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Introduction: QT interval prolongation in patients with end-stage liver disease (ESLD) is common.
However, electrolyte abnormalities, renal insufficiency, treatment with QT-prolonging drugs, and
other factors known to prolong QT interval independently of liver disease occur frequently in ESLD.
Moreover, elevated heart rate may be present in ESLD and result in spurious QTc prolongation if the
Bazett formula is used for rate correction. It thus remains unclear whether QT prolongation in ESLD
is directly caused by liver failure, or indirectly by these confounding factors.

Methods: Medical records of all patients (n = 437) who received orthotopic liver transplantation
(OLTx) at our institution between 2008 and 2011 were reviewed. Data from 51 patients with available
pre-OLTx dobutamine stress echo (DSE), post-OLTx ECG and without nonhepatic factors affecting
QT interval duration were analyzed. For each patient, QT versus RR regression line was calculated
from ECG tracings obtained during DSE. The QT interval on post-OLTx ECG was compared with the
pre-OLTx QT predicted by the regression line for the same RR interval.

Results: QT interval shortened significantly post-OLTx (from 394 ± 47 to 364 ± 45 ms at RR
interval 750 ± 144 ms; P < 0.002) when compared using the regression method. Corrected QT
intervals calculated by Bazett and Fridericia formulas also shortened. Patients with prolonged QT
pre-OLTx had significantly higher INR and lower serum albumin.

Conclusion: ESLD impairs ventricular repolarization even in the absence of other known factors
affecting repolarization. QT prolongation in ESLD is associated with impaired synthetic liver
function.

Ann Noninvasive Electrocardiol 2014;19(6):574–581

end-stage liver disease; cardiac repolarization; acquired long QT syndrome

Delayed repolarization of ventricular myocardium,
manifested clinically as prolongation of QT
interval, is associated with propensity to torsade de
pointes (TdP), a specific form of polymorphic ven-
tricular tachycardia.1,2 TdP can result in cardiac
arrest and sudden cardiac death. In patients with
congenital long QT syndrome (LQTS), the
repolarization delay is caused by mutation
in one of the several genes encoding cardiac
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ion channel subunits or associated adaptor
proteins.3 However, acquired QT prolongation
is much more common and clinically important.
Several pathological conditions have been
associated with QT prolongation: electrolyte
abnormalities (hypokalemia, hypocalcemia, and
hypomagnesemia),4,5 renal insufficiency,6,7 end-
ocrine disorders (hypothyroidism,8 pheochro-
mocytoma9), intracranial hypertension,10 coronary
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ischemia,11 various forms of cardiomyopathy (e.g.,
takotsubo12), and ventricular hypertrophy.13 QT
interval prolongation is also a well-known effect
of many cardiac and noncardiac medications.14

Severe liver disease is another medical condition
associated with prolonged QT interval in several
reports.15–17 The cause of QT prolongation in
liver disease is unknown; it has been reported in
patients with diverse causes of liver failure.18,19

In some reports, it has been associated with
higher Child-Pugh class and worse survival.15,19

QT prolongation often improves or normalizes after
liver transplantation.15,16 Some authors speculate
that autonomic neuropathy associated with liver
disease is responsible for delayed repolarization,
but this has been disputed.20–22

A major issue that has only been partially
addressed in most reports is the high prevalence
of nonhepatic conditions associated with QT
prolongation in patients with end-stage liver
disease (ESLD). These include cardiac disease
(such as alcoholic cardiomyopathy), electrolyte
disorders (related to diuretic treatment of as-
cites and edema, vomiting, or laxative use),
hepatorenal syndrome, and medication effect.23,24

Although many published studies tried to elim-
inate some of these factors, the possibility re-
mains that QT prolongation in ESLD is in fact
caused by one (or several) of these nonhepatic
factors.

Another methodological problem arises from
the effect of heart rate (HR) on QT duration:
the most common correction formula (Bazett:
QTc = QT.(HR/60)½) is known to overcorrect (i.e.,
provide too high an estimate of QT duration at
60 beats per minute) during elevated HR.25,26

This has been shown several times in normal
subjects and more recently specifically in the
ESLD population.27–29 Most reports on the effect
of ESLD on repolarization used Bazett formula
to correct QT for HR. Since many patients with
ESLD are likely to have elevated HR (e.g., due to
ascites, edema, or intravascular volume depletion),
spurious QT prolongation could result from use
of Bazett formula. Although other correction
formulas (e.g., Fridericia: QTc = QT.(HR/60)⅓)
may perform somewhat better in this respect,
QT response to HR change is known to have a
significant interindividual variability.29,30 Finding
a perfect universal correction formula may thus
not be possible. It would be ideal to use a

subject-specific formula to assess the effect of
“intervention” such as liver transplantation on QT
interval.

In this report, we compared QT interval duration
in ESLD patients before and after orthotopic liver
transplantation (OLTx). In order to address the
concerns described above, we rigorously excluded
patients with nonhepatic factors which could con-
tribute to QT prolongation. Most OLTx recipients
in our institution undergo dobutamine stress echo
(DSE) to screen for cardiovascular disease prior to
OLTx; this allows assessment of QT intervals at
different HR in each subject and correction for HR
differences pre- and post-OLTX in a patient-specific
manner.

METHODS

This was a retrospective chart review study.
The study was approved by the University of
Pittsburgh Institutional Review Board. All patients
(n = 437) who received OLTx from 2008 to
2011 at the University of Pittsburgh Medical
Center were screened. Inclusion criteria included
liver failure as the reason for OLTx, DSE
performed prior to OLTx (with the DSE ECG
tracings available for review), and 12-lead ECG
performed between 1 and 52 weeks following
OLTx.

Exclusion criteria included history of atrial
fibrillation or atrial flutter, ventricular preexcita-
tion, wide QRS complex (>110 ms either before
or after transplantation), prior cardiac disease
including coronary artery disease, myocardial in-
farction, ventricular hypertrophy, abnormal result
of pre-OLTx DSE, and presence of pacemaker
or implantable cardioverter-defibrillator (ICD).
Moreover, patients using a medication with a
potential for QT interval prolongation (defined
as any medication on the online list maintained
by University of Arizona; www.azcert.org) at
the time of pre-OLTx DSE or post-OLTx ECG
were excluded; the only exception to this rule
was use of tacrolimus at the time of post-
OLTx ECG, which was nearly universal in
the screened population. Other exclusion criteria
included renal disease (serum creatinine >2 mg/dL)
and serum electrolyte disturbances: potassium
<3.5 mmol/L, ionized calcium <1.14 mmol/L, and
magnesium <1.5 mmol/L at the time of QT interval
assessment.
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Fifty-one patients who met the inclusion and
exclusion criteria were identified and further
studied. Demographic data, clinical characteristics,
and post-OLTx ECGs were obtained from elec-
tronic medical records on all 51 patients.

QT interval was measured manually using the
tangent method31,41 from the paper ECG tracings
for DSE and from post-OLTx ECG printouts. This
was done by a single investigator (DP) to limit
interindividual variability. QT value during each
DSE stage was calculated as an average of three
consecutive QT values. Lead V4 was the first choice
for QT measurement; if data quality was poor in
this lead, lead II was used instead. The same lead
was used for QT measurement before and after
OLTx in all patients. Only data segments of good
quality, allowing reliable QT determination, were
analyzed. QT interval was measured at the end of
each DSE stage when possible to obtain the steady-
state QT and RR values.

For each patient, the QT and RR values obtained
during each DSE stage were fitted with a linear
regression line, and the equation was used to
estimate QT interval at RR = 1000 ms (QTcR).
The QTc by Bazett and Fridericia formulas (QTcB
and QTcF, respectively) was calculated from the
baseline stage of the DSE and from the post-OLTx
ECG.

The absolute (noncorrected) QT value from the
post-OLTx ECG was compared with the QT value
estimate obtained for the same RR interval by
the pre-OLTx patient-specific regression formula
(Fig. 1). Several clinical parameters were compared
for patients with prolonged versus normal pre-
OLTx QTcR (using QTcR cutoff of 440 ms). The
analysis was also performed using a gender-specific
QTcR cutoff of 440 ms for males and 460 ms for
females.

All continuous variables are presented as
mean ± standard deviation. All categorical vari-
ables are displayed as absolute number and
percentage. Student’s paired t-test was used for
comparison of continuous variables. Fisher exact
test was used for comparison of categorical
variables. ANOVA was used to test equality
of mean QTc obtained by different methods.
Statistical significance was set at P <0.05; all the
statistical tests were 2-tailed. Correction for mul-
tiple comparisons was not performed. Statistical
analysis was performed using SPSS v19 (IBM Inc.,
Armonk, NY, USA) or Excel 2010 Data Analysis
Package (Microsoft Inc., Redmond, WA, USA).

Table 1. Clinical Characteristics of Screened and
Study Subjects

Screened Patients N = 437

Reasons for Exclusion
No DSE available prior to

transplant or no ECG
available posttransplant

227 (52%)

QT prolonging drugs 76 (17.0%)
Renal failure 28 (6.4%)
Underlying cardiac disease 16 (3.7%)
Electrolyte abnormalities 15 (3.4%)
Heart rhythm abnormalities 13 (3.0%)
Other 11 (2.5%)

Study Patients N = 51

Age at transplant (years) 57.0 ± 8.9
Males 35 (69%)
Patients on β-blocker pre-OLTx 20 (39%)
Etiology of ESLD

Hepatitis C 20 (39%)
Alcoholic cirrhosis 7 (14%)
Hepatitis C + Alcoholic

cirrhosis
5 (10%)

NASH 5 (10%)
Other 14 (27%)

MELD score 16 ± 5.6
Child-Pugh score

A 17 (33%)
B 23 (45%)
C 11 (22%)

Reasons for exclusion of screened subjects and clinical
characteristics of study subjects are listed. The reasons
for exclusion reflect the stepwise exclusion process, i.e.,
patients who did not have post-OLTx ECG were not studied
for presence of electrolyte abnormality. This means that no
subject was excluded for more than one reason. Therefore,
the prevalence of several factors affecting QT duration in the
screened population appears underestimated. The data in the
Results section reflect prevalence of overlapping factors in
ESLD patients.

RESULTS

Baseline characteristics of the screened popula-
tion and of the study subjects are shown in Table 1.
The majority of patients who received OLTx
(screened population; n = 437) were excluded
from the study because they either did not have
a pre-OLTx DSE or post-OLTx ECG available for
analysis. Upon further analysis, 143/437 (32.7%)
were on QT prolonging medications, 60/437
(13.7%) had electrolyte abnormality, and 54/437
(12.4%) had renal failure at the time of QT
assessment (or at the time of OLTx, if values at
the time of DSE were not available).

Fifty-one patients met all criteria for inclusion in
the study. The average age at liver transplantation
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Figure 1. (A) An example illustrating the comparison of QT interval before and
after OLTx. Each black diamond represents a pair of QT and RR values during
a pre-OLTx DSE. These points are fitted with a patient-specific regression line.
QTcR (not shown) is the regression line QT value corresponding to RR of 1000
ms. The white triangle represents the QT/RR values on the post-OLTx ECG. For
each subject, this value was compared to the QT value predicted for the same RR
interval by the pre-OLTx regression line. The actual ECG tracings corresponding
to the pre-OLTx and post-OLTx data points indicated by the curly bracket are
shown in (B). The tangent lines used to determine end of T wave are indicated in
red.

in the study population was 57.0 ± 8.9 years, and
35/51 (69%) of patients were male. Twenty of 51
(39%) patients were treated with a β-blocker at the
time of DSE. The most common cause for liver
transplantation was chronic hepatitis C, followed
by alcoholic cirrhosis. At the time of DSE, the
average model for end-stage liver disease (MELD)
score of patients was 16 ± 5.6, while it was 20
± 6.4 at the time of transplantation. Nine (17.6%)
patients had refractory ascites, two (3.9%) were
post-TIPS, and four (7.8%) had hepatopulmonary
hypertension.

Unexpectedly, the RR interval shortened signif-
icantly after OLTx: the mean RR interval during
baseline stage of pre-OLTx DSE was 872 ± 140

ms, while the corresponding value in post-OLTx
ECG (obtained 66.8 ± 83.3 days post-OLTx) was
750 ± 144 ms (P < 10−4). The RR interval shortened
post-OLTx even in the patients not treated with
β-blockers at the time of DSE (848 ± 145 ms vs.
746 ± 139 ms; P = 0.006).

The pre-OLTx QT interval estimated from the QT
versus RR regression line was significantly longer
than the post-OLTx QT interval measured directly
from the ECG at the same RR interval (394 ± 47
vs. 364 ± 45 ms at RR interval 750 ± 144 ms; P <

0.002; Fig. 2A).
QT interval values calculated by both Bazett

and Fridericia formulas also shortened significantly
post-OLTx (QTcB: 444 ± 35 vs. 425 ± 37 ms,
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Figure 2. (A) Comparison of pre- and post-OLTx absolute QT intervals calculated using the regression method at RR
interval (750 ± 144 ms, i.e., the HR of the post-OLTx ECG). The absolute QT interval shortens significantly post-OLTx.
(B) Comparison of pre- and post-OLTx QT intervals corrected with various methods (for RR interval 1000 ms, i.e., HR
60 bpm). There is no significant difference between the pre-OLTx QTc calculated by the three different methods. Both
QTcB and QTcF shorten significantly post-OLTx.
Note: The error bars represent standard deviation.
*P < 0.01, **P < 0.002, #P < 0.0001.

P < 0.01; QTcF: 436 ± 40 vs. 403 ± 36 ms, P
< 10−4; Fig. 2B). Pre-OLTx QTcR was 447 ± 44
ms. The pre-OLTx QTc did not differ significantly
among the correction formulas.

In order to determine if the QT shortening effect
of OLTx persists at longer follow-up, we separately
analyzed ECG data from the subset of nine patients
in whom >1 post-OLTx ECG was available and
met all the study criteria. The second ECG in
these subjects was obtained 247.2 ± 69.8 days
after transplantation. RR interval was longer on the
second post-OLTx ECG than on the first one (887 ±
170 vs. 709 ± 131 ms, P < 0.05), but similar to pre-
OLTx baseline (855 ± 94 ms, NS). QTcB interval on
second post-OLTx ECG was similar to the first post-
OLTx value (392 ± 39 vs. 415 ± 40 ms, NS), and
significantly shorter than pre-OLTx (439 ± 30 ms,
P < 0.05). It thus appears that the QT shortening
persists for many months, and does not depend on
postsurgical HR elevation.

There was no significant difference in pre-OLTx
QTcR between patients treated with β-blockers at
the time of DSE and those patients not on β-blocker
therapy (447 ± 50 vs. 447 ± 33 ms, NS). The pre-
OLTx QT interval was also significantly longer than
the post-OLTx QT interval at the same HR, using
the regression method estimate, for patients on β-
blocker at the time of DSE (398 ± 43 vs. 366 ± 46
ms at RR interval 759 ± 155 ms, P < 0.03).

Table 2. Clinical Characteristics of Subjects with
Prolonged versus Normal Pre-OLTx QT Interval

Normal Prolonged
(QTcR < 440 (QTcR > 440

Variables ms) (n = 25) ms) (n = 26) P Value

Age at OLTx (years) 58 ± 9.6 56 ± 8.1 0.33
Male 21 (84%) 14 (53%) 0.03
Caucasian 25 (100%) 25 (96%) 1.00
MELD score 15 ± 5.6 16 ± 5.6 0.62
Child-Pugh Score

A 13 (52%) 4 (15%) 0.02
B 8 (32%) 15 (58%)
C 4 (16%) 7 (27%)

AST (IU/L) 102 ± 105 76 ± 38 0.24
ALT (IU/L) 69 ± 46 56 ± 51 0.35
INR 1.3 ± 0.26 1.5 ± 0.33 0.004
Serum albumin (g/dL) 3.3 ± 0.72 2.9 ± 0.48 0.01
Total serum bilirubin

(mg/dL)
4.2 ± 7.8 4.4 ± 4.7 0.90

Serum ammonia
(µg/dL)

36 ± 20 48 ± 26 0.10

Mortality 2 years
posttransplant

4 (16%) 4 (15%) 1.00

Clinical characteristics of patients with normal
versus prolonged QTcR (440 ms cutoff) are
compared in Table 2. Using a cutoff of 440 ms,
QTcR prolongation was associated with female
gender, worse Child-Pugh score, and worse liver
synthetic function (lower albumin and higher INR).
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There were no significant differences in age,
race, serum aspartate transaminase (AST)/alanine
transaminase (ALT) activity, serum concentration
of total bilirubin and ammonia, MELD score (at
time of DSE) or mortality 2 years post-OLTx
between the two groups. Using a cutoff of 460
ms for females while keeping the cutoff for males
at 440 ms, we found that QTcR prolongation
was significantly associated with lower albumin
levels (P = 0.02) but not increased INR (P =
0.10), or worse Childs-Pugh score (P = 0.06).
When analyzed as continuous variables, QTcR
was significantly correlated with pre-OLTx serum
albumin concentration (r = −0.43; P < 0.01), but
not with INR (r = 0.21; NS).

DISCUSSION

The main result we report here is that ESLD is
associated with delayed ventricular repolarization
even after careful elimination of nonhepatic fac-
tors. Several other papers reported QT prolongation
in ESLD and, in some reports, shortening after
OLTx, but few have focused on elimination of all
confounding factors affecting repolarization.15,20,32

These would be expected to be quite common in
ESLD, which is confirmed by the data from our
screened population: for example, about one-third
of the patients were taking QT-prolonging medi-
cations before OLTx. Overall, only 12% of OLTx
patients, in whom nonhepatic factors affecting QT
duration could be eliminated, were included for
analysis. The exclusion of several patients with
renal insufficiency and other secondary factors
known to affect QT interval probably explains
the relatively low MELD score. Still, we found
QT prolongation in approximately half of ESLD
patients, and detected significant shortening post-
OLTx. Although we were unable to eliminate
patients using tacrolimus, a drug with a potential
for QT prolongation,33 as a part of post-OLTx
immune suppression regimen, the tacrolimus effect
on QT interval would, if anything, attenuate QT
interval shortening post-OLTx.

Based on published data, we expected to find
elevated HR pre-OLTx with partial normalization
post-OLTx, due to conditions such as ascites
and intravascular volume depletion, frequently
observed in ESLD.34,35 In order to eliminate the
overcorrection of QT interval by Bazett formula
associated with HR elevation, we used a patient-

specific QT versus RR relationship obtained from
pre-OLTx DSE for comparison with post-OLTx
QT interval. Interestingly, RR interval actually
shortened post-OLTx in our population, which is
likely related to the relatively early timing of post-
OLTx ECG. However, the QT interval shortening
persisted even after >6 months post-OLTx, when
RR interval returned to pre-OLTx values.

Although many ESLD patients are treated with β-
blockers to decrease splanchnic vasodilatation and
risk of bleeding from esophageal varices, our data
do not support β-blocker withdrawal post-OLTx as
an adequate explanation for the HR increase. In
contrast to other reports,36,37 β-blocker treatment
did not eliminate QT interval prolongation in our
subjects.

Our results confirm QT shortening post-OLTx
and are concordant with results obtained by Bazett
or Fridericia formulas. Although dobutamine infu-
sion (used to increase HR during DSE) does affect
QT interval independent of HR to a mild degree,
this effect consists of QT shortening and cannot
explain QT shortening after OLTx.38 Consequently,
it appears that ESLD causes QT prolongation
by a mechanism independent of nonhepatic
factors.

The mechanism remains unknown at this time.
ESLD can affect multiple aspects of cardiovascu-
lar function through various mechanisms, such
as increased nitric oxide signaling,39 stimula-
tion of cardiovascular opioid40 and cannabinoid
receptors,41 the effect of bile acids,42,43 and
long-term sympathetic stimulation.44 Decrease in
ventricular K+ and Ca2+ currents has been reported
in a rat model of biliary obstruction,45,46 but
the mechanism of electrical remodeling in larger
animals with liver failure is unknown. It is possible
that a substance blocking one of the K+ currents
could accumulate in ESLD. Alternatively, chronic
elevation of sympathetic tone, which might be
present in ESLD, could affect repolarization.19

Autonomic neuropathy has been proposed as the
mechanism for QT prolongation in ESLD, but this
remains controversial.20–22,47

Similar to data published by others, we found
that QT prolongation is associated with worse
Child-Pugh score, increased INR and decreased
serum albumin concentration, and markers of
impaired synthetic liver function.15,19 Gender
differences in ventricular repolarization are well
established in healthy subjects, but most authors
failed to detect them in ESLD patients.15,48,49 It is
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uncertain if the longer QTcR in our female subjects
represent a real difference unmasked by rigorous
elimination of confounding factors, or a statistical
play of chance. Consistent with most published
reports, we did not find an association between
pre-OLTx QT duration and post-OLTx survival, but
the number of deaths were too low to rule this
association with confidence.15,20,49

LIMITATIONS

There are several limitations to this study. This
is a retrospective study of highly selected patient
population from a single center. However, elimina-
tion of a large proportion of transplant subjects was
needed to eliminate potential confounding factors.

QT interval measurements were performed
manually from paper recordings by a single
investigator (DP), who was not blinded as to
whether the tracing was obtained before or after
transplantation. However, blinding would have
been difficult for practical reasons, since the sinus
tachycardia seen during later stages of dobutamine
infusion was rarely seen on baseline ECG. Also, the
standard ECGs are stored in an electronic format
(printed out for the purpose of the measurement)
in our institution, while DSE data are stored in the
form of original paper rolls.

The precise timing of T-wave termination may
be difficult to measure in a reproducible manner.
In the thorough QT studies, thousands of RR/QT
data points from digital recordings are analyzed in
each subject automatically. Given the fact that the
DSE tracings are stored in an analogue format and
have limited duration, this could not have been
performed in this study.

The QT interval before and after transplantation
was measured in a slightly different setting,
namely, during dobutamine infusion before and
without it after transplantation. Dobutamine short-
ens QT interval independent of HR in normal
subjects. This is a relatively minor effect that
would tend to mask the difference we report.
Theoretically, it is conceivable that dobutamine
could paradoxically prolong QT interval at a given
HR in our subjects, either due to induced coronary
ischemia or ESLD itself. We think this is unlikely.
All our subjects were free of coronary ischemia
based on DSE result. We also directly analyzed
the effect of dobutamine on HR and QT interval.
Paradoxical QT interval prolongation (present, e.g.,

in some patients with LQT1)50 was not present
(data not shown).

CONCLUSIONS

ESLD impairs ventricular repolarization even
in the absence of other known factors affecting
ventricular repolarization. QT prolongation in
ESLD is associated with impaired synthetic liver
function and improves after liver transplantation.
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