings suggest a potential
role of catecholamines in the facilitation of U wave
magnitudes. Under stimulatory condition by catecholamines,
intracellular calcium in ventricular myocytes could be
expected to be much higher and delayed post-depolarizations
might occur. This hypothesis could be further supported by the
finding that the U wave magnitude was enhanced in those
patients showing extrasystoles after tracheal intubation (Fig. 3).
This phenomenon is quite similar to the finding that
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post-extrasystole U wave augmentation is more prominent at
faster preceding RR-intervals in patients with or without long
QT and idiopathic ventricular tachycardia [23, 24]. The latter
(e.g., right ventricular outflow tract-ventricular tachycardia) is
correlated with the level of catecholamines, intracellular
calcium activity and triggered activity [25]. Recently, it has
been reported that the U wave can be enhanced by
isoproterenol and inhibited by esmolol in normal healthy
volunteers [26, 27]. Therefore, the U wave in ECG might
reflect a dynamic increase in intracellular calcium activity and
formation
of
the
after-potentials
(i.e.,
delayed
afterdepolarizations, oscillatory potentials) modulated by the
level of catecholamines. Prolonged QT interval, increasing
dispersion and formation of early afterdepolarizations have
been associated with U wave formation [6, 24]. In contrast, our
study shows that the size of U wave did not increase when the
heart rate decreased below 40 beats / min during the
maintenance of anesthesia. This observation indicates that an
extremely prolonged action potential duration is not required
for the genesis of U wave in healthy subjects. This notion is
also supported by the fact that all the female patients showing
sizable U waves in our study had no prolonged QT interval. In
the present study, we confirmed that a sevoflurane prolonged
QT interval in clinical anesthetized patients was similar to the
effect of other volatile anesthetics [28-31]. Interestingly, the U
wave was not augmented, but suppressed by sevoflurane when
the action potential duration was lengthened.
Volatile anesthetics inhibit various transmembrane ionic
currents and therefore affect the configuration of the action
potentials in the heart [10-13, 32, 33]. Previous studies also
show that halothane and isoflurane could suppress digitalis- or
catecholamine-induced triggered activity in canine Purkinje
fiber and ventricular myocytes [14, 15, 34]. In such animal
models, both volatile anesthetics could suppress the delayed
afterdepolarizations and abolish repetitive triggered activity
and aftercontractions. This antiarrhythmic action of volatile
anesthetics can be explained by a reduction in transmembrane
calcium influx and intracellular calcium load. It is known that
volatile anesthetics inhibit transmembrane potassium currents,
calcium current, Na-Ca exchanger activity and intracellular
calcium transients [35-38]. Sevoflurane shared similar cardiac
pharmacological actions with halothane and isoflurane [11, 12].
If the genesis of the U wave is associated with intracellular
calcium load and delayed post-depolarizations [3, 5], then it is
expected to observe that sevoflurane could suppress the U
wave during late ventricular repolarization. Our results in the
present study are in support of this hypothesis.
Under certain pathological conditions, such as myocardial
ischemia, ventricular hypertrophy, subarachnoid hemorrhage,
electrolytes imbalance, ventricular arrhythmias, U wave often
appears and serves as a pathologic marker [19, 20, 39-42]. In a
recent report, a larger U wave was found to be correlated with
congenital arrhythmia (syndrome), in which an inward rectifier
in cardiac cells was mutated [43]. In the present study, all these
pathologic conditions were excluded. Since our patients did
not take any medication and suffered no systemic diseases
(ASA class I), the possible effect of drug interaction on the
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repolarization process is also excluded. Interestingly, our
previous studies showed that both isoflurane and desflurane
also suppressed the U wave [16-17]. The suppressive effects of
volatile anesthetics on U waves in ECG seem to be universal.
Since the U wave, together with the T wave, play a pivotal role
in cardiac arrhythmogenesis [44], it is important to understand
the cellular mechanism for the genesis of the U wave. In
addition to a recent computer simulation modeling of the U
wave [45], further mathematical modeling to support our
hypothesis (i.e., the role of dynamic intracellular calcium load
and delayed afterdepolarizations) is awaited.
In conclusion, sevoflurane could suppress the U wave in
healthy female patients and might serve as a pharmacological
probe to further understand the origin of the U wave.
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