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A survey of current literature suggests an increasing
interest in both the desirable and undesirable implica
tions of a prolonged QT interval, the former perceived
to be the beneficial effect of antiarrhythmic drugs that
prolong the duration of ventricular action potential, and
the latter considered to be a potential marker for sudden
cardiac death in patients with ischemicheart disease. In
addition, there has been an increasing interest in the
congenital long QT syndrome associated with an appar
ent dysfunction of the autonomic nervous system and
serious, potentially lethal ventricular arrhythmias. Cir
cumstantial evidencesuggeststhat thesearrhythmias are
due to increased dispersion of repolarization which may
be aggravatedbypsychologic and emotional perturbations.

In this review, the associations between the long QT
interval, autonomic nervous system, dispersion of re
polarization, antiarrhythmic drugs and ventricular ar
rhythmias are examined. Attention is directed to the
difficulties of accurate QT measurement, problems re
lated to the correction of the QT interval for heart rate
and sex (QTc) , the wide range of normal values and the
modest QT alterations after various manipulations of
the autonomic nervous system. Clinical conditions as-

The significance of a prolonged QT interval on the electro
cardiogram may be variously interpreted in clinical practice.
At times, QT lengthening is perceived as the beneficial result
of the administration of an antiarrhythmic drug. Under other
circumstances, a prolonged QT interval is considered an
ominous sign because of its association with ventricular
tachycardias exhibiting the specific configuration known as
torsade de pointes. Most often, however, the corrected QT
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sociated with marked, moderate and occasional QT
lengthening are listed and discussed briefly in relation
to the disturbances of nervous system, dispersion of ven
tricular repolarization and ventricular arrhythmias.

It is proposed that the absence of relevant animal
models of neurogenic or psychogenic QT prolongation
hinders the investigation of the neurogenic factors as
sociated with QT lengthening. QT prolongation is most
ofteninducedby antiarrhythmic drugs and ischemic heart
disease. However, it is not known whether the occur
rence of torsade de pointes type of ventricular tachy
cardia in patients treated with antiarrhythmic drugs is
related to a critical drug dose or a critical degree of QTc

prolongation. There is no conclusive evidence that QT
lengthening has any predictive value either during the
acute phase or during convalescence after myocardial
infarction. Also, a serious deficiency in 'current knowl
edge is the lack of an established relation between the
prolonged QT interval and the dispersion of ventricular
repolarization. It is concluded that the number of un
answered questions discussed in this review still makes
it difficulttojudge whena prolonged QT interval isgood,
bad or indifferent.

(QTc) interval is an item on the electocardiographic report
that is of uncertain significance and of little use in clinical
decision-making.

"Historically, interest in the QT has waxed and waned,"
stated Burchell (1) in a recent review article on the subject.
A survey of current literature suggests that the interest cycle
is on the upswing, with attention focused on both the "good"
and the "bad" implications of a prolonged QT interval. In
one of two recent editorials on this subject, Vaughan Wil
liams (2) discussed the prolonged QT interval as a mani
festation of prolonged repolarization reflective of a poten
tially beneficial effect of antiarrhythmic drugs that prolong
the duration of ventricular action potential. In the other,
Schwartz (3) considered lengthening of the QT interval as
a potential marker for identifying survivors of myocardial
infarction at high risk for subsequent cardiac events.

It would seem timely and of clinical and research rele
vance to critically examine the strength of the presumed
associations between the "good" and the "bad" implica-
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tions ol a prolonged QT interval, the factors that may in
part contribute to the uncertainties relative to the implica
tions of a prolonged QT interval, and identify areas where
knowledge of the mechanisms for and clinical significance
of the prolonged QT interval is lacking.

Measurement of QT and Its Correction for
Heart Rate (QTc)

As background information for a discussion of the sig
nificance of and problems related to QT prolongation, it
may be helpful to understand the essential nature of the QT
interval and the conditions for its proper measurement since
certainly some of the disparities in interpretation of QT
significance derive from inconsistencies in its measurement.
The numerous potential sources of inaccuracy of QT mea
surement in the clinical setting make it difficult to evaluate
the biologic significance of minor QT changes, even when
they are "statistically significant."

Accurate measurement of the QT interval requires a mul
tichannel recorder. Determination of the onset of the QRS
complex and the end of the T wave is difficult to accomplish
unless several limb and precordial leads are recorded simul
taneous.y (4,5), preferably at a paper speed of 50 mm/s
or greater. In addition, because the adjustment of QT du
ration to changes in RR interval is not instantaneous but
gradual QTc measurements represent steady state values
only when the rhythm remains regular for several cardiac
cycles.

The QT interval includes the QRS duration, and although
a prolonged QRS complex does not detract from the ac
curacy of QT measurement, it may change the interpretation
of the measured value. Subtraction of QRS duration from
the QT interval may be required in estimating the duration
of repolarization, independent of the duration of depolari
zation. However, this procedure also introduces potential
inaccuracy because of the difficulties inherent in the deter
mination of the end of the QRS complex (6).

Role of heart rate. The QT interval decreases with in
creasing heart rate. Of the many formulas proposed to de
scribe this relation in normal human subjects and, therefore,
to correct for heart rate (that is, square root, cube root and
other exponential, logarithmic or linear formulas [references
in reference 7]), none has achieved a perfect fit within a
wide range of RR intervals. As pointed out by Lepeschkin
(7), these formulas cannot be exact because they give infinite
QT values at RR = 00, and values exceeding RR at RR
values below 0.17 to 0.23 second. The limitations of meth
ods designed to correct the interval QT for heart rate prob
ably reflect the complex relation between heart rate and the
duration of ventricular action potential, the basis for the rate
dependency of the QT interval. The relation best fits a hy
perbola that reaches a hypothetical maximal value after a
very long cycle length (8), and that appears to approach a

certain minimal value at very short cycle lengths although
this is difficult to investigate as depolarization encroaches
on previous repolarization at extremely short RR intervals.

Normal QTc range. Lepeschkin (7) compiled 5,000 re
ported cases and added 1,100 personal cases to define the
normal range of QT distribution within a wide range of RR
intervals. Although the various formulas proposed for de
scribing the dependence of the interval QT on the RR in
terval lie within the range of normal limits compiled by
Lepeschkin at most RR intervals, both the square root for
mula and the linear formula appear to be more suitable over
a wider range of RR intervals than do the logarithmic and
cube root formulas. Another interesting feature of Lepesch
kin's study is the wide range for normal QTc values. Al
though it is conceivable that some of the cases included by
Lepeschkin represented values from individuals with an ab
normal QT interval, the study showed that the normal range
of QTc was within ± 15% of the mean value over a wide
range of RR intervals. This represents approximately 50 ms
at an RR interval of 400 ms and 140 ms at an RR of 1,200
ms. This wide range of "normal" makes it difficult to
interpret the significance of differences between groups of
patients or individuals when all values remain within normal
ranges.

Bazett formula. The most widely used formula for the
correction for rate is that of Bazett in which:

QTc = k VRR.
The k value of the Bazett formula, as modified by Shipley
and Hallaran (9), is 0.397 for men and 0.415 for women.
Many investigators consider the upper limit or normal value
of QTc for both sexes as 0.44 second. However, this value
is below the upper limit of the normal QT value in the study
of Lepeschkin (7), and the latter would give normal QTc

values of approximately 0.46 for men and 0.47 for women.
The Bazett formula can be used to study the effects of
interventions modifying the duration of the QT interval through
effects on the k value. This type of evaluation may be more
informative when studying the effects of drugs and inter
ventions than the QTc measurements alone made at only
one RR interval. The appropriate k value can be found by
regression analysis of the measured intervals using the func
tion defined by Bazett's formula with a k value of 0.40
serving as reference (10). Using this method, Ahnve (10)
found a k value of 0.406 for postmyocardial infarction pa
tients treated with metoprolol, 0.434 for patients on the
second day after myocardial infarction and 0.454 for patients
with acute myocardial infarction treated with quinidine (Fig.
1).

QT Interval as a Reflector of Repolarization
The QT interval as recorded on the surface electrocar

diogram represents the sum of uncanceled potential differ-



400 SURAWICZ AND KNOEBEL
PROLONGED QT INTERVAL

0.80

JACC Vol. 4. No.2
August 1984398-413

Figure 1. The relationbetween QT and RR in
tervals in 53 patients with acute myocardial in
farction treatedwithquinidine, but without bun
dle branch block or digitalis therapy. The
regression line (QT = 0.25 . RR + 0.2075)
and the function defined by Bazett's formula
witha k valueof 0.400 serveas references. The
estimated k valuehere is 0.454. (Reprinted with
permission of Ahnve S, et al. [29].)
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ences during ventricular depolarization and repolarization.
In utilizing the QT interval as a reflector of repolarization,
it is important to know whether the end of the T wave
corresponds to the longest duration of ventricular repolar
ization (7) or whether it is followed by a period of "silent
repolarization" resulting from canceled potential differ
ences (11). The existence of silent repolarization would
make it difficult to utilize the QT interval in any meaningful
way as a reflector of altered repolarization. Although a sys
tematic exploration of the entire ventricular myocardium
has not been performed to resolve the question of silent
repolarization, in our opinion there is no direct experimental
evidence that ventricular repolarization continues after the
end of the repolarization wave inscribed on the surface elec
trocardiogram in animals or human subjects.

Is there "silent repolarization"? The existence of "si
lent repolarization" has been postulated to explain apparent
QT lengthening in dogs after left stellate ganglion stimu
lation, a procedure that shortened the effective refractory
period in the area supplied by the stimulated nerves (II)
and, therefore, "unmasked" previously canceled repolari
zation. This finding, however, has not been confirmed in
human subjects (12). The concept of silent repolarization
would be difficult to reconcile with a considerable amount
of data supporting the concept that the end of the T wave
is the end of repolarization. In studies performed in our
laboratories, all recorded endocardial monophasic action
potentials from the left and right ventricle in human subjects
(13), monophasic action potentials from the ventricular sur
face in dogs (14) and transmembrane action potentials from
the ventricular surface in rabbits (15) terminated before the
end of the T wave. Also, in a recent study of Savigny et
al. (16), QT intervals recorded at different temperatures and

RR INTERVAL sec.

potassium concentrations in guinea pig hearts paralleled the
duration of the ventricular action potential in excised right
ventricular papillary muscles, but under all examined con
ditions, action potential duration was markedly shorter than
the QT interval.

To prove or disprove the presence of silent repolarization
would require the impossible task of exploring the duration
of repolarization from all fragments of ventricular myocar
dium. However, in the absence of contradicting evidence,
it appears reasonable to assume that the end of the T wave
closely approximates the longest duration of ventricular re
polarization. This is a useful concept for interpreting the
significance of a prolonged QT interval.

Relations Between QT and
Duration of Systole

It has been proposed in the postmyocardial infarction
patient that a QT interval exceeding the QSz interval is a
predictor of unfavorable prognosis (17). While requiring
further confirmation, if the observation is shown to be valid,
the factors influencing the relations between QT duration
and duration of systole need to be assessed to understand
the rationale for linking these two variables.

Relation between duration of QT and duration of ven
tricular ejection. A close correlation has been established
(5,17) between the duration of the QT interval and the
duration of ventricular ejection at different heart rates under
normal conditions. Similar relations are maintained under
the influence of positive inotropic interventions (for ex
ample, catecholamines, calcium and digitalis [18]), all of
which result in a parallel shortening of QT and mechanical
systole. An opposite but parallel effect, that is, lengthening
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of both the QT interval and mechanical systole , occurs dur
ing hypocalcemia (19). Under most other pharmacologic or
pathologic conditions, however, there is no close correlation
between the durations of QT interval and ventricular ejec

tion . The duration of ejection is influenced by a number of
hemod ynamic factors that are independent of repolarization,
and vice versa . The factors that are frequently responsible
for the prolongation of the QT interval. such as prolonged
duration of phase 3 of repolarization or an altered sequence
of repolarization, have only limited influence on the duration
of ejec tion. Thus, in conditions associated with a prolonged
QTc other than hypocalcemia, the QT interval usually ex
ceeds the duration of the QS2 interval.

We conclude that a prolonged QT interval in patients
with impaired mechanical function is an independent re
flector of repolarization and is not necessarily influenced by
altered contractility.

Autonomic Nervous System Influences on QT
As the significance of a prolonged QT interval is related

in man y instances to the underlying autonomic nervous sys
tem " balance," knowledge about autonomic nervous sys
tem influences on the QT interval also needs to be sum
marized before examining the clinical syndromes associated
with a prolonged interval.

Vagal effects and changes in heart rate. Ventricular
repolarization is believed to be predominantly under beta
adrene rgic control (20). Under normal conditions, vagal
effects are predominantly indirect and secondary to changes
in hean rate (21). The effects of atropine on the QT interval
have been attributed exclusively to the increase in heart rate
(22). However, even though the administration of atropine
does not change QTc using Bazett's formula, the drug does
shorten the QT interval during pacing at constant rates (23,24).
These observations demonstrate that the effects of inter
ventions on the QT interval during controlled heart rate may
differ from the effects during spontaneous heart rate changes
(23,24 ).

Beta-receptor blocking drugs. Despite some minor
discrepancies among studies , all investigators are in agree
ment that the beta-adrenergic blocking drugs produce no
major changes in QTc . In two studies made at a constant
heart rate maintained by pacing, intravenous administration
of propranolol caused either no significant change in QTc

(23) or a slight QTc prolongation (25). In nonpaced subjects,
propranolol shortened QTc from 0.40 to 0.37 in one study
(26) and from 0.418 to 0.394 in another study (27). No QTc

differences were found between subjects being treated with
beta-adrenergic drugs and untreated subjects (28). Two other
studies (29,30) examined the survivors of myocardial in
farction In one (29), QTc was slightly shorter (0.394) in
the pat ients treated with metoprolol than in the group re
ceiving placebo (0.406). In the other (30), alprenolol treat-

ment shortened QTc from 0.415 to 0.39 in a subgroup of
the most severely diseased patients but had no effect on QTc

in the remaining patient s.
Transplanted hearts. Similar to the minor and incon

sistent effect of beta-adrenergic blocking drugs on the QT
interval , other types of autonomic deprivation also have
minimal effects on QTc . In transplanted hearts paced at a
cycle length of 500 ms , QT and QTc intervals have been
shown to be normal , averaging 334 ± 18 ms and 0.43 ±
0.03 , respectively (31). Also , the duration of the QT interval
appears to be normal in published tracings of nonpaced
donor hearts (32).

Stellate ganglion block. In a study in normal subjects
(33), no change in QTc was produced by left stellate gan
glion block, while right stellate ganglion block prolonged
the average QTc from 0.40 to 0.43 in 15 subjects.

Prolonged QT Interval in Clinical Practice
With the preceding background information in hand, clin

ical states associated with QT interval prolongation will now
be discussed relative to the strength of the association be
tween presumed mechanisms and the clinical manifestation
of a prolonged QT interval. For ease of description, the
conditions will be divided into those that result in: l) marked
QTc prolongation (that is, > 125% of the average normal
value), and 2) moderate QTc prolongation (that is, approx
imately 115 to 125% of the average normal value) . In ad
dition. several reported causes for minor and inconsi stent
QTc prolongation are considered separately. Subdivision into
these categories is based exclusively on personal experience
and is not categorical. No data are available to estimate the
sensitivity or specificity of either marked or moderate QTc

prolongation associated with the conditions listed in Tables
I and 2. Each of the conditions that can cause marked QT
prolongation may also cause a lesser degree of QT prolon
gation or no QT prolongation. However, the conditions
listed or causing moderate QT prolongation in Table 2 sel
dom cause as marked QT prolongation as do the conditions
in Table I . Thus, the list of cond itions in Tables 1 and 2
may be used as a guideline in the differential diagnosis when

Table 1. Causes of Marked QTc Lengthening* (> 125%)

I. Congenital
2. Neurogenic, including organophosphorus
3. Severe hypothermia
4. Severe hypocalcemia
5. Fad diets
6. Contrast injections into coronary artery
7. Antiarrhythmic drugs (seldom)
8. Severe bradycardia, atrioventricular block, myocardial

ischemia, postresuscitation, unexplained] (occasionally)

*Excluding that secondary to QRS widening . tProbably predominantly
neurogenic.
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Figure 2. Electrocardiograms from a 15 year old girl with a con
genital long QT syndrome on two different days but no change in
treatment. Note greater QT lengthening in A than in B.
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lengthening of the QT interval and the appearance of serious
arrhythmias. Nevertheless, it would be difficult to invoke
coincidence as an explanation for the numerous clinical
observations of ventricular arrhythmia, syncope and sudden
death provoked by increased sympathetic stimulation (40)
and emotional stress, such as fright (34,35,38,41) or star
tling noises (41,42). In some cases, continuous recordings
are available (42-44) to show precipitation of a prolongation
of the QT interval by noxious psychic stimuli and a con-

*Excluding that secondary to QRS widening.

confronted with marked or moderate QTc prolongation of
uncertain origin.

I. Post-ischemic-transmural and nontransmural myocardial
infarction

2. Various cardiomyopathies and after cardiac surgery trauma
3. Moderate hypocalcemia
4. Class I antiarrhythmic agents, tranquilizers
5. Hypothyroidism and pituitary insufficiency (occasionally)
6. Neurogenic or unexplained (occasionally)

Table 2. Causes of Moderate QTc Prolongation* (SI25%)

CongenitaL Long QT Syndrome

The congenital long QT syndrome represents a unique
clinical condition in which the available evidence strongly
suggests that the lengthening of the QT interval is neuro
genic, that the long QT interval is associated with increased
dispersion of repolarization and that this increased disper
sion is the principal, if not the only, cause of the associated
life-threatening ventricular arrhythmias (Table 3).

The first report of the familial prolongation of QT interval
associated with congenital deafness and sudden cardiac death
due to ventricular arrhythmia was published by Jervell and
Lange-Nielsen of Norway (34). The disorder, however, had
apparently been recognized in the United States (35) before
this first publication. Subsequently, families with the same
disorder but with normal hearing were reported in Ireland
(36) and Italy (37), and these two reports generated the
eponym of Romano-Ward syndrome. Both the Jervell-Niel
sen and Romano-Ward syndromes have been reviewed ex
tensively (38,39) and an informal registry of all reported
cases has been established by Schwartz (3). We will limit
our discussion to incompletely resolved problems relevant
to the understanding of the mechanism of the syndrome.

Clinical features. The natural history of the disorder is
extremely variable and the appearance of symptoms is spo
radic and unpredictable. The marked spontaneous variations
in the duration of QT interval (Fig. 2) make it difficult to
establish a direct cause and effect relation between a critical

Table 3. Relation Between Prolonged QT Interval, Autonomic Nervous System, Dispersion of
Repolarization and VentricularArrhythmias

Marked QTc

Prolongation
Predominantly

Neurogenic
Increased Dispersion

of Vent. Repolarization
Serious Vent.
Arrhythmias

Congenital LQTS
CVA pattern (transient, acquired)
Drugs and metabolic factors*
AV block and severe bradycardia
Myocardial disease (usually less marked

QTc lengthening)

Yes
Yes
No
No
No

Yes
?
Probably yes
Probably yes
Probably yes

Yes
No evidence
Yes
Yes
Yes, but no

established relation
to QTc

*Excluding organophosphorus poisoning. AV = atrioventricular; CVA = cerebrovascular; LQTS = long
QT syndrome; Vent. = ventricular.
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comitant appearance of ventricular premature complexes
and ventricular tachycardia degenerating into ventricular
fibrillation.

Evidencefor autonomicdysfunction inpatients with long
QT syndromeinclude: the reported inability to increase heart
rate appropriately with exercise (39) or after administration
of atropine (45) and inappropriate adjustment of the QT
interval to tachycardia induced by exercise or during the
Valsalva maneuver (46). Such dysfunction does not occur
uniformly in all patients, however, probably reflecting vari
able expressions of altered autonomic control.

Anatomic findings. Except for the changes in ventric
ular repolarization, the electrocardiogram of patients with
long QT syndrome is usually normal and there is no clinical
evidence of valvular, myocardial or coronary heart disease.
In several autopsy studies (38,39), the myocardium ap
peared normal both grossly and histologically. However, in
one series (38), a consistent finding was focal neuritis and
neural degeneration within the sinoatrial node, atrioventric
ular node, His bundle and ventricular myocardium. Others
reported degeneration of Purkinje fibers (47,48) or fibrosis
of the conduction system (49).

Mechanism ofArrhythmia in Long QT Syndrome

Increased dispersion of repolarization, Electro
cardiograms recorded at the onset of the characteristic po
lymorphous ventricular tachycardia (torsade de pointes) or
ventricular fibrillation show that these arrhythmias usually
are precipitated by a ventricular premature complex inter-

Figure J. Electrocardiographic strip of lead II from a 68 year old
woman with prolonged QT interval of uncertain origin after re
suscitation from cardiac arrest initiated by ventricular tachycardia
(torsade de pointes). The duration of six consecutive RR and QT
intervals (in cs) is shown at the bottom of the strip. The two
complexes preceded by a premature P wave (P) represent atrial
extrasystoles conducted with ventricular aberration. The T wave
of the second postextrasystolic complex is interrupted by a ven
tricular premature complex (R on T phenomenon), which is fol
lowed by another ventricular premature complex. Assuming that
the QT interval of the second postextrasystolic complex equals the
QT interval of the first postextrasystolic complex (RR = 92, QT
= 60), the expected (exp) QT = 60. Because the coupling of the
ventricular premature complex (CI) = 34 cs, the minimal dis
persion (QT - CI) = 60 - 34 cs, that is, 260 ms.

rupting the T wave (40,45,50-54). If it is assumed that the
onset of premature ventricular depolarization corresponds
to the recovery of excitability in some portion of the ven
tricle, while the end of the QT interval corresponds to a
similar instant in some other portion of the ventricle, the
interval between the onset of the ventricular premature com
plex and the end of the QT interval can also be assumed to
represent the minimal duration of dispersion of repolari
zation. The method of estimating this interval is shown in
Figure 3. Personal observations and examination of pub
lished figures of the ventricular premature complex in pa
tients with the congenital long QT syndrome suggest that
this minimal dispersion of repolarization is large. For ex
ample, the approximate values of minimal dispersion in
published illustrations showing the onset of torsade de pointes
in patients with the congenital long QT syndrome (Fig. 3
in reference 50, Fig. 5 and 12 in reference 40, Fig. 4 in
reference 51, Fig. 3 in reference 52, Fig. 4 in reference 53
and Fig. 2 in reference 45) ranged from 80 to 360 ms
(average 230). Although these values lack precision when
measured from published records, they do provide some
insight into the qualitative aspects of the underlying prob
lem. It is interesting that the values resemble the reported
differences between the durations of the QT interval and
the effective refractory period in the right or the left ventricle
(52). Other evidence in support of marked asynchrony of
repolarization in these patients includes differences in the
durations of monophasic action potential in different por
tions of the ventricles (55,56) and marked variability of the
effective refractory period found during the exploration of
the right ventricle (57,58).

Conditions required for dispersion of repolariza
tion. In support of dispersion of repolarization as a mech
anism for arrhythmogenesis in the long QT syndrome, recent
studies (59) utilizing an animal model of dispersion due
predominantly to unequal duration of ventricular mono
phasic action potentials have shown that the induction of
sustained ventricular arrhythmia required: 1) dispersion that
was about three to four times greater than control dispersion
and, 2) a single premature ventricular stimulus at the site
of the short monophasic action potential durations. To prove
that the same conditions are required to initiate ventricular
arrhythmias in subjects with the long QT syndrome, it will

II
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be necessary to determine the magnitude and distribution
of dispersion of repolarization as well as the mechanism of
the ventricular premature complex initiating the arrhythmia.
Conceivably, in patients with the long QT syndrome, in
creased sympathetic stimulation at the onset of arrhythmia
could increase diastolic depolarization and precipitate an
automatic discharge of a latent pacemaker fiber. Alterna
tively, the increased dispersion might precipitate reexcita
tion or reentry. It has been suggested (43,52,60) that the
reentry in this condition may be caused by asynchronous
recovery of the His-Purkinje-bundle branch system rather
than of ventricular myocardium.

The problem in understanding the mechanism of arrhyth
mogenesis in the long QT syndrome and, indeed, in other
syndromes potentially secondary to autonomic influence, is
that no known autonomic interventions have produced com
parable degrees of QTc prolongation or abnormalities of
ventricular repolarization coupled with the appearance of
spontaneous ventricular arrhythmias. The only acquired
condition that appears similar to the syndrome is poisoning
with organophosphorus compounds that cause QT prolon
gation and "torsade de pointes" (61). This disorder is prob
ably neurogenic because the organophosphorus compounds
inhibit cholinesterase and produce intense vagal stimulation.
The similarity of the electrocardiographic pattern in this
condition with that of the long QT syndrome suggests that
the abnormality of the long QT syndrome may be due to
some peculiar combination of abnormal vagal and adren
ergic imbalances.

Role of therapeutic interventions. Because of the
spontaneous variation in QT duration and ventricular ar
rhythmias, the evaluation of therapeutic interventions is also
difficult in the long QT syndrome. The ventricular arrhyth
mia is seldom inducible in the laboratory and, thus, defies
assessment based on pharmacologic prevention of induci
bility. The administration of beta-adrenergic blocking drugs
appears to represent a rational form of therapy because the
attacks of life-threatening arrhythmias are frequently pre
cipitated by increased sympathetic stimulation. Also, it can
be reasoned that such treatment will be helpful if the critical
dispersion of repolarization is caused by the presence of a
mixture of two types of cardiac fibers, those that cannot
shorten in response to beta-adrenergic stimulation and those
that respond normally. In such a case, beta-adrenergic
blockade may prevent the shortening of normally responding
fibers and thereby prevent an increase in dispersion of re
polarization accompanying sympathetic stimulation. The ef
fectiveness of beta-adrenergic blocking drugs has been sub
stantiated by many investigators (39,40,53,62,63), even
though beta-adrenergic blockers do not necessarily shorten
the QT interval in these patients (45,53). Also, sedatives
appear to be helpful, probably because they blunt the emo
tional responses (43,62,64,65).

The excision of the left or right stellate ganglion has been

helpful in a few cases (62), but the effects of such therapy
are not predictable and there are numerous reports
(12,21,39,62,64-67) attesting to the failure of either chang
ing the QT interval or preventing arrhythmias after such
interventions, or both,

Acquired Neurogenic QT Lengthening

Cerebrovascular accident. In 1954 Burch et al. (68)
identified a specific electrocardiographic pattern peculiar to
certain patients with a cerebrovascular accident. This pattern
occurs most frequently in patients with intracranial hem
orrhage (references in reference 69), but it has also been
found in patients with other intracranial lesions. The typical
electrocardiographic pattern is characterized by a conspic
uous increase in T wave amplitude, prolongation of the QT
interval by 20% or more (Fig. 4) and an occasional increase
in U wave amplitude. However, it appears in only a small
minority of patients with central nervous system disease.
We found this pattern in 29 (32%) of 89 patients with in
tracranial hemorrhage, 10% of patients with primary intra
cranial aneurysm and 7% of patients with acute cerebral
thrombosis and increased intracranial pressure (69). The
pattern was found in only 1 of 30 patients with hypertensive
encephalopathy and in 1 of 32 patients with brain metastases
(69). Similar percentages have been found by other inves
tigators. In one study of 186 patients with cerebrovascular
hemorrhage (70), the QT interval was prolonged only in
patients with frontal lobe damage, In another study of 89
patients with subarachnoid hemorrhage (71), QTc exceeded
115% of normal in 19.1% of patients, and in an additional
study (72), QTc was prolonged in 11 of 20 patients,

The finding that the cerebrovascular accident pattern ap
peared in several patients after cryohypophysectomy asso
ciated with diabetes insipidus (73) suggested that it could
be due to injury of the hypothalamus. This would explain
the association of the pattern with subarachnoid hemorrhage
because hypothalamic lesions occur frequently after rupture
of aneurysms of the anterior and posterior communicating
arteries (74). On rare occasions, however, an electrocar
diographic pattern identical to that occurring in patients with
cerebral lesions may appear after extracranial manipulations
of the autonomic nervous system, for example, after tran
sabdominal truncal vagotomy for treatment of peptic ulcer
disease (75) or after presumed destruction of the sympathetic
nerve fibers during radical lymph node dissection of the
right side of the neck (76). The typical cerebrovascular
accident pattern is usually a transient phenomenon lasting
only a few days, and can be reversed by means of intra
venous administration of small doses of isoproterenol (77).

Incidence of ventricular arrhythmias in cerebrovas
cular accident. Unlike the congenital long QT syndrome,
a review of the literature and personal observations suggest
that the QT prolongation in patients with the central nervous
system pattern is seldom associated with serious ventricular
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Figure 4. Typical electrocardiographic pat
tern of cerebrovascular accident in three
women aged 45, 39 and 44, respectively,
withsubarachnoid hemorrhage. Notethepro
longedQT and increased T wave amplitude.

..

arrhythmias. Although the pattern usually occurs in seri
ously ill individuals requiring hospitalization, we found only
four case reports (78-81) of associated serious ventricular
arrhythmias. In one of these studies (79), another patient
with subarachnoid hemorrhage admitted to the coronary care
unit had ventricular fibrillation but the electrocardiographic
description does not mention the duration of the QT interval.
In another report (82) of two patients with subarachnoid
hemorrhage and serious ventricular arrhythmias, one patient
had a normal electrocardiogram within 1 hour after ven
tricular tachycardia was observed on a monitor, and in the
other patient with syncope attributed to ventricular flutter,
the QT interval was not prolonged on the illustrated
electrocardiogram.

M05t studies ofpatients with stroke, including those with
intracranial hemorrhage, contain no information about the
presence or absence of arrhythmia, However, in a few stud
ies the results of electrocardiographic monitoring are avail
able. In one such study (83) of 135 patients with stroke of
whom 14had subarachnoid hemorrhage, ventricular tachy
cardia occurred in 3 but their electrocardiographic pattern

is not described. In that study (83), 69% of patients had
heart disease and monitoring did not' 'improve the 30 day
mortality. " In one of two other studies, only transient single
ventricular ectopic complexes were reported in 2 of 20 pa
tients with subarachnoid hemorrhage (72), and in the other,
neither ventricular tachycardian or fibrillation is listed among
the findings in 52 stroke patients, of whom 9 had cerebral
hemorrhage (84). Kuo et al. (85), monitored 28 patients
with long QTc (0.53 ± 0.06), predominantly due to central
nervous system disorders, and found no increased incidence
or arrhythmia in this group.

Mechanism of the cerebrovascular accident electro
cardiographic pattern. As with the long QT syndrome,
the inadequacy of experimental models for the repolarization
alteration associated with cerebrovascular accidents hinders
mechanistic studies. Several studies since the beginning of
this century have shown that abnormally tall or deeply in
verted T waves can be produced by means of various ma
nipulations of autonomic innervation to the heart in dogs
(I 1,86-88) and cats (39). Such T wave abnormalities are
similar to the tall upright or deeply inverted T waves in the
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firmed in studies utilizing several synchrouous leads. The
outcome of such study may not prove to be clinically rel
evant because left stellate ganglion stimulation has not pro
longed the interval in human subjects (12).

In a study by Kuo and Surawicz (88), the pattern most
similar to that of cerebrovascular accident in patients ap
peared in the experimental animal with combined left stellate
ganglion transection and right stellate stimulation (Fig. 6).
This procedure induced a conspicuous change in T wave
amplitude and shortened the PR interval, but it prolonged
the QT interval by only about 6%. Nevertheless, the sim
ilarity of the T wave configuration suggests that the pattern
of cerebrovascular accident in human subjects may also be
due to some combination of stimulation and inhibition of
different portions of sympathetic centers, presumably in the
hypothalamus.

A pattern more closely resembling the typical cerebro
vascular pattern in patients was produced in dogs by admin
istration of calcium after pretreatment with isoproterenol
(89), the result being giant T waves with a prolonged QT
interval. This paradoxical effect of two agents known to
shorten the duration of ventricular action potential and QTc

when used separately is not easily understood.

Prolonged QT and Antiarrhythmic Drugs

Although a review of the literature suggests that the tor
sade de pointes type of tachycardia occurs characteristically
during treatment with those antiarrhythmic drugs that pro
long the QT interval, a relation between the arrhythmia and
some critical QTc value or some critical increment in QTc

has not been established. Of the commonly used drugs ap
proved for treatment of ventricular arrhythmias, torsade de
pointes has been illustrated or reported during administration
of quinidine (90-96), procainamide (93,95-97) and diso
pyramide (94-98). Each of the these drugs not only prolongs
the QT interval, but also slows intraventricular conduction
as manifested by increased QRS duration. However, torsade
de pointes also can occur during treatment with drugs that
prolong the QT interval but have either slight effect on the
QRS duration, (for example, amiodarone [99,100]) or no
effect on the QRS duration (for example, sotalol [101]). No
correlation between the occurrence of torsade de pointes and
either the dose or the blood drug concentration has been
established for any of the antiarrhythmic drugs. Sometimes
the quinidine- or disopyramide-induced arrhythmia is at
tributed to large doses of the drugs (94), but frequently the
adverse response is considered to be idiosyncratic (90,92,94).
It has been suggested that some individuals are particularly
susceptible to drug-induced QT prolongation (98) or that
the drugs may unmask a latent form of congenital long QT
syndrome (95). However, the paucity of information about
drug-induced torsade de pointes led Smith and Gallagher
(95) to speculate that, "it is not inconceivable that the mech-e

b

d

a
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typical cardiovascular pattern. However, the marked QTc

prolongation typical of the pattern in human subjects does
not accompany the neurogenic T wave abnormalities in these
anesthetized animals.

It is possible that the difference between the experimental
and the clinical electrocardiographic pattern associated with
central nervous system disease may be due to differences
in heart rate or measurement accuracy. Heart rate is fre
quently either normal or slow in patients with the cerebro
vascular accident pattern, but it is usually rapid in animals
with T wave abnormalities induced by stimulation or tran
section of the autonomic nerves supplying the heart. At rapid
heart rates, T waves tend to encroach on P waves, and the
precise measurement of QT interval becomes difficult. This
problem is illustrated in several figures in the studies of
Rothberger and Winterberg (86) (Fig. 5) and also of Ya
nowitz et al. (11). In a study by Veda et al. (87), although
heart rate was not controlled and QT measurements were
not reported, their Figure 5 shows no change in heart rate
and no increase in the QT interval after stellate ganglion
stimulation. Yanowitz et al. (11), controlling heart rate by
means of atrial pacing, were able to measure the QT interval
in 15 of 46 dogs in which they performed left stellate gan
glion stimulation. In these animals, the QT interval in
creased by 10 to 90 ms (average 46). Such wide disparity
of QT values may be due to measurement problems because
the QT interval was measured only in one (longitudinal)
lead in which the T wave tends to be of low amplitude,
sometimes isoelectric, frequently diphasic or notched. This
morphology can cause an apparent shortening of the QT
interval (14). The subsequent increase in T wave amplitude
after neurogenic manipulation may more distinctly reveal
the end of the T wave and, thus, simulate an apparent QT
prolongation. Therefore, the finding of QT prolongation in
dogs after left stellate ganglion stimulation needs to be con-

Figure 5. Electrocardiographic changes in a dog with high vagal
tone (a), high sympathetic tone (b), inhibition of sympathetic tone
after isolation of both stellate ganglia (c), stimulation of right
stellate ganglion (d) and stimulation of left stellate ganglion (e).
See text. (Modified from Rothberger J, Winterberg H (86) with
permission. )
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anism responsible for the characteristic morphol
ogy... .may ultimately be proved to be independent of QT
prolongation. "

Psychotropic Drugs

The electrophysiologic effects of phenothiazines and tri
cyclic antidepressants are similar to those of quinidine-like
antiarrhythmic drugs (references in reference 102), Several
phenothiazine derivatives produce dose-dependent abnor
malities of ventricular repolarization associated with QTc

prolongation, The abnormalities occur most commonly after
administration of thioridazine and are less pronounced in
patients treated with chlorpromazine and trifluoperazine.
The role of phenothiazines in sudden cardiac death due to
ventricular arrhythmia is not clear because of the small
number of reported cases relative to the large number of
treated individuals.

In one study (103) of 14 patients treated with either
thioridazine doses averaging 710 mg/day or chlorpromazine
doses averaging 960 mg/day, QTc was 0.43 ± 0.4 and
decreased to 0.41 ± 0.2 when the drugs were discontinued,
This difference did not reach the level of statistical signif
icance. It appears that the marked QTc lengthening reported
in some individuals with ventricular arrhythmias is fre
quently due to a concomitant administration of other drugs
or electrolyte imbalance, or both (104). However, an un
usual individual susceptibility, that is, an idosyncratic re-
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action, may also be responsible for some of the adverse
drug effects.

Prolongation of QTc by toxic doses of tricyclic antide
pressant drugs is due mainly to widening of the QRS com
plex. Serious ventricular arrhythmias in patients treated with
these drugs appear to be uncommon, and have been asso
ciated with drug overdose in most published reports.

Metabolic Disturbances

Marked QTc prolongation can be due to hypocalcemia
(105), severe hypothyroidism (106) and certain metabolic
disturbances not associated with electrolyte imbalance, for
example, "liquid protein" diet for weight reduction (107
109). The occurrence of ventricular tachycardia and torsade
de pointes has been reported in all of these conditions (106
110). Injections of high sodium-containing or calcium-bind
ing contrast agents into the coronary arteries (13, III) can
also cause a transient marked QTc prolongation attributed
to lengthening of action potentials in the contrast-perfused
regions of the ventricles (13). No arrhythmias were observed
in the study (111) with prolongation of QTc of up to 30%.
However, in one recent case report (112), QT prolongation
after intracoronary contrast injection was associated with a
lowered electrical threshold for ventricular fibrillation.

Prolonged QTc and Myocardial Damage

In many patients with rheumatic, congenital and hyper
tensive heart disease and various cardiomyopathies, QTc is
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Figure 6. From top to bottom, leads X, Y and
Z and monophasic action potential on the posterior
and anterior walls of the left ventricle in a dog.
Effects of left stellate ganglion transection (LST)
alone (left panel), subsequent right stellate gan
glion stimulation (RSS) (middle panel) and
administration of isoproterenol (ISP) (JLg) after
right stellate ganglion stimulation (right panel).
Tracings are retouched for clarity. All values are
in ms. (Reprinted from Kuo CS, Surawicz B [88]
with permission.)
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slightly to moderately prolonged. This is frequently due, at
least in part, to prolongation of the QRS complex. However,
asynchronous repolarization unrelated to the abnormal se
quence of activation may also be important. Evidence for
prolongation of the ventricular action potential from a mus
cle band excised in a patient with obstructive hypertrophic
cardiomyopathy has been obtained (113). Conversely, al
though ventricular hypertrophy and cardiomyopathy are fre
quently associated with an increased prevalence of ventric
ular arrhythmias, no correlation between these arrhythmias
and prolongation of the QT interval has been reported. Mod
erate or, occasionally, marked QTc lengthening occurs tran
siently in many patients after open heart operations, but we
are not aware of studies correlating the degree of QTc pro
longation with postoperative arrhythmias, morbidity or
mortality.

QT Interval and Ischemic Heart Disease

Acute myocardial ischemia is usually associated with ST
segment deviation and shortening of the QT interval, but
subacute or chronic myocardial infarction is characterized
by T wave abnormalities and QTc prolongation (Fig. 7). In
experimental infarction in dogs, QTc prolongation is ac
companied by prolongation of the effective refractory period
(114) and of ventricular action potential at the margin of
the infarction (115). The QTc prolongation resulting from
transmural or nontransmural myocardial infarction may per
sist for days, months or years. To the best of our knowledge,
there are no prospective studies on the natural history of
QTc in survivors of myocardial infarction.

Role of QT prolongation in prognosis. There are at
least two reasons for proposing that QTc lengthening may
be predictive of adverse prognosis in the survivors of myo
cardial infarction. One could assume that a longer QTc in
terval is associated with a more extensive mass of scarred
or poorly functioning myocardium. However, it is not known
whether the magnitude of QTc lengthening bears a relation
to the age, location and extent of the infarction. In addition,

Figure 7. Electrocardiograms froma 50 yearold woman obtained
on the same day before (left) and after (right) myocardial infarc
tion. Note the prolongation of the QT interval. The coupling in
terval of the ventricular premature complex (in V3 [left] and in
both leads [right]) remains the same, but because of QT prolon
gation,an R on T phenomenon occurs aftermyocardial infarction.

if the QT lengthening is secondary to a more extensive mass
of affected myocardium, the prolonged QTc would not be
expected to represent an independent prognostic marker.
Alternatively, one could assume that the lengthening of QTc

reflects an increased dispersion of ventricular repolarization,
a marker of a potentially arrhythmogenic electrophysiologic
state as just discussed.

A study (116) of 32 patients with acute myocardial in
farction suggested that the initial QTc prolongation was pre
dictive of ventricular tachycardia in 14 patients. Eight of
the 32 patients had frequent and 10 had infrequent premature
ventricular complexes. The initial QTc in these three groups
was 0.52 ± 0.007, 0.47 ± 0.03, and 0.46 ± 0.03, re
spectively. The occurrence of ventricular tachycardia also
was associated with a higher peak serum enzyme level,
suggestive of a more extensive infarction. However, the
QTc in the group with ventricular tachycardia shortened by
the fifth day after infarction to the same extent as in the
other groups (116). In two other studies of patients with
acute myocardial infarction, there was no evidence that ven
tricular fibrillation was associated with a prolonged QTc

(117) or that a lengthening of QTc by up to 20% more than
the initial value was predictive of serious ventricular ar
rhythmias (118).

In a study (119) of 1,157 miscellaneous medical patients
of whom 141 died, QTc averaged 0.403 in survivors and
0.423 in nonsurvivors. Also, in that study (119), a prolonged
QTc (>0.44) occurred significantly more frequently in pa
tients dying suddenly or dying after acute myocardial in
farction than in victims of a noncardiac death. The study
does not report whether QTc in the victims of cardiac death
was prolonged secondary to past myocardial infarction or
whether drugs might have been involved.

Two prospective studies (120,121) suggest a possible
long-term predictive value ofQTc lengthening. In one (120),
125 survivors of out of hospital ventricular fibrillation were
compared with 98 ambulatory patients after myocardial in
farction. In the survivors of ventricular fibrillation, QTc was
prolonged in 35%, averaging 0.426. In ambulatory patients
after myocardial infarction, QTc was prolonged (>0.44) in
only 18% and averaged 0.412. In another study (121) of
55 survivors of myocardial infarction followed up for 7
years, the QTc of 27 survivors averaged 0.429 and for the
28 deceased individuals 0.443 (121). This study does not
provide information about other risk factors known to affect
the prognosis in survivors of myocardial infarction, and no
information about treatment with antiarrhythmic drugs that
affect QTc is available.

Vedin et al. (122) investigated 150 predictive variables
in 292 survivors of myocardial infarction and QTco although
studied, was not listed among the most prominent predictive
variables. In the study of Ahnve et al. (123) QTc measured
at discharge in 463 patients with acute myocardial infarction
had no relation to long-term prognosis. In that study (122),
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a prolonged QTc (>0.44) was present in 31% of patients
but it was not associated with increased mortality. Also, in
another study (124) of91 survivors of myocardial infarction,
QTc measurement failed to identify high risk groups and
there was no significant association between QTc and the
occurrence of complex ventricular arrhythmias. In yet an
other study (17) of 100 survivors of myocardial infarction
of whom 20 died during the follow-up period, there was no
significant difference in survival between persons with a
normal and a prolonged QTc . A tentative conclusion from
the results of these studies is that even if the data are valid,
QTc has little, if any, predictive value either during the
acute phase or during convalescence after myocardial
infarction.

Mitral Valve Prolapse

The possible role of prolonged QTc as a contributor to
arrhythmias in patients with mitral valve prolapse has re
ceived increasing attention (references in reference 125). In
two studies (126,127), QTc prolongation (>0.43) was found
in 29 of 40 patients (126) and in 44 of 94 patients (127).
In another report (125), the average QTc of 56 patients with
mitral valve prolapse was 0.48 compared with 0.38 in 62
normai volunteers. In that study (125), a QTc of 0.46 or
longer occurred in 36 of 56 patients, and the QTc lengthening
was associated with a higher prevalence of ventricular ar
rhythmias. Also, it has been reported (128) that patients
with symptomatic mitral valve prolapse exhibit exaggerated
response to administered isoproterenol manifested by greater
prolongation of the QT interval relative to the duration of
mechanical systole (QS2) than in subjects with asympto
matic mitral valve prolapse. In contrast to these reports are
the results of the Framingham study (129) in which a QTc

greater than 0.44 was present in 5% of 208 subjects with
and in 7% of 2,727 subjects without mitral valve prolapse.
It is possible that the divergent results are related to the
conditions of the patients at the time of the study.

The evidence that patients with mitral valve prolapse
have a longer QTc than subjects matched for age, sex and
physical condition remains inconclusive. In addition, in the
studies reporting QTc prolongation, the prolongation is slight
and seldom reaches values at which a long QT, is linked
with the appearance of torsade de pointes due to drug admin
istration or the congenital long QT syndrome.

Miscellaneous Conditions

Lesser degrees of QTc prolongation, (usually < 115%)
have been reported in a variety of conditions that include
diabetes mellitus (130), chronic alcoholism (131), depres
sion (l32) and induction and maintenance of anesthesia
(133,134). In most of these reports, the QTc values are not
abnormal, but are significantly longer than in the respective

matched control groups. Variable QTc prolongation can be
also caused by accidental or induced hypothermia and sev
eral drugs outside the antiarrhythmic and psychotropic cat
egories, for example, quinine (135), probucol (136), Ata
brine and emetine (7).

Conclusions
Causes. Table 3 summarizes our conclusions about the

relations between prolonged QT 0 the autonomic nervous
system, dispersion of repolarization and propensity to ven
tricular arrhythmias. The congenital long QT syndrome ap
pears to be the only apparently neurogenic disorder asso
ciated with an increased prevalence of ventricular tachycardia
(torsade de pointes). That the arrhythmia is probably sec
ondary to increased dispersion of ventricular repolarization
is evidenced by studies of effective refractory period, mon
ophasic action potential duration and the R on T phenom
enon in these patients. The acquired neurogenic long QT
interval seen with cerebrovascular accidents, particularly
intracranial hemorrhage, seldom predisposes to ventricular
tachycardia. Although an increased dispersion of repolari
zation in this condition is probably present, there are no
supporting data of the type that have been provided for
patients with the congenital long QT syndrome. The re
maining causes of long QTc are, with the possible exception
of organophosphorus poisoning, not primarily of neurologic
origin, and not all of these conditions are associated with
an increased propensity to ventricular tachycardia. The ab
sence of arrhythmogenic potential is, perhaps, due to an
absence of increased dispersion of repolarization (as with
hypocalcemia and steady state hypothermia) or due to the
short duration of induced dispersion (for example, injection
of contrast material into coronary arteries).

In patients with various types of structural heart disease,
QTc is frequently prolonged. However, QTc prolongation
is seldom as marked as in other conditions listed in Table
I, and a critical role for prolonged QTc in the genesis of
ventricular arrhythmias in these patients has not been
established.

Role in ventricular arrhythmias. The congenital long
QT syndrome has served as a model for the prevailing hy
pothesis that neurogenic disorders of the heart precipitate
or facilitate arrhythmias through increased dispersion of re
polarization. The significance of a prolonged QT interval
would assume greater significance if QT lengthening rep
resented a predictable manifestation of increased dispersion
of repolarization, and if increased dispersion of repolari
zation constituted an independent risk factor for arrhythmias
and cardiac death in patients with coronary artery disease,
cardiomyopathy, mitral valve prolapse and other forms of
heart disease. The significance of a prolonged QT is tem
pered when it is realized that the characteristic configuration
of arrhythmias accompanying the congenital long QT syn-
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drome, that is, torsade de pointes, also is present in patients
with acquired prolongation of QT secondary to treatment
with antiarrhythmic drugs, electrolyte imbalance, marked
bradycardia and certain metabolic disturbances, but not in
association with other types of acquired prolonged QT, that
is, the cerebrovascular accident pattern.

Roleof pharmacologic treatment. The inability to pre
dict when prolongation of QT is beneficial and when it is
potentially harmful exemplifies an important deficiency in
our knowledge concerning the role of dispersion of repo
larization in arrhythmogenesis and in the pharmacologic
treatment of ventricular arrhythmias. Although torsade de
pointes in the congenital long QT syndrome is probably
related to increased dispersion of repolarization, it is not
known whether this also is true for the occurrence of torsade
de pointes in patients treated with antiarrhythmic drugs be
cause the arrhythmias do not appear to be related to any
critical dose of the drug or any critical degree of QTc pro
longation. It needs to be established whether certain indi
viduals treated with these drugs are particularly susceptible
to the drug-induced QT prolongation, and whether such
susceptibility unmasks a latent form of the congenital long
QT syndrome.

Implications. While it is clear that the significance of
a prolonged QT interval depends on its accuracy as a re
flector of the status of ventricular repolarization, as we trace
the increased interest in the QT interval to a more general
interest in the effects of the nervous system and antiar
rhythmic drugs on the dispersion of ventricular repolari
zation and ventricular arrhythmias, we conclude that the
number of unanswered questions still bars judgment as to
when the long QT interval is good, bad or indifferent. If it
can be accepted, however, that repolarization is complete
at or near the end of the QT interval and the the QT interval
is an indicator of the total duration of repolarization, in the
absence of "silent repolarization," the interval between the
onset of premature ventricular depolarization and the end
of the T wave represents the minimal dispersion of ven
tricular repolarization (Fig. 3). This measurement might
provide a basis for systematic studies of dispersion and
arrhythmia propensity. It needs to be reiterated that the
limited accuracy and reproducibility of QT measurements
must always be taken into consideration.

References
I. Burchell HB. The QT interval historically treated. Pediatr Cardiol

1983;4:138-48.

2. Vaughan Williams EM. QT and action potential duration. Br Heart
J 1982;47:513-4.

3. Schwartz PJ. The idiopathic long QT syndrome. Ann Intern Med
1983;99:561-2.

4. Lepeschkin E, Surawicz B. The measurement of the QT interval of
the electrocardiogram. Circulation 1952;6:378-88.

5. Lepeschkin E, Surawicz B. The duration of the Q-U interval and its

components in electrocardiograms of normal persons. Am Heart J
1953;46:9-20.

6. Lepeschkin E, Surawicz B. The measurement of the duration of the
QRS interval. Am Heart J 1952;44:80-8.

7. Lepeschkin E. Modem Electrocardiography, vol. I. Baltimore: Wil
liams & Wilkins, 1951.

8. Elharrar V, Surawicz B. Cycle length effect on restitution of action
potential duration in dog cardiac fibers. Am J Physiol 1983; (Heart
Circ Physiol 13)244:H782-92.

9. Shipley RA, Hallaran WR. The four-lead electrocardiogram in two
hundred normal men and women. Am Heart J 1936;Il:325-45.

10. Ahnve S. The QT interval in myocardial infarction [Thesis]. Stock
holm: Karolinska Institute, 1980:1-111.

II. Yanowitz F, Preston lB, Abildskov JA. Functional distribution of
right and left stellate innervation to the ventricles. Circ Res
1966;18:416-28.

12. Vincent GM, Abildskov JA, Burgess MJ, Millar K. Autonomic ma
nipulation in the inherited QT-recurrent syncope syndromes (abstr).
Am J Cardiol 1974;33:174.

13. Shabetai R, Surawicz B, Hammill W. Monophasic action potentials
in man. Circulation 1968;38:341-52.

14. Autenrieth G, Surawicz 0, Kuo CS. Sequence of repolarization on
the ventricular surface in the dog. Am Heart J 1975;89:463-9.

15. Gettes LS, Surawicz B, Shiue JCS. Effect of high K, low K, and
quinidine on QRS duration and ventricular action potential. Am J
Physiol 1962;203:1135-40.

16. Savigny L, Hohnloser S, Antoni H. Effects of changes in frequency
on guinea pig ventricular action potential duration on QT interval
under different experimental conditions. Basic Res Cardiol
1981;76:276-88.

17. Boudoulas H, Sohn YH, O'Neill W, Brown R, Weissler AM. The
QT > QS2 syndrome: a new mortality risk indicator in coronary
artery disease. Am J Cardiol 1982;50:1229-35.

18. Hoffman BF. Effect of digitalis on electrical activity of cardiac fibers.
In: Fisch C, Surawicz B, eds. Digitalis. New York, London: Grone
& Stratton, 1969:93-129.

19. Surawicz B. Effect of Ca on duration of QT interval and ventricular
systole in dog. Am J Physiol 1963;205:785-9.

20. Barger AC, Herd AC, Liebowitz MR. Chronic catheterization of
coronary artery: induction of ECG pattern of myocardial ischemia
by intracoronary epinephrine. Proc Soc Exp Biol Med 1961;107:474
7.

21. AbildskovJA. The prolonged QT interval. Ann Rev Med 1979;30:171
9.

22. Dauchot P, Gravenstein JS. Effect of atropine on the electrocardio
gram in different age groups. Clin Pharmacol Ther 1971:12:274-80.

23. Ahnve S, Vallin H.lnfluence of heart rate and inhibition of autonomic
tone on the QT interval. In Ref 10: 94-111.

24. Browne KF, Zipes DP, Heger JJ, Prystowsky EN. Influence of the
autonomic nervous system on the QT interval in man. Am J Cardiol
1982;50:1099-103.

25. Milne JR, Camm AJ, Ward DE, Spurrell RAJ. Effect of intravenous
propranolol on QT interval. Br Heart J 1980;43:1-6.

26. Stem S, Eisenberg S. The effect of propranolol (Inderal) on the
electrocardiogram of normal subjects. Am Heart J 1969;77:192-5.

27. Seides SF, Josephson ME, Batsford WP, Weisfogel GM, Lau SH,
Damato AN. The electrophysiology of propranolol in man. Am Heart
J 1974;88:733-41.

28. Puddu PE, Bernard PM, Chaitman BR, Bourassa MG. QT interval
measurement by a computer assisted program: a potentially useful
clinical parameter. J Electrocardiol 1982;15:15-22.

29. Ahnve S, Erhardt L, Lundman T, Rehnqvist N, Sjogren A. Effect
of metoprolol on QTc intervals after acute myocardial infarction.
Acta Med Scand 1980;208:223-8.



JACC Vo. 4, No.2
August 1984:398-413

SURAWICZ AND KNOEBEL
PROLONGED QT INTERVAL

411

30. Nyberg G, Vedin A, Wilhelmsson C. QT time in patients treated
with alprenolol or placebo after myocardial infarction. Br Heart J
1979;41:452-5.

31. Bexton RS, Hellestrand KJ, Cory-Pearce R, Spurrell RAJ, English
TAH, Camm AJ. The direct electrophysiologic effects of disopyr
amide phosphate in the transplanted human heart. Circulation
1983;67:38-45.

32. CannomDS, Graham AF, Harrison DC. Electrophysiological studies
in tne denervated transplanted human heart. Circ Res 1973;32:268
78.

33. Kashima T, Tamaka H, Minagoe S, Toda H. Electrocardiographic
changes induced by the stellate ganglion block in normal subjects.
J Electrocardiol 1981;14:169-74.

34. JervellA, Lange-Nielsen F. Congenital deaf-mutism, functional heart
disease with prolongation ofQT interval and sudden death. Am Heart
J 1957;54:59-68.

35. Levine SA, Woodworth CR. Congenital deaf-mutism, prolonged QT
interval, syncopal attacks and sudden death. N Engl J Med
1958;259:412-7.

36. Ward O. The electrocardiographic abnormality in familial cardiac
arrh ythmia. Irish J Med Sci 1966;6:533-57.

37. Romano C, Gemme G, Pongiglione R. Aritmie cardiache rare dell'eta
pediatrica. La Clini Paed 1963;45:656-83.

38. James TN, Froggatt P, Atkinson WJ, Jr, et 'II. De subitaneis mortibus.
XXX. Observations on the pathophysiology of the long QT syn
dromes with special reference to the neuropathology of the heart.
Circulation 1978;57:1221-31.

39. Schwartz PJ, Periti M, Malliani A. The long QT syndrome. Am
Heart J 1975;89:378-90.

40. Garza LA, Vick RL, Nora JJ, Mcblamara DG. Heritable QT pro
Iongation without deafness. Circulation 1970;41:39-48.

41. Ratshin RA, Hunt D, Russell RO Jr. QT interval prolongation, par
oxysmalventricular arrhythmias and convulsive syncope. Ann Intern
Mec 1971;75:919-24.

42. Wellens HJJ, Vermeulen A, Durrer D. Ventricular fibrillation oc
currng on arousal from sleep by auditory stimuli. Circulation
197::46:661-5.

43. Mcvay MR, Natarajan G, Reddy CP, Surawicz B. Idiopathic long
QT -yndrome: association of ventricular tachycardia with alternating
left and right bundle branch block. J E1ectrocardiol 1982;15:189
94.

44. Tye KH, Desser KB, Benchimol A. Survival following spontaneous
ventricular fluller-fibrillation associated with QT syndrome. Arch
Intern Med 1980;140:255-6.

45. Curtiss EI, Heibel RH, Shaver JA. Autonomic maneuvers in hered
itary QT interval prolongation (Romano-Ward syndrome). Am Heart
J 19-'8;95:420-8.

46. MitsutakaA, Takeshita A, Kuroiwa A, Nakamura M. Usefulness of
the Valsalva maneuver in management of the long QT syndrome.
Circulation 1981;63: 1029-35.

47. Hashiba K. Hereditary QT prolongation syndrome in Japan: genetic
analysis and pathological findings of the conducting system. Jpn Circ
J 1978;42:1133-50.

48. Fraser GR, Froggatt P, James TN. Congenital deafness associated
with electrocardiographic abnormalities, fainting attacks and sudden
death. Q J Med 1964;33:361-85.

49. Philhps J, Ichinose H. Clinical and pathologic studies in the hered
itary syndrome of a long QT interval, syncopal spells and sudden
death. Chest 1970;58:236-44.

50. Jervell A, Sivertssen E. Surdo-cardialt syndrom. Nord Med
196778:1443-50.

51. Mathews EC Jr, Blount AW rr, Townsend n. QT prolongation and
ventr.cular arrhythmias, with and without deafness, in the same fam
ily. J..m J Cardiol 1972;29:702-11.

52. Theisen K, Haider M, Jahrmarker H. Untersuchungen uber ventri
kulare Tachykardien durch Re-entry bei inhomogener Repolarisation.
Dtsch Med Wochenschr 1975;100:1099-112.

53. Roy PR, Emanuel R, Ismail SA, EITayib MH. Hereditary prolon
gation of the QT interval: genetic observations and management in
three families with twelve affected members. Am J Cardiol
1967;37:347-53.

54. Freire ED, Gonzalez ET, Del Valle Moyano D, Martin JF, Alcalde
MG, Galve G. Sindrome de Romano-Ward y marcapasos artificial.
Rev Esp Cardiol 1979;32:193-8.

55. Gavrilescu S, Luca C. Right ventricular monophasic action potentials
in patients with long QT syndrome. Br Heart J 1978;40:1014-8.

56. Bonatti PV, Finardi A, Botti G. Enregistrement des potentiels d'ac
tion monophasiques du ventricule droit dans un cas de QT long et
alternance isolee de I'onde U. Arch Mal Coeur 1979;72:1180-6.

57. Valledor LN, Perez AJE. Sindrome de QT largo: calculo del periodo
refracatario efectivo del ventriculo derecho. Rev Esp Cardiol
1977;30:743-7.

58. Hiejima K, Suzuki F, Satake S, Ishihara K. Electrophysiologic stud
ies of Jervell-Lange-Nielsen syndrome. Chest 1981;79:446-8.

59. Kuo CS, Munakata K, Reddy CP, Surawicz B. Characteristics and
possible mechanism of ventricular arrhythmia dependent on the dis
persion of action potential durations. Circulation 1983;67:1356-67.

60. Gminer R, Na CK, Kirchmair W, Hochleitner M. Clinical and elec
trophysiological observations in a case of Romano-Ward syndrome.
Wien Klin Wochenschr 1982;14:265-70.

61. Ludomirsky A, Klein HO, Sarelli P, et 'II. QT prolongation and
polymorphous ("torsade de pointes"): ventricular arrhythmias as
sociated with organophosphorus insecticide poisoning. Am J Cardiol
1982;49: 1654-8.

62. Crampton R. Preeminence of the left stellate ganglion in the long
QT syndrome. Circulation 1979;59:769-78.

63. Rubin SA, Brundage B, Mayer W, Chatterjee K. Usefulness of
Valsalva manoeuvre and cold pressor test for evaluation of arrhyth
mias in long QT syndrome. Br Heart J 1979;42:490-2.

64. DeSilvey DL, Moss A. Primidone in the treatment of the long QT
syndrome: QT shortening and ventricular arrhythmia suppression.
Ann Intern Med 1980;93:53-4.

65. Milne JR, Ward DE, Spurrel RAJ, Camm AJ. The long QT syn
drome: effects of drugs and left stellate block. Am Heart J
1982;104:194-8.

66. Hartzler GO, Osborn MJ. Invasive electrophysiologica1 study in the
Jervell-Lange-Nielsen syndrome. Br Heart J 1981;45:225-9.

67. Baudony P, Andreassian B, Attuel P, Greze M, Soulie J, Fruchaud
J. Syndrome de Romano-Ward et stellectomie gauche. Arch Mal
Coeur 1977;70:645-52.

68. Burch GE, Meyers R, Abildskov JA. A new electrocardiographic
pattern observed in cerebrovascular accidents. Circulation 1954;9:719
23.

69. Surawicz B. The pathogenesis and clinical significance of primary
T wave abnormalities. In: Schlant RC, Hurst JW, eds. Advances in
Electrocardiography. New York: Grune & Stratton, 1972:377-421.

70. Yamour BJ, Svidharan MR, Rice JR, Flowers NC. Electrocardio
graphic changes in cerebrovascular hemorrhage. Am Heart J
1980;99:294-9.

71. Stober T, Kunze K. Electrocardiographic alterations insubarachnoid
hemorrhage. J NeuroI1982;227:99-113.

72. Eisalo A, Perasalo J, Halonen PJ. Electrocardiographic abnormalities
and some laboratory findings in patients with subarachnoid hemor
rhage. Br Heart J 1970;34:217-26.

73. Surawicz B. Electrocardiographic pattern of cerebrovascular acci
dent. JAMA 1966;197:913-4.

74. Jenkins JS, Buckell M, Carter AB, Westlake S. Hypothalamic-



412 SURAWICZ AND KNOEBEL
PROLONGED QT INTERVAL

JACC Vol. 4. No.2
August 1984:398-413

pituitary-adrenal function after subarachnoid hemorrhage. Br Med 1
1969;4:707-9.

75. Gallivan Gl, Levine H, Canzonetti AI. Ischemic electrocardiographic
changes after truncal vagotomy. lAMA 1970;211:798-801.

76. Hugenholtz PG. Electrocardiographic changes typical for central ner
vous system disease after right radical neck dissection. Am Heart I
1967;74:438-41.

77. Daoud FS, Surawicz B, Gettes LS. Effect of isoproterenol on T wave
abnormalities. Am I Cardiol 1972;30:810-9.

78. Grossman MA. Cardiac arrhythmias in acute central nervous system
disease. Arch Intern Med 1976;136:203-7.

79. Parizel G. Life-threatening arrhythmias in subarachnoid hemorrhage.
Angiology 1973;24:17-21.

80. Carruth IE, Silverman ME. Torsade de pointe: atypical ventricular
tachycardia complicating subarachnoid hemorrhage. Chest 1980;
78:886-8.

81. Hust MH, Nitsche K, Hohnloser S, Bohm B, lust H. Q-T prolon
gation and torsade de pointes in a patient with subarachnoid hem
orrhage. Clin Cardiol 1984;7:44-8.

82. Estanol BV, Marin OSM. Cardiac arrhythmias and sudden death in
subarachnoid hemorrhage. Stroke 1975;6:382-6.

83. Reinstein L, Gracey IG, Kline lA, Van Buskirk C. Cardiac moni
toring of the acute stroke patient. Arch Phys Med Rehabil 1972;53:311
314.

84. Lavy S, Yaar J, Melamed E, Stern S. The effect of acute stroke on
cardiac functions as observed in an intensive stroke care unit. Stroke
1974;5:775-780.

85. Kuo C-S, Reddy CP, Surawicz B. Ambulatory electrocardiographic
monitoring in patients with prolonged QT interval (abstr). I Am Coil
Cardiol 1984;3:548.

86. Rothberger I, Winterberg H. Uber die Beziehungen der Herznerven
zur Form des Elektrokardiogramms. Pflugers Arch 1910;135:506
58.

87. Veda H, Yanai Y, Murao S, et al. Electrocardiographic and vector
cardiographic changes produced by electrical stimulation of cardiac
nerves. Ipn Heart I 1964;5:359-72.

88. Kuo CS, Surawicz B. Ventricular monophasic action potential changes
associated with neurogenic T wave abnormalities and isoproterenol
administration in dogs. Am I Cardiol 1976;38:170-7.

89. Murayama M, Mashima S, Shimomura K, Kakayanagi K, Tseng
YZ, Murao S. An experimental model of giant negative T wave
associated with QT prolongation produced by combined effect of
calcium and isoproterenol. Ipn Heart I 1981;22:257-65.

90. Selzer A, Wray HW. Quinidine syncope: paroxysmal ventricular
fibrillation occurring during treatment of chronic atrial arrhythmias.
Circulation 1964;30:17-26.

91. Koster RW, Wellens HII. Quinidine-induced ventricular flutter and
fibrillation without digitalis therapy. Am I Cardiol 1976;38:519-23.

92. Reynolds EW, Vander Ark CR. Quinidine syncope and the delayed
repolarizationsyndromes. Mod Concepts CardiovascDis 1976;45: 117
22.

93. Sclarovsky S, Strasberg B, Lewin RF, Agmon I. Polymorphous
ventricular tachycardia: clinical features and treatment. Am 1 Cardiol
1979;44:339-44.

94. Keren A, Tzivoni D, Gavish Q, et al. Etiology, warning signs and
therapy of torsade de pointes. Circulation 1981;64:1167-74.

95. Smith WM, Gallagher II. "Les torsades de pointes": an unusual
ventricular arrhythmia. Ann Intern Med 1980;93:578-84.

96. Kay GN, Plumb VI, Arciniegas IG, Henthorn RW, Waldo AL.
Torsade de pointes: the long-short initiating sequence and other clin
ical features:observationsin 32 patients. I Am Coil CardioI1983;2:806
17.

97. Strasberg B, Sclarovsky S, Erdberg A, et al. Procainamide-induced

polymorphous ventricular tachycardia. Am I Cardiol 1981;47:1309
14.

98. Wald RW, Waxman MB, Colman 1M. Torsade de pointes ventricular
tachycardia: a complication of disopyramide shared with quinidine.
I ElectrocardioI 1981;14:301-8.

99. SclarovskyS, Lewin RF, Kracoff D, Strasberg B, Arditti A, Agmon
I. Amiodarone-induced polymorphous ventricular tachycardia. Am
Heart I 1983;105:6-12.

100. Cui G, Huang W, Vrthaler F. Ventricular flutter during treatment
with amiodarone. Am I Cardiol 1983;51:609-10.

101. Neuvonen PI, Elonen E, Vuorenmaa T, Laaks OM. Prolonged QT
interval and severe tachyarrhythmias, common features of sotalol
intoxication. Eur I Clin Pharmacol 1981;20:85-9.

102. Surawicz B, Lasseter KC. Effect of drugs on the electrocardiogram.
Prog Cardiovasc Dis 1970;13:26-54.

103. Samet JM, Surawicz B. Cardiac function in patients treated with
phenothiazines: comparison with quinidine. I Clin Pharmacol
1974;14:588-96.

104. Khan MM, Logan KR, McComb 1M, Adgey AAI. Management of
recurrent ventricular tachyarrhythmias associated with QT prolon
gation. Am I Cardiol 1981;47:1301-8.

105. Surawicz B. Relation between electrocardiogram and electrolytes
(fundamentals in cardiology). Am Heart I 1967;73:814-34.

106. Fredlund BO, Olsson SB. Long QT interval and ventricular tachy
cardia of "torsade de pointe" type in hypothyroidism. Acta Med
Scand 1983;213:213-35.

107. Brown 1M, Yetter IF, Spicer MI, Iones ID. Cardiac complications
of protein-sparing modified fasting. lAMA 1978;240:120-2.

108. Singh BN, Gaarder TD, Kanagae T, Goldstein M, Montgomerie IZ,
Mills H. Liquid protein diets and torsade de pointes. lAMA
1978;240:115-9.

109. Isner 1M, Sours HE, Paris AL, Ferrans VI, Roberts WC. Sudden
unexpected death in avid dieters using the liquid protein-modified
fast diet. Circulation 1979;60:1401-12.

110. Kambara H, Iteld BI, Phillips I. Hypocalcemia and intractable ven
tricular fibrillation. Ann Intern Med 1977;86:583-4.

Ill. Wolf GL, Hirschfeld IW. Changes in QTe interval induced with
Renografin-76 and Hypaque-76 during coronary arteriography. JAm
Coil Cardiol 1983;1:1489-92.

112. Lehmann MH, Case RB. Reduced human ventricular fibrillation
threshold associated with contrast-induced QT prolongation. 1 Elec
trocardiol 1983;16:105-10.

113. Coltart OJ, Meldrum S1. Hypertrophic cardiomyopathy: an electro
physiological study. Br Med I 1970;4:217-8.

114. Mandel WI, Burgess MF, Neville I Ir, Abildskov IA. Analysis of
T wave abnormalities associated with myocardial infarction using a
theoretic model. Circulation 1968;38:178-88.

115. Kuo CS, Butler DF, Chen CM, Surawicz B. Pathogenesis of post
ischemic T wave abnormalities (abstr). Am J Cardio1 1974;33:149.

116. TaylorGI, Crampton RS, Gibson RS, Stebbins PT, Waldman MTG,
Beller GA. Prolonged QT interval at onset of acute myocardial in
farction in predicting early phase ventricular tachycardia. Am Heart
I 1981;102:16-24.

117. Forssel G, Orinius E. QT prolongation and ventricular fibrillation in
acute myocardial infarction. Acta Med Scand 1981;210:309-11.

118. Cinca J, Figueras J, Tenorio L, et al. Time course and rate depen
dence of QT interval changes during noncomplicated acute transmural
myocardial infarction in human beings. Am J Cardiol 1981;48:1023
8.

119. Puddu PE, Bourassa MG, rlperance I, Helias I, Danchin M, Goulet
C. Can the mode of death be predicted in patients with angiograph
ically documented coronary artery disease? Clin CardioI1983;6:384
95.



lACC Vel 4, No.2
August I'M:398-413

SURA WICZ AND KNOEBEL
PROLONGED QT INTERVAL

413

120. Haynes RE, Hallstrom AP, Cobb LA. Repolarization abnormalities
in survivors of out-of-hospital ventricular fibrillation. Circulation
19"8;57:654-8.

121. Schwartz PJ, WolfS. QT interval prolongation as predictor of sudden
death in patients with myocardial infarction. Circulation 1978;57:I074
7.

122. Ve.lin A, Wilhelmsen L, Wedel H, et al. Predictor of cardiovascular
deaths and non-fatal reinfarctions after myocardial infarction. Acta
Med Scand 1977;201:309-16.

123. Ahnve S, Helmers C, Lundman T. QTc intervals at discharge after
acute myocardial infarction and long-term prognosis. Acta Med Scand
1%0;208:55-60.

124. Moller M. QT interval in relation to ventricular arrhythmias and
sudden cardiac death in postmyocardial infarction patients. Acta Med
Scand 1981;210:73-7.

125. Bekheit SG, Ali AA, Deglin SM, Jain AC. Analysis of QT interval
in patients with idiopathic mitral valve prolapse. Chest 1982;61:820
5.

126. Hancock EW, Cohn K. The syndrome associated with midsystolic
click and late systolic murmur. Am J Med 1966;41:183-96.

127. Swartz MH, Teichholz LE, Donoso E. Mitral valve prolapse. Am J
Med 1977;62:377-89.

128. Boudoulas H, Reynolds JC, Mazzaferri E, Wooley CF. Mitral valve

prolapse syndrome: the effect of adrenergic stimulation. J Am Coli
Cardiol 1983;2:638-44.

129. Savage DD, Devereux RB, Garison RJ, et al. Mitral valve prolapse
in the general population. 2. Clinical features: the Framingham study.
Am Heart J 1983;106:577-81.

130. Flugelman MY, Kanter Y, Abinader EG, Lewis BS, Barzilai D.
Electrocardiographic patterns in diabetics without clinical ischemic
heart disease. Isr J Med Sci 1983;19:252-5.

131. Koide T, Ozeki K, Kaihara S, Kato A, Murao S, Kono H. Etiology
of QT prolongation and T wave changes in chronic alcoholism. Jpn
Heart 1 1981;22:151-66.

132. Rainey JM, Pohl RB, Bilokikar SG. The QT interval in drug-free
depressed patients. J Clin Psych 1982;43(pt 2):39-40.

133. Saarnivaara L, Lindgren L. Prolongation of QT interval during in
duction of anaesthesia. Acta Anaesthesiol Scand 1983;27;126-30.

134. Kentala E, Saarnivaara L. Role of halothane in QT-time prolongation
dysrhythmias during microlaryngoscopy. Ann Clin Res 1980;12:136
8.

135. Warrell DA. Quinidine and quinine: a comparison of EKG effects
during the treatment of malaria. J Cardiovasc PharmacoI1983;5: 173
5.

136. Klein L. QT-interval prolongation produced by probucol. Arch Intern
Med 1981;141:1102-3. .




