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Abstract

Background: Sickle cell disease, a common genetic disorder in African Americans, manifests
an increased risk of sudden death, the basis of which is incompletely understood. Prolongation
of heart rate—corrected QT (QTc) interval on the electrocardiogram, a standard clinical measure
of cardiac repolarization, may contribute to sudden death by predisposing to forsades de pointes
ventricular tachycardia.

Methods: We established a cohort study of 293 adult and 121 pediatric sickle cell disease
patients drawn from the same geographic region as the Jackson Heart Study (JHS) cohort, in
which significant correlates of QT duration have been characterized and quantitatively modeled.
Herein, we establish clinical and laboratory correlates of QTc duration in our cohort using
stepwise multivariate linear regression analysis. We then compared our adult sickle cell disease
data to effect-size predictions from the published JHS statistical model of QT interval duration.
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Results: In adult sickle cell disease, gender, diuretic use, QRS duration, serum ALT levels,
anion gap, and diastolic blood pressure show positive correlation; hemoglobin levels show inverse
correlation; in pediatric sickle cell disease, age, hemoglobin levels, and serum bicarbonate and
creatinine levels show inverse correlation. The mean QTc in our adult sickle cell disease cohort

is 7.8 milliseconds longer than in the JHS cohort, even though the JHS statistical model predicts
that the mean QTc in our cohort should be > 11 milliseconds shorter than in the much older JHS
cohort, a differential of > 18 milliseconds.

Conclusion: Sickle cell disease patients have substantial QTc prolongation relative to their age,
driven by factors some overlapping, in adult and pediatric sickle cell disease, and distinct from
those that have been defined in the general African American community.
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Introduction

Sickle cell disease is a common genetic disorder in African Americans. Despite many
advances in the management, sickle cell disease patients continue to have a reduced life
expectancy with a median survival of about 40 years, similar to that in historical registry
studies. 1 One contributor to early mortality in sickle cell disease is an increased risk of
sudden death, the basis of which is not well understood. 1.2 A better understanding of the
factors responsible for sudden death in sickle cell disease is urgently needed, 2 to improve
long-term outcomes for these patients.

Heart rate—corrected QT (QTc) interval on the electrocardiogram (ECG) is a standard
clinical marker for assessing duration of cardiac repolarization. QTc prolongation is a

risk factor for sudden death in the general population, and an independent predictor of
sudden death in sickle cell disease. 1-3 An abnormal degree of QTc interval prolongation
may contribute to sudden cardiac death, by predisposing to a potentially fatal form of
ventricular tachycardia known as torsades de pointes. *° Several pioneering studies, of
adult and/or pediatric patients with sickle cell disease, have reported an increased risk

of QTc prolongation 3610 Among these studies, several possible clinical and laboratory
correlates of QTc duration have been identified, including inpatient status, hemoglobin

or hematocrit levels, aspartate aminotransferase (AST) levels, pulmonary hypertension,
echocardiographic tricuspid regurgitation jet velocity, and sickle hemoglobin genotype.
However, a full understanding of the factors affecting QTc interval in sickle cell disease has
been hampered by differences in study designs (cross-sectional, casecontrol, retrospective),
sample sizes (from 73 to 224), age groups (pediatric and/or adult), clinical contexts
(outpatient, hospitalized), varying exclusion criteria, and multiple studies lacking a control
or reference population comparison. Therefore, the magnitude of, clinical implications of,
and factors affecting, QTc prolongation in sickle cell disease remain uncertain. In other
contexts, addressing such factors affecting QTc can have important clinical implications; for
example, it has been reported that drug-induced QT prolongation can be a leading cause of
new drug rejection by the FDA, and that QT prolongation of 5-10 ms has led to removal of
drugs from the market, 1112 and current FDA guidance for drug studies states that a QTc
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effect of 5 ms is “the QTc threshold of regulatory concern. 731 Improved understanding of
QTc prolongation in sickle cell disease could likewise have important clinical implications,
for decreasing the early mortality in these patients.

We have established a cohort study of 414 African American patients with sickle cell
disease, including 293 adult patients and 121 pediatric patients 11-17 years old, followed
in the adult, pediatric, and transition Sickle Cell Clinics at the University of Mississippi
Medical Center (UMMC) in Jackson, Mississippi; this cohort was developed to investigate
interactions between common genetic variants and other clinical and laboratory QTc-
prolonging factors in adult and pediatric sickle cell disease patients.

Comparison with published normative means of groups within epidemiological studies

can be valuable in evaluating sickle cell disease cohort data. For example, comparison

of blood pressure data in sickle cell disease patients (predominantly African American)

in the Cooperative Study of Sickle Cell Disease cohort with the normative group mean
blood pressure values, of age- and gender-stratified groups of African Americans within

the National Health and Nutrition Examination Survey | and Il studies, allowed the clinical
definition of “relative hypertension ” in sickle cell disease. 13 Our sickle cell disease cohort
is drawn from the same community and geographic region as the Jackson Heart Study
(JHS), a study of cardiovascular risk factors in a large community-based cohort of adult
African Americans in Mississippi. 141° In the JHS, significant independent correlates of QT
interval duration have been characterized and quantitatively modeled. 1° Therefore, the JHS
represents a valuable epidemiological comparison group, with an established statistical QT
model, with which to evaluate QTc duration in our sickle cell disease cohort.

Herein, we establish the baseline clinical and laboratory correlates of QTc duration in

our sickle cell disease cohort, both in univariate analysis and stepwise multivariate linear
regression models. In addition to the QTc interval, we also evaluate its two subcomponents:
QRS duration and the JTc interval. 16-18 \We compare our data to published JHS data, within
the framework of approximate effect-size predictions from the JHS statistical model of QT
duration, 15 to provide insights into QTc prolongation in sickle cell disease adults with the
general adult African American community.

We performed a cross-sectional study of pediatric and adult sickle cell disease patients,

in steady state, followed in the adult, pediatric, and transition Sickle Cell Clinics at the
UMMC; all adult patients signed informed consent, and all pediatric patients had a parent/
guardian sign informed consent with patient signed assent if indicated; the protocol was
approved by the Institutional Review Board at UMMC. Adult patients were defined as

age = 18 years, and pediatric patients defined as age < 18 years, on the day of the study
ECG and laboratory measurements; we recruited down to age 11 years old. Patients with
the HbSS, HbSC, and HbS/B-thalassemia (HbS/; both HbS/A° and HbS/ 8*) genotypes of
sickle cell disease were included. Exclusion criteria included patients with acute illness or
vasoocclusive crisis requiring hospitalization within the prior 2 weeks; patients with bundle
branch block, pacemaker, or arrhythmia; and patients unable to give consent. Patients on
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defined QT-altering medications were excluded, based on the approach done in the JHS. 15
Categorical prolonged-QTc was defined as >440 ms for pediatric patients, and >450 ms and
>460 ms in adult men and women, respectively. 818-20,32,33

Laboratory and ECG Measurements

Each participant underwent a supine, clinical 12-lead ECG, done at standard paper speed of
25 mm/s, using the Bazett correction to calculate QTc, 1518 during a regular clinic visit, at
which all other clinical data collection, and laboratory studies, were done (all adult patients
attended a morning clinic; pediatric patients had morning or afternoon clinics). Laboratory
values utilized for analyses were those routinely measured at Sickle Cell Clinic visits, with
the exceptions of magnesium and phosphorous, which were measured due to their known
association with QTc duration. The QT interval measurements were performed manually
with calipers in blinded fashion by 2 independent cardiologists (1 adult and 1 pediatric,
after cross-training for respective age groups); we determined the percentage difference
between the 2 measurements, and if <10%, the average was used as the study value, but

if 210%, a third cardiac electrophysiologist performed these measurements in a blinded
fashion, and then the closest 2 measurements were averaged (after assuring that they had <
10% difference); JTc was calculated based on the formula: JTc = QTc — QRS.

Statistical Analysis

The Shapiro-Wilk test was used to test if the observations deviated from a normal
distribution. QTc for the adult cohort followed a normal distribution (£ =.3396); QTc for the
pediatric cohort deviated significantly from a normal distribution (= .0006); QTc for the
combined (adult + pediatric) cohort followed a normal distribution (P=.01127).

Descriptive Statistics

Subjects were grouped into adult (age = 18 years) and pediatric (age < 18 years). Each age
group was grouped as male and female. Basic descriptive statistics for subject data were
expressed as a combined (adult + pediatric) data baseline table, and separate adult data
baseline and pediatric data baseline tables. Continuous variables were presented as mean and
standard deviation; categorical variables were presented as frequency and percentage.

Univariate Analysis

Pearson’s correlation coefficients () and Spearman’s rank correlation coefficient (o) were
calculated to assess the link and the degree of relationship between variables. We computed
and examined the correlations between each factor in the baseline tables and displayed

them in correlation matrices. Significant coefficients were marked according to the specified
p-value significance level in plot matrices. Univariate regression analyses were performed to
identify association between QTc and associated factors. To explore the relationship of each
clinical factor individually with QTc interval, the linear regression model included QTc as
dependent variable (), and each clinical factor (along with age and sex, as done in the JHS
15 as independent factors (X).
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Multivariate Analysis

Results

Multiple linear regression analyses were performed to identify baseline demographic and
clinical characteristics associated with QTc. We preselected variables with £< .15 from the
univariate regression analyses and included them in the multiple linear stepwise regression
analyses. We compared several methods of multivariate linear regression analysis, including
traditional stepwise methods, 1° both forward and backward, and also a machine learning
method (LASSO).

The forward stepwise linear regression model started by adding each preselected variable
(P< .15 in univariate analysis) one by one until there were no remaining variables.

The backward stepwise method involved starting with all preselected variables and then
removing the least significant variable remaining, one by one. For both stepwise methods,
we considered the t statistic for the coefficients of each variable, and Akaike information
criterion (AIC) values and R-squared (R?) for the models. The variance inflation factor
(VIF) was used to evaluate the presence of multicollinearity. Models were tested for
colinearity issues and residual plots were evaluated with no serious problems detected (VIF
<b).

We used four different diagnostic graphs to evaluate each model’s residuals. And we
consider R2, p-values of F test, AIC, standard error of the model, Durbin Watson Test, and
Residual Normality Test to select our best models. Then the model (R? = xxx, P = xxx) was
selected as the best-fitting model for the adult or pediatric group. We calculated the partial
R2 for each variable in our best model; the variable with higher partial RZ explains more

of the QTc variance in the model; partial R2 has a positive relationship with the variable’s
importance.

All statistical analyses were performed using R version 3.5.2.

Baseline characteristics of our overall cohort are presented (Table 1), as are a comparison
of these characteristics in male and female participants within the adult and pediatric
subcohorts (Table 2). Overall, 71.5% were genotype HbSS, 19.6% genotype HbSC, and
8.7% genotype HbS/g; overall, the mean hemoglobin level was 9.40 g/dL, including 9.42
g/dL for adults and 9.34 g/dL for pediatric. Overall, 21% of our sickle cell disease cohort
met the definition of categorical prolonged-QTc, including 15.7% of adults and 33.9% of
pediatric patients. Based on evaluation of reported clinical diagnoses, were no apparent
cases of a personal or family history of hereditary long-QT syndrome, a relatively rare
disorder, 33 in our cohort.

Some variables showed significant (P < .05) male-female sex differences within the adult
and pediatric cohorts. Within the adult sickle cell disease cohort, there were significant
male-female differences in heart rate, QTc interval, QRS duration, JTc interval, systolic
blood pressure, history of deep-vein thrombosis and/or pulmonary embolism (DVT/PE),
hydroxyurea use, and hemoglobin level and mean corpuscular volume (MCV), absolute
reticulocyte count, and serum levels of bicarbonate, creatinine, lactate dehydrogenase
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(LDH), total bilirubin, globulin, potassium, AST, and alanine aminotransferase (ALT) (Table
2). The mean QT intervals are nearly identical between male and female adult sickle cell
disease patients, although the mean QTc interval in females is longer by 15.03 ms (P
<.0001), associated with their higher heart rate. The longer QTc in females does not

fully reflect their more prolonged repolarization, given that mean QRS duration is shorter

in females by 6.16 ms (£ < .0001), but mean JTc interval (a more direct measure of
repolarization duration) is thereby longer in females by 21.19 ms (P < 0001).

Univariate Analyses

In univariate analysis, multiple factors showed significant association with QTc duration in
adult and pediatric sickle cell disease patients (Tables 3A and 3B); these tables show factors
displaying significance to £< .15, since this cutoff was used for inputs into multivariate
linear regression models. Univariate analysis found that 25 clinical, laboratory, and ECG
variables display significance to £< .05 in the adult cohort and 8 clinical, laboratory, and
ECG variables display significance to £< .05 in the pediatric cohort.

Multivariate Analyses

We next performed multivariate linear regression analysis, including forward stepwise,
backward stepwise, and LASSO machine learning. We chose the backward stepwise models
to proceed with further analyses, since percent variance explained (R2) was the highest with
this model (Supplemental Table 1, available online). In backward stepwise analysis of the
adult cohort (Table 4), the following 7 factors, with their corresponding percent variation
explained (partial R2), showed significant, independent association with QTc duration:
female sex (8.0%), diuretic use (6.6%), hemoglobin level (5.1%), anion gap (4.0%), ALT
level (3.2%), QRS duration (3.1%), and diastolic blood pressure (1.7%), for a total of
31.9% of variation explained. The hemoglobin association was negative, indicating QTc
prolongation with greater degrees of anemia. Because the diuretic effect is determined

by only 6 adult patients taking diuretics, we repeated the analysis with these 6 patients
excluded, and there is approximately a 1 ms difference in QTc interval (432 ms vs 431

ms with diuretics excluded); and diastolic blood pressure falls out of significance, while
chloride levels reach significance, when diuretics are excluded from the analysis (XY and
JFM, unpublished observation). In backward stepwise analysis of the pediatric cohort (Table
4), the following 4 factors, with their corresponding percent variation explained (partial

R2), showed significant, independent association with QTc duration: serum creatinine level
(10.8%), serum bicarbonate (9.4%), age (8.9%), and hemoglobin level (7.1%), for a total of
36.2% of variation explained (we note that the optimal pediatric model, with optimal AIC
and SE, includes hemoglobin, even though £=.0729); all 4 of the pediatric associations had
negative values.

Comparison with the JHS Cohort

To better understand QTc data of our adult sickle cell disease cohort within the broader
context of QTc regulation in the general adult African American community, we compared
our data to the JHS data. 15 Because our combined (pediatric + adult) data, our adult data,
and the JHS data each fits a normal distribution, we were able to compare the mean + SD for
statistical significance (P < .05). The mean QTc in our combined sickle cell disease cohort
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(431.8 ms) is longer, by 7.5 ms (P < .0001), than the mean QTc in the JHS cohort (424.3
ms). The mean QTc of our adult sickle cell disease cohort (432.1 ms) is longer than the
mean QTc in the JHS cohort by 7.8 ms (P < .001). There were 3 individuals, or 1.024%

of our adult cohort, with a QTc > 500 ms, which is the level at which the risk of forsades
de pointes ventricular tachycardia is generally thought to increase and is not significantly
different from the JHS cohort having 0.44% with QTc > 500 ms (£ =.152); in our pediatric
cohort there were no patients with QTc > 500 ms, which gives an overall of 0.7% with QTc
> 500 ms for our combined adult + pediatric cohort.

We compared our adult sickle cell disease cohort data to 9 of the 10 independent, significant
covariates associated with QT interval duration in the multivariate regression model of QT in
the JHS (Table 3 within Ref. 15; we did not collect data on the 10th covariate, Sokolow-Lyon
voltage correlate of left ventricular mass). There are significant differences in these factors
between adult sickle cell disease patients and the general African American community
(Table 5), with our adult cohort displaying shorter R-R interval (0.795 s vs 0.956 s in JHS);
younger age (31.08 years vs 54.14 years in JHS); closer to equal numbers of males and
females (51.0% female vs 63.5% female in JHS); shorter QRS duration (90.05 ms vs 91.89
ms in JHS); less systemic hypertension (22.18% vs 60.33% in JHS); leaner body mass (body
mass index of 26.02 kg/m 2 vs 31.64 kg/m 2 in JHS); less coronary heart disease (2.05% vs
5.57% in JHS); and less diuretic use (2.0% vs 20.5% in JHS), all of which would predict
that the QT interval our adult sickle cell disease cohort should be substantially shorter than
in the community-based JHS; only lower potassium levels (4.12 mmol/L vs 4.27 mmol/L in
JHS) would predict a QT duration longer in our adult cohort, by 0.77 ms, than in the JHS. In
sum total, the JHS model predicts that the QT interval in our adult sickle cell disease cohort
should be shorter, by 44.52 ms, compared with the mean QT interval in the JHS (combined
male + female) cohort (413.17 ms); however, the actual mean QT interval in our adult cohort
(386.5 ms) is 17.8 ms higher than that predicted (368.7 ms) by the JHS model.

We next applied heart rate correction to the group mean QT interval of our adult sickle

cell disease cohort, to give a predicted mean QTc interval (413.28 ms), which is shorter, by
18.82 ms, than the actual mean QTc interval of our adult sickle cell disease cohort (432.1
ms). The predicted mean QTc interval of our adult cohort (413.28 ms) is shorter, by 11.02
ms, than the mean QTc interval of the JHS cohort (424.3 ms), even though, as noted above,
the actual mean QTc interval of our adult cohort (432.1 ms) is 7.8 ms higher than the mean
QTc of the much older, more female-weighted, and more overweight/obese JHS cohort.

Comparison Using Fridericia Correction

As noted above, our study utilized the Bazett correction for heart rate, given that this
correction was utilized in the JHS, 1518 and by the clinical ECG machines in our institution.
However, the Fridericia correction (QTcF) is an alternative correction method and has been
used for comparison purposes in JHS analyses. 18 We applied the QTcF to the actual, and
the JHS model-predicted, mean QT intervals of our adult sickle cell disease cohort, and to
the JHS cohort. The JHS model-predicted QTcF interval in our adult cohort (398.11 ms) is
shorter, by 21.35 ms, than the mean QTcF interval in the JHS cohort (419.46 ms). However,
the actual mean QTcF interval in our adult cohort (417.55) is 19.44 ms higher than that
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predicted (398.11 ms) by the JHS model and is only 1.91 ms shorter than the mean QTcF
of the JHS cohort, indicating “relative ” QTc prolongation in adult sickle cell disease when
using the QTcF.

Discussion

Herein, we present baseline clinical and laboratory characteristics of our prospectively
recruited, cross-sectional sickle cell disease cohort. This study is the largest reported to date
on prolongation of QTc in sickle cell disease, and our patients were in as close to a baseline
state as is possible for sickle cell disease patients who attend our outpatient clinics on a
regular basis.

We establish that patients with sickle cell disease, at baseline clinical status, have

QTc interval prolongation, compared with the general African American community as
represented by the JHS cohort. This is true even though our adult cohort is much younger
than the adult JHS cohort and has multiple other features (leaner, less hypertension,

less diuretic use, less coronary heart disease, and shorter QRS durations), which would
predict shorter QTc intervals compared with the JHS cohort (Table 5), based on the

JHS quantitative QT statistical model.1> This demonstrates that there are factors, distinct
from those regulating QT interval duration in the general African American population,
responsible for QTc interval prolongation in sickle cell disease. The QTc analyses presented
herein, by univariate analysis and multivariate linear regression modeling, provide evidence
for a number of these factors in sickle cell disease (Table 4): ALT levels, hemoglobin

levels, anion gap, and diastolic blood pressure in adult sickle cell disease; and creatinine
levels, bicarbonate levels, and hemoglobin levels in pediatric sickle cell disease. Future
investigations will further characterize the QTc interval-associated factors described herein,
to attempt to better understand the mechanisms by which they affect repolarization. We will
also investigate their interaction with genetic variants known to modify QT interval duration
in the African American population.

The 15.7% of our 293 sickle cell disease adults (11.8% of males, 19.5% of females) meeting
the definition of categorical prolonged-QTc is similar to the 15% on initial screening, but
lower than the 37.9% at the end of follow-up, in the retrospective study of 140 sickle

cell disease adults of Upadhya et al.,3 although that study utilized a longer definition for
categorical prolonged-QTc in adult females (>470 ms) than utilized for our adult females
(>460 ms). The 15.7% categorical prolonged-QTc in our adult cohort is also lower than the
39% of males, and 27% of females, in the retrospective study of 224 sickle cell disease
adults by Indik et al.,® although that study utilized a shorter definition (>440 ms) for
categorical prolonged-QTc in adult males than utilized for our adult males (>450 ms), and
58% of their ECGs were obtained on inpatients. In the study of Indik et al., QTc duration
was associated with hemoglobin and AST levels in univariate analysis, but not multivariate
analysis ?; in our adult cohort both hemoglobin and AST levels were significant in univariate
analysis, and hemoglobin level remained significant in multivariate analysis.

The 33.9% of our 121 pediatric sickle cell disease patients (11-17 years old) meeting the
definition of categorical prolonged-QTc is similar to the 38% reported for 76 sickle cell
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disease children and young adults (10-24 years old) in the cross-sectional study of Liem

et al., 8 in which categorical prolonged-QTc was associated, in univariate analysis, with
multiple episodes of acute chest syndrome and with higher mean LDH and AST levels;
however, in our pediatric cohort the association of QTc duration with acute chest syndrome
and LDH levels was not significant in univariate analysis. Multivariate linear regression in
our pediatric cohort showed age, creatinine, bicarbonate, and hemoglobin to be significant
and negatively correlated with QTc duration. A case-control study from Nigeria showed

a negative correlation with hematocrit level in 62 pediatric sickle cell disease patients
compared to 40 age- and gender-matched controls. 10 The mechanism for the negative
correlation of serum creatinine with QTc in our pediatric cohort is un-known; we speculate
that it may be related to lower muscle mass, and/or glomerular hyperfiltration, known to
occur in sickle cell disease patients from a young age. 2122

As noted above, we used the Bazett formula, which has been widely used in clinical
electrocardiography, for heart rate correction in calculating QTc. Different heart rate
adjustment methods for the QT interval, such as Fridericia, Framingham, Hodges, and
others, have been proposed, but in general, it is often unclear whether any given method is
optimal for any given patient or clinical context, and the Bazett correction continues to be
recommended in hereditary long-QT syndrome and other contexts. 5:20.23-25 Herein, even
if using the Fridericia correction for heart rate, where the adult sickle cell disease cohort
has nearly the same mean QTcF as the JHS cohort (<2 ms difference), the JHS model
predicts that the mean QTcF should be >21 ms shorter in our adult cohort. Therefore, just
as adults with sickle cell disease have “relative ” hypertension compared with the general
African American population, 13 our adult sickle cell disease cohort has “relative ” QTc
prolongation, compared with the general African American population, when using the
Fridericia correction.

This study has several limitations. We evaluated QT and QTc interval duration, given that
these are the standard ECG measures of repolarization used in clinical medicine. However,
there are other aspects of repolarization, such as QT dispersion, Tp-e interval and Tp-e/QTc
ratio, and other measures that also provides insight into repolarization defects in sickle cell
disease. 526.27 \We evaluated the QTc interval at a single point in time, as close to a baseline
condition for sickle cell patients as possible, and longitudinal assessment will be valuable.
28,29 The retrospective analysis by Upadhya et al. 3 noted above, with a mean follow-up

of 9 years, indicated that mortality in sickle cell disease is associated with increase in QTc
interval duration with time; it is un-known whether any of this mortality was associated with
torsades de pointes ventricular tachycardia.> We plan to do prospective follow-up of our
sickle cell cohort to include evaluation of the relationship between QTc interval duration and
mortality. The basis of the large difference in diuretic effect size of 44.7 ms with diuretic
use in our adult cohort (Table 4), compared with an effect size of 2.3 ms with diuretic

use in the JHS cohort (Table 5; and Table 3 within Ref.1%), requires further analysis, and
replication in other studies; however, even with this large difference, the effect results in
only < 1% (0.43 ms of 44.52 ms) of the predicted QT difference between the JHS and our
adult sickle cell disease cohort (Table 5). Furthermore, we recognize that the JHS did not
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evaluate as broad a range of clinical and laboratory variables for inclusion into their QT
statistical model—such as hemoglobin, ALT, or anion gap—as did we; however, we feel that
given the JHS is a community-based cohort, where the degrees of anemia, and comorbidities
such as iron overload with hepatic dysfunction, would not be near the degree present in our
adult sickle cell disease cohort, these factors would not likely have a major influence on

the comparison of QT/QTc between our two cohorts, although it would be of interest to
ascertain the effects of the nonoverlapping factors from our statistical model (Table 4) on the
JHS model. Lastly, even with improved characterization of QTc prolongation in sickle cell
disease, the clinical significance of this remains uncertain. Although both clinical studies
and autopsy studies demonstrate the importance of sudden death and ventricular arrhythmias
in sickle cell disease mortality,? there remains very limited specific information on forsades
de pointes ventricular tachycardia in sickle cell disease.30

Conclusion

Our study demonstrates that sickle cell disease is associated with substantial QTc
prolongation present even in young patients and has further defined significant clinical and
laboratory correlates, some overlapping and some distinct, in adult and pediatric sickle cell
disease, and distinct from those that have been defined in the general African American
community. Our sickle cell disease cohort, which also includes DNA samples and is
developing an echocardiographic dataset, provides a resource for further investigation of the
relationship between clinical, laboratory, imaging, and genetic factors and QTc prolongation
in sickle cell disease patients. This will promote better standing, and improved management,
of factors contributing to sudden cardiac death and premature mortality in sickle cell disease.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.

Acknowledgments

This research was funded by NIH grant 1R01MD009162 from the National Institute on Minority Health and Health
Disparity (to JFM, SM). We wish to express profound gratitude to our research study coordinator Glenda Thomas,
RN, for her tireless devotion to the details of this study and to our patients with sickle cell disease. We also wish to
express deep gratitude to our patients who enrolled in this study, and their interest in participating in research with
the goal of helping others with sickle cell disease.

References

1. Gladwin MT. Cardiovascular complications and risk of death in sickle-cell disease. Lancet..
2016;387:2565-2574. [PubMed: 27353687]

2. Sachdev V, Rosing DR, Thein SL. Cardiovascular complications of sickle cell disease. Trends
Cardiovasc Med.. 2021;31:187-193. [PubMed: 32139143]

3. Upadhya B, Ntim W, Brandon Stacey R, et al. Prolongation of QTc intervals and risk of death
among patients with sickle cell disease. Eur J Haematol. 2013;91:170-178. [PubMed: 23621844]

4. Roden DM. Clinical practice, long-QT syndrome. N Engl J Med. 2008;358:169-176. [PubMed:
18184962]

5. Drew BJ, Ackerman MJ, Funk M, et al. Prevention of torsade de pointes in hospital settings: a
scientific statement from the American Heart Association and the American College of Cardiology
Foundation. J Am Coll Cardiol. 2010;55:934-947. [PubMed: 20185054]

Am J Med Open. Author manuscript; available in PMC 2024 January 12.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Yuetal.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

Page 11

. Mueller BU, Martin KJ, Dreyer W, Bezold LI, Mahoney DH. Prolonged QT interval in pediatric

sickle cell disease. Pediatr Blood Cancer. 2006;47:831-833. [PubMed: 16078213]

. Akgll F, Seyfeli E, Melek I, et al. Increased QT dispersion in sickle cell disease: effect of

pulmonary hypertension. Acta Haematol. 2007;118:1-6. [PubMed: 17374947]

. Liem RI, Young LT, Thompson AA. Prolonged QTc interval in children and young adults with

sickle cell disease at steady state. Pediatr Blood Cancer. 2009;52:842-846. [PubMed: 19229972]

. Indik JH, Nair V, Rafikov R, et al. Associations of prolonged QTc in sickle cell disease. PL0oS

ONE.. 2016;11:e0164526. [PubMed: 27736922]

Adegoke SA, Okeniyi JA, Akintunde AA. Electrocardiographic abnormalities and dyslipidaemic
syndrome in children with sickle cell anaemia. Cardiovasc J Afr. 2016;27:16—20. [PubMed:
26301945]

Rosenberg MA, Lubitz SA, Lin H, et al. Validation of polygenic scores for QT interval in clinical
populations. Circ Cardiovasc Genet. 2017;10:e001724. [PubMed: 28986454]

Roden DM. Drug-induced prolongation of the QT interval. N Engl J Med. 2004;350:1013-1022.
[PubMed: 14999113]

Pegelow CH, Colangelo L, Steinberg M, et al. Natural history of blood pressure in sickle cell
disease: risks for stroke and death associated with relative hypertension in sickle cell anemia. AmJ
Med. 1997;102:171-177. [PubMed: 9217567]

Taylor HA Jr, Wilson JG, Jones DW, et al. Toward resolution of cardiovascular health disparities in
African Americans: design and methods of the Jackson Heart Study. Ethn Dis. 2005;15 S6-4-17.

Akylbekova EL, Crow RS, Johnson WD, et al. Clinical correlates and heritability of QT interval
duration in blacks: the Jackson Heart Study. Circ Arrhythm Electrophysiol. 2009;2:427-432.
[PubMed: 19808499]

Spodick DH. Reduction of QT-interval imprecision and variance by measuring the JT interval. Am
J Cardiol. 1992;70:103. [PubMed: 1615849]

Crow RS, Hannan PJ, Folsom AR. Prognostic significance of corrected QT and corrected JT
interval for incident coronary heart disease in a general population sample stratified by presence
or absence of wide QRS complex: the ARIC Study with 13 years of follow-up. Circulation..
2003;108:1985-1989. [PubMed: 14517173]

Akylbekova EL, Payne JP, Newton-Cheh C, et al. Gene-environment interaction between
SCN5A-1103Y and hypokalemia influences QT interval prolongation in African Americans: the
Jackson Heart Study. Am Heart J. 2014;167:116-122.e1. [PubMed: 24332150]

Schwartz PJ, Moss AJ, Vincent GM, Crampton RS. Diagnostic criteria for the long QT syndrome.
An update. Circulation. 1993;88:782-784. [PubMed: 8339437]

Rautaharju PM, Surawicz B, Gettes LS, et al. AHA/ACCF/HRS recommendations for the
standardization and interpretation of the electrocardiogram: part IV: the ST segment, T and

U waves, and the QT interval: a scientific statement from the American Heart Association
Electrocardiography and Arrhythmias Committee, Council on Clinical Cardiology; the American
College of Cardiology Foundation; and the Heart Rhythm Society. Endorsed by the International
Society for Computerized Electrocardiology. J Am Coll Cardiol. 2009;53:982-991. [PubMed:
19281931]

Aloni MN, Ngiyulu RM, Ekulu PM, et al. Glomerular hyperfiltration is strongly correlated with
age in Congolese children with sickle cell anaemia. Acta Paediatr. 2017;106:819-824. [PubMed:
28218952]

Lebensburger JD, Aban I, Pernell B, et al. Hyperfiltration during early childhood precedes
albuminuria in pediatric sickle cell nephropathy. Am J Hematol. 2019;94:417-423. [PubMed:
30592084]

Stramba-Badiale M, Karnad DR, Goulene KM, et al. For neonatal ECG screening there is

no reason to relinquish old Bazett’s correction. Eur Heart J. 2018;39:2888-2895. [PubMed:
29860404]

Dahlberg P, Diamant UB, Gilljam T, Rydberg A, Bergfeldt L. QT correction using Bazett’s
formula remains preferable in long QT syndrome type 1 and 2. Ann Non-invasive Electrocardiol.
2021;26:€12804.

Am J Med Open. Author manuscript; available in PMC 2024 January 12.



1duosnue Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Yuetal.

25.

26.

217.

28.

29.

30.

31.

32.

33.

Page 12

Schwartz PJ, Priori SG, Spazzolini C, et al. Genotype-phenotype correlation in the long-QT
syndrome: gene-specific triggers for life-threatening arrhythmias. Circulation.. 2001;103:89-95.
[PubMed: 11136691]

Ajibare AO, Olabode OP, Fagbemiro EY, et al. Assessment of ventricular repolarization in sickle
cell anemia patients: the role of QTc interval, Tp-e interval and Tp-e/QTc ratio and its gender
implication. Vasc Health Risk Manag. 2020;16:525-533. [PubMed: 33324066]

Antzelevitch C, Di Diego JM, Argenziano M. Tpeak-Tend as a predictor of ventricular
arrhythmogenesis. Int J Cardiol. 2017;249:75-76. [PubMed: 29121761]

Pickham D, Helfenbein E, Shinn JA, et al. High prevalence of corrected QT interval prolongation
in acutely ill patients is associated with mortality: results of the QT in Practice (QTIP) Study. Crit
Care Med. 2012;40:394-399. [PubMed: 22001585]

Ye M, Zhang JW, Liu J, Zhang M, Yao FJ, Cheng YJ. Association between dynamic change of
QT interval and long-term cardiovascular outcomes: a prospective cohort study. Front Cardiovasc
Med. 2021;8:756213. [PubMed: 34917661]

Porter BO, Coyne PJ, Smith WR. Methadone-related Torsades de Pointes in a sickle cell patient
treated for chronic pain. Am J Hematol. 2005;78:316-317.

E14 and S7B Clinical and Nonclinical Evaluation of QT/QTc Interval Prolongation and
Proarrhythmic Potential—Questions and Answers—Guidance for Industry/US. Department of
Health and Human Services, Food and Drug Administration, Center for Drug Evaluation and
Research (CDER), Center for Biologics Evaluation and Research (CBER). August 2022; page 7.

Saarel EV, Granger S, Kaltman JR, et al. Pediatric Heart Network Investigators.
Electrocardiograms in healthy North American children in the digital age. Circ Arrhythm
Electrophysiol. 2018;11:e005808. [PubMed: 29930156]

Alders M, Bikker H, Christiaans I, et al. GeneReviews® [Internet]. Long QT syndrome eds.
Seattle, WA: University of Washington, Seattle; 2018 1993-2022updated Feb. 8.

Am J Med Open. Author manuscript; available in PMC 2024 January 12.



1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuep Joyiny

Yuetal.

Baseline Characteristics of Combined Sickle Cell Disease Cohort.

Table 1

Characteristic (n = 414)

Mean (SD) or n (%)

Age (years)
Gender—female
—male
Genotype SS
Genotype SC
Genotype S/B-thalassemia
Heart rate (bpm)
QT (ms)
QTc (ms)
QRS (ms)
JTc (ms)
Prolonged-QTc
QTc > 500 ms (%)
BMI (kg/m?)
Systolic blood pressure (mm Hg)
Diastolic blood pressure (mm Hg)
Pulmonary hypertension
Acute chest syndrome
Stroke/T1A/abnormal-TCD
DVT/PE
Avascular necrosis
Leg/ankle ulcers
Sickle retinopathy
Hydroxyurea use
Diuretic use
Opioid medication use (nonmethadone)
Chronic RBC transfusions
Transfusional iron overload
Chelation (Exjade, Jadenu, Desferal)
Ferritin (ng/mL)
Ferritin >1000 ng/mL
WBC (x1000/pL)
Platelets (x1000/uL)
Abs. Reticulocyte count (x1000/pL)
Hemoglobin (g/dL)
MCV (fL)
Potassium (mmol/L)
Magnesium (mg/dL)
Calcium (mg/dL)

Am J Med Open. Author manuscript; available in PMC 2024 January 12.

26.24 (11.51)
203 (49.0)
211 (51.0)
296 (71.5)

81 (19.6)

36 (8.7)

76.75 (13.39)
382.19 (30.94)
431.79 (25.86)
89.01 (9.70)
342.78 (26.65)
87 (21.0)
3(0.7)

24.91 (6.83)
118.30 (13.75)
69.42 (10.15)
17 (4.1)

74 (17.9)

94 (22.7)

53 (12.8)

98 (23.7)
5(1.2)

96 (23.2)

235 (56.8)

6 (1.4)

330 (79.7)

73 (17.6)

151 (36.5)

96 (23.2)
15,972,458
149 (37.2)
10.98 (4.20)
367.30 (159.01)
256,186 (121,963)
9.40 (1.94)
86.65 (12.23)
4.15 (0.44)
1.94 (0.18)
9.27 (0.40)
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Characteristic (n = 414)

Mean (SD) or n (%)

Phosphorous (mg/dL)
Chloride (mmol/L)
Bicarbonate (mmol/L)
Anion gap (mmol/L)
Glucose (mg/dL)
Albumin (g/dL)

Total protein (g/dL)
Globulin (g/dL)

LDH (U/L)

Total bilirubin (mg/dL)
AST (U/L)

ALT (U/L)

ALP (U/L)

Creatinine (mg/dL)
CKD

CKD not on hemodialysis

ESRD on hemodialysis

3.99 (0.84)
104.27 (3.08)
24.13 (2.54)
12.12 (2.17)
100.01 (29.69)
4.41(0.37)
7.80 (0.63)
3.38(0.54)
604.11 (437.65)
2.68 (2.20)
39.37 (22.41)
25.65 (16.72)
113.91 (63.83)
0.79 (1.03)

17 (4.1)

13 (3.14)
4(0.97)

Baseline clinical and laboratory characteristics of combined adult and pediatric sickle cell disease cohort.

Page 14

ALP =alkaline phosphatase; ALT = alanine aminotransferase; AST = aspartate aminotransferase; BMI = body mass index; bpm = beats per
minute; CKD = chronic kidney disease; DBP = diastolic blood pressure; DVT/PE = deep-vein thrombosis and/or pulmonary embolism; ECG =

electrocardiogram; ESRD on HD = end-stage renal disease on hemodialysis; fL = femtoliter; g/dL = grams per deciliter; kg/m2 = kilograms per
square meter; LDH = lactate dehydrogenase; MCV = mean corpuscular volume; med. = medication; ms = millisecond; mV = millivolt; yL =
microliter; NA = not applicable; ND = not done; RBC = red blood cell; SBP = systolic blood pressure; SD = standard deviation; SE = standard

error; TCD = transcranial doppler; U/L = units per liter; WBC = white blood cells.

Am J Med Open. Author manuscript; available in PMC 2024 January 12.
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Univariate Analysis of QTc¢ Associations—Adults (7= 293).

Table 3A

Characteristics Estimate SE P value
JTc 0.955 0.022 <.0001
Heart rate 0.609 0.108 <.0001
Gender 15.029 3.012  <.0001
Diuretic use 49.565 10.315 <.0001
WBC 1.534 0.333 <.0001
QRS (perms) 0.681 0.155  <.0001
Ferritin (perng/mL) 0.002 0.001 <.0001
ALT 0.384 0.090 <.0001
Hemoglobin 2.887 0.759 <.0002
Creatinine 4.654 1.280  <.0004
Chloride -1.779 0.493 <.0004
Anion gap 2.446 0.690  <.0005
Globulin 9.255 2.720 <.0008
ALP 0.100 0.030 <.0010
AST 0.216 0.065 <.0011
Total bilirubin 1.875 0.740  <.0118
ESRD on hemodialysis 52.239 18.229 <.0133
Age 0.3724 0.1512 <.0145
Genotype SS 7.704 3.256 <.0187
Stroke/T1A/abnormal-TCD 8.160 3541  <.0220
Chelation (Exjade, Jadenu, Desferal)  7.820 3.405 <.0224
Albumin -9.771 4.328 <.0248
Phosphorous 4.670 2.088 <.0261
Abs. reticulocyte count 0.000 0.000  <.0301
Chronic RBC transfusions 8.860 4073  <.0305
Pulmonary hypertension 12.964 6.780 <.0569
Chronic kidney disease 11.943 6.494  <.0670
BMI 0.402 0.231 <.0831
Calcium -6.814 4.006 <.0901
Genotype SC -6.070 3.761 <.1077
Platelets 0.016 0.010 <.1149
Hydroxyurea use 4.699 3.062 <.1260
Diastolic blood pressure 0.259 0.170  <.1300
Genotype S/-thalassemia -7.638 5.092 <.1348

Univariate analysis of associations between clinical and laboratory characteristics and QTc in the adult sickle cell disease cohort, ranked in

Page 18

descending order of significance, down to P < .15; the effect size estimate is per unit for continuous variables, and per presence for categorical

variables.

Units and Abbreviations: same as in Table 2.
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Univariate Analysis of QTc Associations—Pediatric (7= 121).

Characteristic Estimate SE P value
JTc 0.905 0.035 <.0001
Age -5.938 1.154 <.0001
Creatinine -54.347  14.089 <.0002
Hemoglobin -3.882 1.033 <.0003
Bicarbonate -3.305 1.050  <.0022
Heart rate 0.383 0.152  <.0130
WBC 1.267 0.510 <.0144
Total bilirubin 1.620 0.823  <.0516
Genotype S/Bthalassemia  —14.659 7.662 <.0582
Gender 8.065 4.248 <.0601
Platelets 0.021 0.011  <.0659
QRS duration 0.376 0.230 <.1049
LDH 0.006 0.004 <1321

Table 3B

Page 19

Univariate analysis of associations between clinical and laboratory characteristics and QTc in the pediatric sickle cell disease cohort, ranked in
descending order of significance, down to P < .15; the effect size estimate is per unit for continuous variables, and per presence for categorical

variables.

Units and Abbreviations: same as in Table S2.
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Stepwise Backward Multivariate Linear Regression of QTc¢ Associations.

Group characteristics Change in QTc
(ms) SE Partial R2 P value
Adult (7=293)
Female sex 16.881 3.069 0.080 <.0001
Diuretic use 44.743 9.565 0.068 <.0001
QRS (perms) 0.553 0.149  0.031 .0002
ALT (perU/L) 0.298 0.084 0.032 .0005
Hemoglobin (perg/dL) -2.266 0.727 0.051 .002
Anion gap (permmol/L) 1.988 0.668  0.040 .003
Diastolic blood pressure (permm Hg)  0.331 0.160 0.017 .039
Pediatric (7= 121)
Age (peryear) -3.005 1.252  0.089 .0181
Creatinine (per mg/dL) -35.344 15.377 0.108 .0235
Bicarbonate (per mmol/L) -2.642 1.064 0.094 .0146
Hemoglobin (perg/dL) -2.112 1166  0.071 .0729

Univariate analysis of associations between clinical and laboratory characteristics and QTc in the pediatric sickle cell disease cohorts, ranked in
descending order of significance, down to P< .15; the effect size estimate is per unit for continuous variables, and per presence for categorical

variables.

Abbreviations: same as in Table S2.
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