
I. Introduction 

QT prolongation is a common adverse event that can lead to 
various other adverse events. Approximately 24% of acutely 
ill patients experience QT prolongation and torsade de 
pointes, which is a complication of QT prolongation that is 
reportedly responsible for 6% of in-hospital cardiac arrests 
[1]. QT prolongation can increase the length of hospital stay 
and approximately triple mortality rate [1].
 Patients admitted to the intensive care unit (ICU) are more 
likely to experience QT prolongation because they have more 
severe conditions, such as hypokalemia, hypomagnesemia, 
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recent conversion from atrial fibrillation to sinus rhythm, 
or acute cerebral illness [2,3]. Moreover, these patients tend 
to take multiple drugs, including ones capable of prolong-
ing the QT interval [4,5] such as haloperidol, amiodarone, 
and furosemide. The risk of QT prolongation due to drug–
drug interactions is also higher in these patients [2,5,6]. The 
prevalence of QT prolongation has been reported as 28% to 
30% among ICU patients [4,5]. In one study, severe QT pro-
longation (>500 ms) was observed in 18.2% of ICU patients, 
approximately half of whom were exposed to QT-prolonging 
drugs despite severe QT prolongation [6]. In other studies, 
it was estimated that approximately half of all ICU patients 
may develop QT prolongation [7,8]. QT prolongation is par-
ticularly common postoperatively (67% to 80%) [9,10].
 Although various scoring systems and risk evaluation 
models have been used for general in-hospital patients, there 
are no reliable models for evaluating QT prolongation risk in 
ICU patients. The RISQ-PATH score model was developed 
to identify patients who have a high risk of QT prolonga-
tion based on data from patients receiving haloperidol or 
an antimicrobial, and it has both high sensitivity and a high 
negative predictive value [11]. Other risk models to predict 
corrected QT interval (QTc) prolongation exhibit sensitiv-
ity, specificity, and area under the receiver operating char-
acteristic curve (AUC) values of 0.77–0.84, 0.28–0.48, and 
0.59–0.71, respectively [12,13]. However, all these models 
were based on general in-hospital patients. The risk score 
introduced by Tisdale et al. [6] was developed for a cardiac 
critical care unit, but it exhibited low specificity when ap-
plied to the general ICU [14].
 To overcome the current limitations of applying QT pro-
longation risk evaluation models in an ICU setting, we de-
veloped the “ICU-QT scoring system” based on time-series 
electrocardiogram (ECG) data collected from patient moni-
tors installed in several ICUs. This system provides informa-
tion on QT prolongation risk by analyzing real-time time-
series data, which could be useful for clinical monitoring 
and may inform drug administration decisions.

II. Methods

This study was approved by the Institutional Review Board 
of Ajou University Hospital (No. AJIRB-MED-MDB-19- 
406). The requirement for informed consent was waived.

1. Data Sources
This study used data from the biosignal database and Elec-
tronic Medical Records of Ajou University Hospital, a tertia-

ry teaching hospital in South Korea. The biosignal database 
contains ECG, arterial blood pressure, and photoplethysmo-
gram data from patients admitted to the trauma ICU, medi-
cal ICU, emergency ICU, and neurological ICU [15]. The 
ECG waveforms used in this study were collected between 
September 2016 and May 2018. The ECG data obtained by 
Nihon Kohden and Philips patient monitors had sampling 
rates of 250 and 500 Hz, respectively. Clinical information 
(demographics, prescription and diagnostic records, labora-
tory test results, and surgical histories) were obtained from 
patients’ Electronic Medical Records during the same period.

2. QTc Measurement and Target Event Definition
Because the waveform data in the biosignal database only 
contain raw waveform signals, the onset of the QRS com-
plex, R peak, and offset of the T-wave were detected using 
the QT detector developed by Chesnokov et al. [16] for the 
first 10-second segment of ECG data every hour. A QT in-
terval was defined as the time between the onset of the QRS 
complex and the offset of the T-wave. An RR interval was 
defined as the time between successive R peaks. The median 
QT and RR intervals for 10-second segments were included 
in the analysis. QT intervals ≥800 ms were considered as 
outliers and excluded from the analysis. Based on the mea-
sured QT and RR intervals, QTc intervals were calculated 
(corrected for heart rate) using Bazett’s formula:

QTc = QT
RR  

QT prolongation was defined as QTc (calculated using Ba-
zett’s formula) >450 ms for men and >470 ms for women. 

3.  Development of the QT Prolongation Risk Evaluation 
Model for ICU Patients

To develop the QT prolongation risk evaluation model, a 
case-crossover study design was used to minimize the ef-
fects of confounding variables, i.e., by using the patients as 
their own control group. Moreover, a longitudinal design 
was used so that the characteristics of the ECG data could 
be evaluated over time (Figure 1). A case was defined as an 
occurrence of QT prolongation ≥12 hours after any previous 
QT prolongation. Controls referred to an absence of QT pro-
longation for ≥12 hours. Cases and controls that overlapped 
within a 12-hour time window were excluded. Up to 16 cases 
and 16 controls were selected for each patient (derivation 
dataset). Levels of exposure to risk factors were compared 
between the periods before cases and controls (Figure 1). 
 Prescribed drugs, laboratory test results, and surgical histo-
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ries were the potential risk factors for QT prolongation in the 
ICU patients in this study. The 300 drugs and 100 surgeries 
most frequently prescribed and performed, respectively, in 
these patients were analyzed. The observation windows for 
drugs and surgeries were set at 12 and 24 hours before each 
case and control, respectively. The serum potassium and 
calcium levels measured at the time closest to a drug case 
or control within ≤24 hours before cases and controls were 
included in the analysis. Conditional logistic regression was 
performed to determine the risk posed by each factor, and 
p-values <0.05 were considered statistically significant. The 
case-crossover study design removes the bias associated with 
inter-individual differences. However, this approach does 
not evaluate the impact of patient characteristics. 
 To derive the ICU-QT score, beta coefficient weights were 
used; these were multiplied by 10 and rounded to the nearest 
integer. The ICU-QT score was defined as

ICU-QT score = ∑ (w × x)

where w represents the weight value, and x represents the 
value of each variable. This approach yielded a superior 
net reclassification index compared with various other ap-
proaches [17].

4. Performance Evaluation
Performance evaluation was conducted in three steps. First, 
we checked for consistency with previous studies in terms 
of the factors showing significant associations with QT pro-
longation. Second, the incidence of QT prolongation was 
analyzed by ICU-QT score in both the derivation and vali-
dation datasets. The validation dataset consisted of data for 
different time points from the same patients used for model 
development. Finally, low-, low moderate-, high moderate- 
and high-risk QT prolongation groups were distinguished 
based on the chi-squared test and pairwise Fisher exact test 
with Bonferroni correction.

5. Software
Data were managed using Microsoft SQL Server and Python; 
R software (R Development Core Team, Vienna, Austria) 
was used for the statistical analyses.

III. Results

In total, 811 ICU patients were included in this study (560 
men); 507 patients were admitted to the trauma ICU (Table 
1). The mean number of QT prolongations per patient dur-
ing the ICU stay was 4.39.
 Drugs significantly associated with QT prolongation in this 
study are shown in Table 2. Changes in laboratory test results 
(i.e., serum potassium and calcium levels) and surgical his-
tory were not significantly associated with QT prolongation, 
whereas 13 drugs did show a significant association. There 
was previous evidence of five of those drugs being associated 
with QT prolongation.
 With increasing ICU-QT score, the rate of QT prolongation 

Table 1. Baseline characteristics of the patients in this study

Characteristic Value

Total number of patients 811 (100)
Sex
   Male 560 (69.1)
   Female 251 (30.9)
Age (yr) 54.5 ± 20.4
Type of ICU
   Trauma 507 (62.5)
   Medical 123 (15.2)
   Emergency 155 (19.1)
   Neurological 26 (3.2)
Number of QT prolongations per patient 4.39 ± 4.00

Values are presented as number (%) or mean ± standard devia-
tion.
ICU: intensive care unit.

Figure 1.   Schematic of the derivation 
of weights for risk factors 
in the QT prolongation risk 
scoring model. ICU: inten-
sive care unit.
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increased, as shown in Figure 2, in both the derivation and 
validation datasets. The rate of QT prolongation increased 
by approximately 7% for each 5-point increase in ICU-QT 
score (6.6% in the derivation dataset and 7.3% in the valida-
tion dataset). 
 Rates of QT prolongation differed significantly among the 
low-, low moderate-, high moderate- and high-risk groups 
in the derivation (p < 0.001) and validation datasets (p = 
0.007). In the post hoc analysis, there were significant dif-
ferences between the low- and high-risk groups in both the 
derivation (p < 0.001) and validation datasets (p = 0.02) and 

between the low moderate- and high-risk groups in both 
the derivation (p < 0.001) and validation datasets (p = 0.02). 
In addition, in the derivation dataset, there were significant 
differences between the low- and high moderate-risk groups 
(p = 0.003), between the low moderate- and high moderate-
risk groups (p < 0.001), and between the high moderate- and 
high-risk groups (p = 0.015). In the validation dataset, the 
high moderate- and high-risk groups showed a marginally 
significant difference (p = 0.0501). The QT prolongation 
counts in the validation dataset for the three risk groups are 
shown in Table 3.

Table 2. Drugs significantly associated with QT prolongation and weights derived for the development of the ICU-QT scoring model

Drug β p-value Known risk factor Accordance with previous data Weight

Isoconazole nitrate –1.454 0.003 No evidence △ –15
Lorazepam 0.402 0.033 No evidence △ 4
Aspirin 0.474 0.040 No evidence △ 5
Imipenem/cilastatin –0.642 0.019 No evidence △ –6
Budesonide –0.674 0.012 No evidence △ –7
Nicardipine 0.593 <0.001 Increasea) O 6
Dexmedetomidine –0.488 <0.001 Increasea)/decreaseb) O –5
Lafutidine 0.573 0.020 No evidence △ 6
Levetiracetam 0.376 0.017 Increasea) O 4
Rocuronium 0.746 0.012 Increasec) O 7
Norepinephrine 0.382 0.014 Increasea) O 4
Vecuronium 0.415 0.030 No evidence △ 4
Propacetamol 0.290 0.012 No evidence △ 3

ICU: intensive care unit.
a)From Woosley et al. [21].
b)From Kim et al. [22].
c)From Agdanli et al. [23].

Figure 2.   Rate of QT prolongation 
according to ICU-QT score. 
ICU: intensive care unit.
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IV. Discussion

We developed the ICU-QT score to provide information re-
garding the risk of QT prolongation in ICU patients. In both 
the derivation and validation datasets, the ICU-QT score 
was strongly correlated with the risk of QT prolongation in 
real-world ICU settings. 
 Although the risk of QT prolongation is greater in ICU pa-
tients, most previous models evaluating the risk of QT pro-
longation were developed using data from non-ICU patients. 
ICU patients usually have more severe clinical conditions 
and a higher likelihood of exposure to multiple drugs or 
injections. Notably, disease severity differs between patients 
in the ICU and general wards, while taking multiple drugs 
can increase the risk of drug-drug interactions, potentially 
resulting in QT prolongation [2,5,6]. 
 Using ECG data collected from ICU patients [18], we de-
veloped a QT prolongation risk evaluation model. A longi-
tudinal case-crossover study design was used to remove the 
bias associated with inter-individual differences.
 Five of the 13 drugs (nicardipine, dexmedetomidine, le-
vetiracetam, rocuronium, and norepinephrine) showing 
significant associations with QT prolongation in this study 
were also significantly associated with QT prolongation in 
previous studies. The other five drugs (lorazepam, aspirin, 
lafutidine, vecuronium, and propacetamol) were newly 
identified to have significant adverse associations with QT 
prolongation in ICU patients. Because most studies have 
focused on drugs that can lead to QT prolongation, there are 
insufficient data regarding drugs that have no relationship or 
a negative relationship (i.e., a protective effect). In this study, 
isoconazole nitrate, imipenem/cilastatin, budesonide, and 
dexmedetomidine were found to have protective effects. 
 Our scoring model is intended to quantify the overall risk 
of QT prolongation rather than to obtain the odds ratios for 
individual risk factors. Therefore, caution is needed when 
interpreting the results. The variables included in this study 
were used as surrogate markers of clinical status, and were 
weighted according to the risk of QT prolongation in real-

world clinical practice. For example, the drug vecuronium 
is typically used in patients receiving mechanical ventila-
tor care, and it prevents resistance against the ventilator 
by relaxing the skeletal muscles. In this case, the weight of 
vecuronium can be interpreted as the QT prolongation risk 
posed by severe clinical conditions that require ventilator 
care or the risk associated with ventilator use itself.
 This study had the following limitations. First, data were 
collected from a single institute and primarily from the trau-
ma ICU (62.5% of cases and controls) because our “biosignal 
collecting system” was initially installed in the trauma ICU 
before later being implemented in other ICUs. In a future 
study, we will use a more balanced ICU dataset, by collecting 
additional data from other ICUs, and we will perform model 
validation using an external dataset. Second, as previously 
mentioned, our results do not allow causality to be inferred 
regarding the relationships between risk factors and QT pro-
longation. To develop a more precise model, detailed clinical 
information (e.g., on medical device usage, procedures con-
ducted during ICU stays, and vital signs) would be helpful. 
However, such information might be stored in different data 
formats across hospitals, so the added complexity could hin-
der adoption of the model in clinical practice. Therefore, we 
only used prescription information, which is usually stored 
in a simple format and can well represent a variety of clini-
cal situations. Third, the variety of half-lives of drugs was 
not considered. Some drugs, benzodiazepine like lorazepam 
could have an effect for more than 12 hours, which was set 
as the observation time window in this study. However, to 
increase the usability of the users and with the assumption 
that drugs administered near an event could have more sig-
nificant effects, we simplified the observation time window 
as 12 hours.
 Some studies have reported that a clinical decision support 
system has proven effective to reduce adverse events caused 
by QT prolongation [19,20]. Therefore, we expect that mod-
els like ours can help to reduce the clinical deterioration of 
patients in ICU caused by QT prolongation. To realize this 
aim, research to improve QT prolongation event detection 
must be continued.
 In conclusion, we developed the ICU-QT scoring system 
that can support clinicians in assessing the risk of QT pro-
longation in real time. It can facilitate QT control and reduce 
the use of QT-prolonging drugs in patients at high risk of 
QT prolongation. 

Table 3. QT prolongation count in the validation dataset by risk 
group

QT prolongation Normal QT interval

Low risk 3 21
Low-moderate risk 59 218
High-moderate risk 725 2,136
High risk 7 4
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