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Abstract

Rationale, aims and objectives—Prolongation of the corrected QT (QTc) interval is
associated with increased morbidity and mortality. The association between QTc interval-
prolonging medications (QTPMs) and risk factors with magnitude of QTc interval lengthening is
unknown. We examined the contribution of risk factors alone and in combination with QTPMs to
QTc interval lengthening.

Method—The ARIC Study assessed 15,792 participants with a resting, standard 12-lead
electrocardiogram and = 1 measure of QTc interval over four examinations at three-year intervals
(1987-1998). From 54,638 person-visits, we excluded participants with QRS > 120 ms (n=2,333
person-visits). We corrected the QT interval using the Bazett and Framingham formulas. We
examined QTc lengthening using linear regression for 36,602 person-visit observations for 14,160
controlling for age = 65 years, female sex, left ventricular hypertrophy, QTc > 500 ms at the prior
visit and CredibleMeds® categorized QTPMs (Known, Possible, or Conditional risk). We
corrected standard errors for repeat observations per person.

Results—Eighty percent of person-visits had at least one risk factor for QTc lengthening. Use of
QTPMs increased over the four visits from 8% to 17%. Among persons not using QTPMs, history
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of prolonged QTc interval and female sex were associated with the greatest QTc lengthening, 39
ms and 12 ms, respectively. In the absence of risk factors, Known QTPMs and = 2 QTPMs were
associated with modest but greater QTc lengthening than Possible or Conditional QTPMs. In the
presence of risk factors, = 2 QTPM further increases QTc lengthening. In combination with risk
factors, the association of all QTPM categories with QTc lengthening was greater than QTPMs

alone.

Conclusion—Risk factors, particularly female sex and history of prolonged QTc interval, have
stronger associations with QTc interval lengthening than any QTPM category alone. All QTPM
categories augmented QTc interval lengthening associated with risk factors.
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Introduction

Methods

Prolongation of the heart rate corrected QT (QTc) interval on electrocardiogram (ECG) has
been linked to adverse outcomes, including forsade de pointes (TdP) and sudden cardiac
death [1-6]. Several independent risk factors for QTc interval prolongation have been
identified, including numerous medications [7,8]. The association between the magnitude of
QTc interval lengthening and QTc interval prolonging medications (QTPMs) and other risk
factors, individually and in combination, is currently unknown. Up to 25% of insured
outpatients receive at least one potential QTPM and up to 10% may also receive an
interacting medications [9-11]. In addition to the increasing number of available
medications with the potential to prolong the QTc interval, many medications have recently
suffered revised drug labeling or have been withdrawn from the market due to evidence
linking these medications with TdP [1,12-20]. Furthermore, healthcare providers frequently
prescribe QTPMs in patients who already have multiple risk factors for QTc lengthening
[10,21]. This may be further complicated when both cardiovascular and non-cardiovascular
QTPMs (e.g., antidepressants, antiinfectives) are prescribed [22-25]. Based upon existing
data, a prescriber is unable to estimate the potential magnitude of QTc interval lengthening
provoked by a QTPM in association with existing risk factors for QTc lengthening. The
objective of this analysis of a longitudinal community-based cohort was to determine the
magnitude of QTc interval prolongation associated with (i) categories of QTPMs with
varying risk of TdP, (ii) risk factors known to increase the risk of QTc interval prolongation,
and (iii) the joint effect of QTPM use with risk factors for QTc interval prolongation.

The Atherosclerosis Risk in Communities (ARIC) study was designed to investigate the
causes of atherosclerosis and its clinical outcomes, and variation in cardiovascular risk
factors, medical care, and disease by race, gender, location and date. The ARIC study
included a longitudinal cohort of men and women (n=15,792) selected through probability
sampling from four communities in the United States: northwest suburbs of Minneapolis,
MN; Washington County, MD; Jackson, MS; and Forsyth County, NC [26]. The first
examination visit took place between 1987 and 1989; three subsequent examination visits
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were performed at approximately three-year intervals. At each visit, participants underwent
standardized methods to collect data on height, weight, blood pressure, various chronic
conditions and related risk factors for heart diseases, a standard resting 12-lead ECG and
medication survey [26]. The medication survey is a part of the core data collection and was
conducted by trained interviewers; the survey was introduced during the first examination
and continued to be administered to all participants through Visit 4. The medication survey
and ECG were obtain at this same visit. The QT interval from the digital 12-lead ECG was
determined by the NOVACODE program [27]. The NOVACODE program generates an
average waveform derived from all 12 simultaneously measured leads. This allows the
system to determine the QT from the earliest QRS onset to the latest offset of the T-wave.
All ECG waveforms were verified by visual inspection as part of standard ARIC protocol
and a globally averaged QT interval was generated from the earliest QRS onset and T-wave
offset using all leads [28]. The ARIC study has been approved by the Institutional Review
Boards of all participating institutions. Participants provided written informed consent at
each ARIC study visit.

The ARIC Study assessed all participants with a resting, standard ECG and one or more
measures of QTc interval over four examinations at three-year intervals (15,792 participants,
54,638 person-visits, mean follow-up 7.5 years). We excluded participants with QRS = 120
ms and participants missing medication data and no or poor quality ECG (n=2,333 person-
visits). Additionally, Visit 1 data were dropped for all cohort members since the estimation
model used the QTc value from the prior visit. These exclusion criteria resulted in a final
sample of 36,602 person-visits for Visits 2—4 for 14,160 cohort members.

Racial composition is highly linked to geographic site in the ARIC cohort; Forsyth County is
the only site with a mix of Caucasians and African-Americans, only African-Americans
were enrolled in Jackson, and very few participants of other races besides Caucasian or
African-American at any site. For each visit, we identified the following:

. Use of one or more QTPM as categorized by CredibleMeds®, formally known as
The Arizona Center for Education and Research on Therapeutics (AzCERT),
which categorizes QTPMs based upon their proven lengthening of the QTc
interval and their association with TdP as Known, Possible or Conditional [9].
The definitions of Known, Possible and Conditional categories and the complete
list of medications used can be found in the Supplementary Index.

. Participants were classified as Known if they received one or more Known and
any number of Possible and/or Conditional QTc prolonging medications.
Participants were classified as Possible if they received one or more Possible and
any number of Conditional but no Known QTc prolonging medications.
Participants were classified as Conditional if they received one or more
Conditional but no Known or Possible QTc prolonging medications. Participants
were classified as receiving = 2 medications if they received two or more Known,
Possible and/or Conditional QTc prolonging medications at a given visit.

. Selected risk factors known to prolong QTc: age = 65 years, female sex, left
ventricular hypertrophy (LVH) and prolonged QTc (QTc > 500 ms) observed
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previously (i.e., at the prior visit for this analysis) [29,30]. QTc was not observed
prior to Visit 1, so all Visit 1 observations were dropped from the analysis.

. Corrected QT interval using Bazett (QTcgg,) and Framingham (QTCrram)
formulas [31,32]. We used the Framingham formula for primary analysis given
prior use in population-based studies and recommendation by American Heart
Association/American College of Cardiology Foundation/Heart Rhythm Society
Consensus Statement [33].

. Comorbidities defined and measured by ARIC conventions. Hypertension was
based on systolic blood pressure = 140 mmHg, diastolic blood pressure = 90
mmHg, self-report of hypertension medications, self-report of hypertension
diagnosis or diagnosis of hypertension documented by a physician. Diabetes was
defined as fasting blood glucose = 126 mg/dL, non-fasting blood glucose = 200
mg/dL, self-report of diabetes medications, self-report of diabetes diagnosis or
diagnosis of diabetes by a physician. Coronary heart disease was defined as
history of myocardial infarction, angioplasty or bypass surgery. Prevalent
coronary heart disease at each visit was ascertained from self-report at the time
of the examination at visit 1 and study-adjudicated hospitalized events occurring
prior to each visit thereafter. L\VVH was defined as the ECG Cornell voltage score
of more than 28 mm in men or more than 22 mm in women during ARIC visits
[34].

Continuous variables are reported as mean + standard deviation and discrete variables are
reported as number (percentage). Ordinary least squares (OLS) regression was utilized for
36,602 person-visit observations (14,160 cohort members) from Visits 2 through 4 to
estimate the association of the selected risk factors and QTPMs with QTc lengthening. The
three dependent variables were QT interval, QTcg,z and QTCrram. The key explanatory
variables were use of QTPMs with risk of TdP (Known, Conditional or Possible),
individually and in combination with an indicator variable for having one or more risk
factors (age = 65 years, female gender, LVH, prior QTc¢ > 500 ms). The assessment of the
change due to the combination of risk factors and use of QTPM was calculated as the
combined effects of the medication categorization, the risk factor and the interactive effect
between the medication categorization and having one or more risk factors. All models used
visit indicators to control for changes over time including changes in prescribing behaviors
(or entry or exit of drugs to the market) separate from aging. Although use of QTPM was
chosen by the participant or their medical provider, we did not adjust for treatment selection
(confounding by indication) [35], so all estimations reflect statistical associations rather than
causal effects. Cluster-robust standard errors were used to account for multiple observations
per cohort member.

The use of QTPMs increased from 8% at Visit 1 to 17% at Visit 4 (Figure 1); this increase
could be due to changes in prescribing patterns as well as aging. The use of QTPMs with
varying risk of TdP (Known, Conditional and Possible) differed across visits. At Visits 1
through 4, prescribing of Conditional QTPMs was most common (6%, 8%, 12% and 13%,
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respectively) followed by Known and then Possible. Known was the most frequent QTPM
among participants using two or more QTPMs and Possible QTPM was the most frequent
QTPM among participants using two Possible or Conditional QTPMs but no Known
medications.

Table 1 shows that at the first visit included in the regression analysis (Visit 2), study
participants were 57 £ 6 years, 56% female and 75% white. The mean QTcCgyym Was 422

+ 20 ms, and the QTcgy, Was 428 + 24 ms. The most common chronic diseases were
hypertension (36%) and diabetes (15%); only 7% of study participants had coronary artery
disease. Among person-visit observations from Visits 2 to 4, over 80% had at least one risk
factor for QTc interval prolongation; 56% of the visits were among females, 25% were for
those aged = 65 years, 8% were among participants with LVH and 10% were among those
with QTc interval > 450 ms in the prior visit (Table 2, Column 2).

Table 2 also provides the predicted QTc intervals and the estimated difference in QTc
associated with the individual risk factors or medication categories, holding all else constant.
Among participants using no QTPMs, the risk factor associated with the greatest QTc
interval lengthening was prior visit QTc > 500 ms (QTcg,, increased by 39 ms [95%
confidence interval (Cl): 33, 46]), followed by female sex, L\VH and age = 65 years. As
measured at each visit, in the absence of risk factors Known QTPMSs versus no QTPMs were
associated with the highest magnitude of QTc lengthening (QTcg,, increased by 5 ms [95%
Cl: 2, 8]), followed by 22 QTPM (QTcgy; increased by 4 ms, [95% ClI: 2, 6]). Possible and
conditional QTPM use without any risk factors were not associated with a statistically
significant increase in QTcg,z. In the presence of risk factors, = 2 QTPM further increases
QTc lengthening. Table 2 shows that the estimated effects for QTcg am Were generally less
than for QTcgaz and only statistically significant for Known QTPMs.

Table 3 and Figure 2 show the combined effects and 95% confidence intervals from having
risk factors in each of the QTPM medication categories, including an interactive effect
between having one or more risk factor and the medication category. For each QTPM
category, every risk factor was associated with increased QTc interval lengthening beyond
that which was observed with QTPMs and no risk factors. Substantial portions of the effect
on QTc interval lengthening come from the individual risk factors (effects shown in Table 2)
rather than the medication effect or interaction effects. The highest magnitudes of QTc
interval lengthening were observed in participants receiving QTPMs in addition to having
prior QTc > 500 ms (increases in QTc from 40 to 46, depending on QTc medication
category and correction formula).

Discussion

Our study is the first to determine the relative associations of selected risk factors for QTc
interval lengthening with different categorizations of QTPMSs on the QTc interval in a
community-based cohort. Approximately 80% of participants had at least one risk factor for
QTc interval lengthening with prior QTc > 500 ms being associated with the most
substantial lengthening. In addition, our results suggest that approximately 8 to 17% of
community-dwelling adults use at least one QTPM and use increases with age. Our findings
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complement prior literature showing that nearly 5 to 10% of community-dwelling adults
receive at least one QTPM [10,11].

Conditional QTPMs were the most commonly utilized QTPMs in this study sample,
followed by Known and Possible QTPMs. In participants with no risk factors, use of Known
QTPMs or = 2 QTPMs was associated with the highest magnitude of QTc lengthening. In
combination with risk factors, the association of all QTPM categories with QTc lengthening
was greater than QTPMs alone.

Although risk factors had a greater association with QTc interval lengthening than QTPMs
alone, the magnitude of QTc lengthening increases when risk factors are combined with
QTPMs. History of prolonged QTc interval was associated with the greatest degree of QTc
interval lengthening. These findings should assist prescribers of QTPMs and more narrowly
focus screening and monitoring to selected patients at high risk.

Our study has several limitations. First, we identified QTPM use from 1987 (ARIC Visit 1)
through 1998 (ARIC Visit 4), during which time several QTPMs were withdrawn from the
U.S. market or became less widely used as first line agents to treat specific conditions.
However, nearly all medications that have been observed in extant studies to be associated
with QTc interval lengthening inhibit the rapid component of the delayed rectifier potassium
channel, which prolongs the myocardial action potential that is manifested as lengthening of
the QTc interval on the ECG [36]. Therefore, our findings likely can be applied to QTPMs
more recently approved by the FDA. Another limitation is that only select risk factors were
available in the ARIC database at all four visits. Some other important risk factors known to
prolong QTc interval including electrolyte disturbance were collected at Visits 1 and 2 only.
A cross-sectional analysis based on Visit 2 data showed that hypokalemia was associated
with 9 ms increase in QTc interval (95% ClI: 7, 13) and hypomagnesaemia was associated
with a 4 ms increase in QTc interval (95% CI: 2, 5). Those data were not available at
subsequent visits and therefore could not be included in the analyses. Our analysis did not
assess the effect of pharmacokinetic drug interactions that may have contributed to the
observed QTc interval prolongation; such interactions may increase the exposure to QTPMs
through pharmacokinetic mechanisms. The lack of a statistically significant difference
between the Possible and Conditional QTPMs in patients without risk factors may have been
due to the limited number of participants using Possible QTPMs. Due to the nature of the
study, we were not able to confirm the duration or dose of any QTPMs. The possible effect
of inherited QTc syndromes on QTc lengthening could not be eliminated since this analysis
did not incorporate any genetic data. Finally, the associations identified in this analysis
should not be interpreted as causal effects, as the estimates may be affected by confounding
by indication (i.e., bias that may occur when a drug treatment serves as a marker for
something that triggers the use of the treatment and that, at the same time, increases the risk
of the outcome under study) [35].

Conclusion

Risk factors, particularly female sex and history of prolonged QTc interval, have stronger
associations with QTc interval lengthening than QTPMs alone. In the absence of risk
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factors, QTPMs categorized as Known risk of TdP were associated with the greatest risk of
QTc lengthening, as was using =2 QTPMs. All QTPM categories augmented QTc interval
lengthening associated with risk factors.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Use of QTc Interval Prolonging Medications over Time in the ARIC Study Cohort (1987-

1998)

QTPM = QTc interval prolonging medication

Notes: The horizontal axis shows visit and sample size: visit 1 (1987-89), visit 2 (1990-92),
visit 3 (1993-35) and visit 4 (1996-98). The vertical axis shows the percentage of QTc
interval prolonging medication (QTPM) users by type of QTPM.

*The Visit 1 sample is limited to persons who also participated in Visit 2 (the first visit used
in the regression)
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Page 11

Association of the Use of QTc Prolonging Medications with Change in QTc Interval (ms)
LVH = Left ventricular hypertrophy, QTc = corrected QT, QTPM = QTc interval prolonging

medication
* Difference from zero is significant at p<0.05

TThe Visit 1 sample is limited to persons who also participated in Visit 2 (the first visit used

in the regression)
The error bars show the 95% confidence interval.

The horizontal axis shows the three different QTPM categories and no QTPM. The vertical
axis shows the change in the QTc interval from the prior visit in milliseconds. The changes
were calculated by combining coefficients from the QTPM category, the risk factor, and an
interaction of the QTPM category with having one or more risk factor. For example, the
change for females taking a known QTPM was calculated by adding the coefficient for
known QTPMs, the coefficient for female, and the coefficient for the interaction of known

QTPM with having one or more risk factors. The reference group for all changes is

individuals with no risk factors that are not taking any QTPMs.
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Table 1

Characteristics of the Study Sample at ARIC Visit 2

Characteristic | n= 13,608
Age (years) | 57+6
Sex: female | 7,597 (56%)
Body mass index (kg/m?) | 28+5
Race

- White 10,245 (75%)
- Black 3,323 (24%)
- Other 40 (<1%)
Site

- Minneapolis, MN 3,662 (26.9%)
- Forsyth County, NC 3,503 (25.7%)
- Jackson County, MS 2,912 (21.4%)
- Washington Country, MD 3,531 (25.9%)

Comorbidities

- Hypertension

4,823 (36%)

- Diabetes mellitus 2,017 (15%)
- Coronary heart disease 925 (7%)

- Left ventricular hypertrophy (LVH) 994 (7%)
QT interval

- QT uncorrected (ms) 411 +28

- QTCeram (MS) 422 +20

- QTcge; (MS) 428 + 24

- QRS (ms) 91+10

Page 12

Note: Continuous variables are reported as mean (SD), and discrete variables are reported as number (percentage). QTcFram=QT interval corrected

by using the Framingham formula; QTcBaz=QT interval corrected by using the Bazett formula.
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