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Objective: To construct a sudden death risk score
specifically for hypertension (HYSUD) patients with or
without cardiovascular history.
Methods: Data were collected from six randomized
controlled trials of antihypertensive treatments with 8044
women and 17 604 men differing in age ranges and blood
pressure eligibility criteria. In total, 345 sudden deaths
(1.35%) occurred during a mean follow-up of 5.16 years.
Risk factors of sudden death were examined using a
multivariable Cox proportional hazards model adjusted on
trials. The model was transformed to an integer system,
with points added for each factor according to its
association with sudden death risk.
Results: Antihypertensive treatment was not associated
with a reduction of the sudden death risk and had no
interaction with other factors, allowing model
development on both treatment and placebo groups. A
risk score of sudden death in 5 years was built with seven
significant risk factors: age, sex, SBP, serum total
cholesterol, cigarette smoking, diabetes, and history of
myocardial infarction. In terms of discrimination
performance, HYSUD model was adequate with areas
under the receiver operating characteristic curve of
77.74% (confidence interval 95%, 74.13–81.35) for the
derivation set, of 77.46% (74.09–80.83) for the validation
set, and of 79.17% (75.94–82.40) for the whole
population.
Conclusion: Our work provides a simple risk-scoring
system for sudden death prediction in hypertension, using
individual data from six randomized controlled trials of
antihypertensive treatments. HYSUD score could help
assessing a hypertensive individual’s risk of sudden death
and optimizing preventive therapeutic strategies for these
patients.
Keywords: cardiovascular diseases, cardiovascular risk
factor, diabetes, hypertension, risk score, sudden death
Abbreviations: ARIC, Atherosclerosis Risk in
Communities; AUROC, area under the receiver operating
characteristic curve; CAST, Cardiac Arrhythmia Suppression
Trial; CHADS2-VASC, updated score for atrial fibrillation
stroke risk; CHS, Cardiovascular Health Study; CI,
confidence interval; Duke SCD, Duke Sudden Cardiac

Death Risk Score for Patients With Angiographic(>75%
Narrowing) Coronary Artery Disease; EWPHE, European
Working Party on Hypertension in the Elderly; MRFIT,
Multiple Risk Factor Intervention Trial; RCT, randomized
controlled trial; ROC, receiver operating characteristic;
SCORE, Systemic Coronary Risk Estimation; SHEP, Systolic
Hypertension in the Elderly Program; STOP, Swedish Trial in
Old Patients; SYSTEUR, Systolic Hypertension in Europe

INTRODUCTION

S

udden death, a major cardiovascular event which
occurs only within 1 h (or 24 h according to other
definition) after the first onset of symptoms [1,2], is
responsible for approximately 360 000 deaths (half of all
cardiovascular deaths) annually in the United States [3]. In
France, the annual incidence of sudden death was estimated as 50–70/100 000, thus about 40 000 deaths/year,
occur mainly in men (69%), with a mean age of 65 years and
at home (75%) [4]. Such event is important to be prevented
but unfortunately remains underestimated in public health
[5]. Hypertension is considered as a worldwide epidemiology, a well known risk factor for several diseases, and the
leading cause for morbidity and mortality, including sudden
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death, accounting for 7.0% (95% confidence interval (CI)
6.2–7.7) of global disability-adjusted life years and 9.4 (CI
8.6–10.1) million deaths in 2010 [6].
To better protect patients with hypertension regarding
sudden death occurrence, a risk score is needed to stratify
their risks and to adapt therapy. Up to now, two sudden
death risk predictors were developed. One is Duke
Sudden Cardiac Death Risk Score for Patients With
Angiographic(>75% Narrowing) Coronary Artery Disease
(Duke SCD) [7], designed specifically for patients with
high coronary risk thus concerns secondary prevention
patients. The second one was recently built from two
prospective cohorts and for the general population in the
United States [3].
We aimed to build here a quantitative and discriminative 5-year sudden death risk predictor from six randomized controlled trials (RCTs) of 25 648 patients with raised
blood pressure (BP), treated or not by antihypertensive
agents.

METHODS
Participants
The INdividual Data ANalysis of Antihypertensive intervention trials (INDANA) database includes most of major RCTs
of antihypertensive drugs vs. placebo or control during the
period of 1985–1995, which characteristics detailed elsewhere [8]. We assessed here data from six trials of this
database having unbiased information regarding sudden
death with 25 648 participants [9–14]. Causes of death were
adjudicated in each trial by experts’ committee.

Statistical analysis
We used the Cox proportional hazards regression (semiparametric time-to-event) model to establish our sudden
death risk score for hypertension. The population was
divided randomly into two subpopulations: derivation
and validation sets (ratio 2 : 1) to ensure their similar baseline characteristics. Covariable selection was done in two
steps. First, we conducted univariable analyses with 29
covariables to evaluate their associations with the sudden
death outcome, adjusted on trials (by adding the covariable
trial). Second, multivariable analyses were operated, where
all covariables were offered simultaneously, but separately
for SBP and DBP on one hand, mean BP and pulse BP on
the other hand. Similarly, we did not assess serum creatinine in the multivariable testing, considering that glomerular filtration rate did reflect more accurately renal function.
We used concurrently ‘backward’ and ‘forward elimination’
(stepwise screening) strategies, always adjusted on trials
until obtaining the final model (where all the covariables
were significant). All these uni and multivariable analyses
were done using data of the derivation set.
Tests on time dependence or the linearity of the effect of
continuous covariables on log hazard scale were performed
using martingale residuals plots, and in comparing the
model assuming a linear effect to a model assuming a
quadratic effect. We also investigated possible biological
interactions among them, particularly interactions with trial
and antihypertensive treatment covariables. As well, we
explored the impact of the trial covariable on sudden death
Journal of Hypertension

risk, alone (univariable analysis) or adjusted on other risk
factors (multivariable analysis).
The discrimination performance of the final predictive
model was assessed by the areas under the receiver operating characteristic curve (AUROC) of the derivation set, the
validation set, the whole population, and of each separated
trial, with 95% CI [15]. For model calibration and external
validation, we used the (k 1) approach: the final 7-risk
factor model was rebuilt on five trials and tested on the
remaining for six times.
We converted this final model predictor into an integer
score using the method of Sullivan et al. [16]. Briefly, the
score was directly related to an individual’s probability of
sudden death within 5 years. The zero score (risk of
reference) was assigned for an adult at the lowest/most
optimal risk represented in the application population.
Having grouped each factor into convenient intervals, such
as every 10 mmHg for SBP, an individual’s score increases
by an integer amount for each risk factor level above the
reference risk category. Each integer amount is a rounding
of the exact figure obtained from the proportional hazards
model, thus the risk score is a simple addition of whole
points.
All statistical tests were two-sided with a type I error of
0.05. All the analyses were performed with ‘survival’,
‘riskset receiver operating characteristic (ROC)’, and ‘timeROC’ packages on R software, version 3.2.5.

RESULTS
Among 25 648 participants from six RCTs, 345 sudden death
occurred during a mean of 5.16 years of follow-up [9–14]
(Appendix 1, http://links.lww.com/HJH/A803). All the
trials were double blind, except Coope et al. [9] and
Multiple Risk Factor Intervention Trial (MRFIT) [10], which
were open-label trials. The biggest one is MRFIT [10], which
recruited 12 866 patients and the smallest one was
European Working Party on Hypertension in the Elderly
(EWPHE) [11] with 840 participants. Characteristics of the
derivation and validation sets are shown in the Table 1.
In univariable analyses, the following parameters were
linked significantly with the incidence of sudden death:
age, male sex, SBP and pulse BP, smoking status, serum
creatinine, glomerular filtration rate, history of myocardial
infarction (MI), history of angina pectoris, and baseline
diabetes but not antihypertensive treatment (Table 2).
No significant interaction was detected between studied
covariables, or between any covariable with antihypertensive treatment and trial ones. As antihypertensive treatment
seemed to have no effect on reducing the risk of sudden
death in univariable analysis (Table 2) and had no interaction with other covariables, we developed the final model
on both treatment and placebo groups in the derivation set.
Using multivariable method, we identified seven significant risk factors of sudden death including age, sex (male),
smoking status, serum cholesterol, SBP, baseline of type 2
diabetes, and history of MI, among which serum cholesterol
was not statistically significant in univariable analyses
(Table 2).
Impact of the trial covariable was tested, indicating a
significantly lower sudden death risk (nearly one-third) in
www.jhypertension.com
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TABLE 1. Baseline characteristics of derivation and validation
sets
Covariables
Number of patients
Number of sudden death events (%)
Trials (n, weight % vs. the whole set)
Coope
EWPHE
MRFIT
SHEP
STOP
SYSTEUR
Sudden death incidence (n, %)
Coope
EWPHE
MRFIT
SHEP
STOP
SYSTEUR
Treated (%)
Male (%)
Mean (SD) age (years)
Smoker (%)
Mean (SD) height (cm)
Mean (SD) weight (kg)
Mean (SD) BMI (kg/m2)
Mean (SD) SBP (mmHg)
Mean (SD) DBP (mmHg)
Mean (SD) arterial/mean BP (mmHg)
Mean (SD) pulse BP (mmHg)
Mean (SD) serum creatinine (mmol/l)
Mean (SD) fasting blood glucose (mmol/l)
Mean (SD) serum total cholesterol (mmol/l)
Mean (SD) serum uric acid (mmol/l)
Mean glomerular filtration rate (ml/min)
Proteinuria (%)
Mean (SD) serum potassium (mmol/l)
Mean (SD) heart rate (beats/min)
History of angina pectoris (%)
History of atrial fibrillation (%)
History of leg intermittent claudication (%)
Positive dilated fundus examination (%)
Baseline of diabetes (%)
History of myocardial infarction (%)
History of stroke (%)
History of antihypertensive treatment (%)
History of high BP (%)

Derivation
set

Validation
set

17 094
329 (1.6)

8554
170 (1.7)

589
559
8577
3156
1084
3129

(3.4)
(3.3)
(50.2)
(18.5)
(6.3)
(18.3)

14 (2.4)
9 (1.6)
98 (1.1)
53 (1.7)
11 (1.0)
35 (1.1)
50.0
68.3
58.9 (14.0)
35.0
169.6 (10.3)
79.1 (14.8)
27.4 (4.1)
156.4 (25.9)
88.4 (11.3)
111.1 (12.4)
67.9 (26.4)
95.1 (17.6)
5.5 (1.2)
6.4 (1.1)
376.5 (88.7)
84.9 (29.0)
4.4
4.4 (0.5)
76.0 (11.7)
1.6
0.15
0.4
27.6
5.9
4.6
1.3
23.5
72.7

295
281
4289
1580
543
1566

(3.4)
(3.3)
(50.1)
(18.5)
(6.3)
(18.3)

4 (1.4)
4 (1.4)
55 (1.3)
38 (2.4)
5 (0.9)
19 (1.2)
50.0
69.3
58.9 (14.1)
35.2
169.6 (10.3)
79.0 (14.5)
27.4 (4.0)
156.3 (26.0)
88.5 (11.3)
111.1 (12.4)
67.8 (26.4)
95.0 (17.4)
5.5 (1.2)
6.4 (1.1)
376.4 (88.5)
84.8 (28.9)
4.5
4.4 (0.5)
76.0 (11.8)
1.4
0.09
0.4
27.3
6.1
5.0
1.1
23.5
73.4

Baseline characteristics of the 25 648 randomized participants, according to the
derivation/validation sets. Values are numbers (percentages) of patients unless stated
otherwise.
BP, blood pressure; EWPHE, European Working Party on Hypertension in the Elderly;
MRFIT, Multiple Risk Factor Intervention Trial; SHEP, Systolic Hypertension in the Elderly
Program; STOP, Swedish Trial in Old Patients; SYSTEUR, Systolic Hypertension in Europe.

MRFIT trial [10], compared with that of Coope et al. [9] trial
in univariable analysis. However, this significance disappeared in multivariable analysis (the final model),
suggesting the difference of sudden death incidence was
explained by the adjustment (Appendix 2, http://links.lww.
com/HJH/A803).
The discrimination performance of the final model was
quantified by AUROC for the derivation set, validation set,
and for each individual trial (Table 3). Overall, our model’s
performance was good with AUROC at 78, 77, and 79% for
the derivation set, validation set, and the whole population,
respectively. However, separate assessment for each trial
varied considerably from 60% for Systolic Hypertension in
2180
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the Elderly Program (SHEP) trial [12] to 75% for EWPHE trial
[11].
The final model is then converted to an integer score [16].
We took a woman, nonsmoker, aged 37, nondiabetic, total
serum cholesterol at 3.5 mmol/l, SBP at 115 mmHg, and
without history of MI as the reference profile. The scoring
system is presented in the Appendix 3, http://links.
lww.com/HJH/A803, allowing to assess the effect of each
risk factor on the overall risk of sudden death (the total
point). In our sudden death risk score specifically for
hypertension (HYSUD) score, one increased year in age
was corresponding with one point plus for sudden death
risk. In terms of sudden-risk attribution, male sex and
history of MI contributed in the same way by 10 points
added, followed by smoking (nine points) and baseline
diabetes (seven points). For any individual, points scored
for each risk factor were cumulated together to estimate
their total risk scores.
The model calibration was assessed in comparing the
incidence of sudden death predicted vs. observed for each
trial in each tertile of predicted risk. Model seemed to work
best for EWPHE [11] and Systolic Hypertension in Europe
(SYSTEUR) [13] trials for all categories, for Swedish Trial in
Old Patients (STOP) [14] except an overestimate in high-risk
category; noticeably underestimate for Coope et al. [9] and
SHEP [12] trials; and largely overestimate for MRFIT [10] trial
(Appendix 4, http://links.lww.com/HJH/A803).
Appendix 5, http://links.lww.com/HJH/A803 presents
the similarity in predicted 5-year sudden death risks by
the scoring system, compared with those obtained by the
final Cox proportional hazards model equation. The former
was converted from the latter.
Appendix 6, http://links.lww.com/HJH/A803 shows the
exponential relation between the risk score and the probability of dying from sudden death in 5 years for men and
women of the whole population. Figure 1 presents the
distribution of 5-year sudden death risk according to
scenarios of sex and age, illustrating higher risks for men
comparing with women at the same age categories. Of note,
in our database, women accounted for nearly one-third of
the population and were older than men (range age 60–98,
mean age 72 vs. 35–95, and 53 years old).

DISCUSSION
Our study brings a simple and user-friendly predictor for
sudden death risk, specifically for patients of hypertension.
HYSUD risk score included seven risk factors: age, male
sex, history of MI, smoking status, high BP, high blood
cholesterol, and baseline diabetes, ordered by their significant impacts. These factors were well known for cardiovascular events in general [17] and for sudden death in
particular [18]. Similarly, according to a recent meta-analysis
of 330 376 patients from 47 lipid-modifying trials [19], baseline diabetes is a significant predictor of cardiovascular
outcomes including sudden death. The score was built
on the point system for an easy assessment of a hypertensive individual’s risk of sudden death in 5 years.
Up to now, two sudden death risk predictors were
developed: one is Duke SCD [7], designed specifically for
secondary coronary prevention and recently, another one
Volume 35  Number 11  November 2017

Copyright © 2017 Wolters Kluwer Health, Inc. All rights reserved.

Sudden death risk factors in hypertension
TABLE 2. Univariable analyses and multivariable analysis (final model) for sudden death prediction
Univariable analyses
Covariables

Hazard ratio (95% CI)

Age (by 5-year increase)
Male sex
SBP (by 10-mmHg increase)
Pulse BP (by 10-mmHg increase)
Smoking status
Serum creatinine (by 10-mmol/l increase)
Glomerular filtration rate (by 10-ml/min increase)
History of myocardial infarction
History of angina pectoris
Baseline diabetes
Mean BP (by 10-mmHg increase)
Weight (10 kg)
Heart rate (by 10-beats/min increase)
BMI (by kg/m2 increase)
Serum total cholesterol (by 1-mmol/l increase)
Treatment
Height (by 10-cm increase)
Serum potassium (by 1-mmol/l increase)
History of stroke
DBP (by 10-mmHg increase)

1.33
1.83
1.15
1.17
1.55
1.10
0.92
1.74
2.51
1.61
1.14
0.93
1.09
0.98
1.08
0.89
0.94
1.13
0.72
1.03

(1.20–1.48)
(1.47–2.19)
(1.05–1.26)
(1.06–1.29)
(1.24–1.87)
(1.02–1.19)
(0.85–0.99)
(1.23–2.25)
(1.07–5.90)
(1.13–2.09)
(0.99–1.32)
(1.03–0.84)
(0.96–1.24)
(0.94–1.01)
(0.95–1.20)
(0.62–1.15)
(0.80–1.11)
(0.78–1.48)
( 0.68–2.12)
(0.89–1.19)

Multivariable analysis (final model)
P value

Hazard ratio (95% CI)

P value

<0.001
<0.001
0.002
0.002
0.007
0.01
0.02
0.03
0.04
0.05
0.08
0.16
0.17
0.18
0.24
0.34
0.49
0.49
0.65
0.72

1.37 (1.23–1.53)
2.06 (1.40–3.03)
1.14 (1.04–1.25)

<0.001
<0.001
0.006

1.81 (1.31–2.51)

<0.001

1.71 (1.02–2.85)

0.041

1.65 (1.02–2.67)

0.040

1.17 (1.04–1.33)

0.011

All the univariable analyses were adjusted on trials. Univariable analyses of nine risk factors with frequently lacking data, including fasting blood glucose, serum uric acid, proteinuria,
positive dilated fundus examination, history of high BP, history of antihypertensive treatment, history of atrial fibrillation, and history of leg intermittent claudication, gave nonsignificant
associations and are not presented in this table. Multivariable analysis was adjusted on trials and treatments. All the analyses were performed on 17 094 individual patient data of the
derivation set.
BP, blood pressure; CI, confidence interval.

for the general population [3]. The work of Deo et al. [3]
was derived from 17 884 individual data free of baseline
cardiovascular diseases (some patients had hypertension)
from two cohorts in the United States (Atherosclerosis Risk
in Communities and Cardiovascular Health Study). Our
score included 25 648 patients with hypertension with or
without other cardiovascular diseases or histories (diabetes,
previous stroke/MI/angina, and so on) from six RCTs and of
a wider geographic zone (Europe and the United States).
The score of Deo et al. [3] contained more significant risk
factors than ours (12 vs. 7). However, our HYSUD was
transformed into an easy and friendly pointing system, as
proposed by the work of Pocock et al. [20] for cardiovascular death prediction. A table comparing these two scores
is displayed in Appendix 7, http://links.lww.com/HJH/
A803.

TABLE 3. Performance and validation of a sudden death risk
score specifically for hypertension risk score using
areas under the receiver operating characteristic curve
Subset/trial

Number of patients

Derivation set
Validation set
Coope
EWPHE
MRFIT
SHEP
STOP
SYSTEUR
Whole population

17 094
8554
884
840
12 866
4736
1627
4695
25 648

AUROC (95% CI)
77.74
77.46
60.99
75.40
65.91
60.12
74.07
61.68
79.17

(74.13–81.35)
(74.09–80.83)
(48.55–73.43)
(59.26–91.53)
(60.76–71.07)
(53.24–66.99)
(60.70–87.45)
(51.72–71.65)
(75.94–82.40)

AUROC, area under the receiver operating characteristic curve; CI, confidence interval;
EWPHE, European Working Party on Hypertension in the Elderly; MRFIT, Multiple Risk
Factor Intervention Trial; SHEP, Systolic Hypertension in the Elderly Program; STOP,
Swedish Trial in Old Patients; SYSTEUR, Systolic Hypertension in Europe.
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The internal validation of HYSUD risk score indicated a
good routine performance for this prognostic prediction
type, with AUROC reaching almost 80%. However, model
performances differed largely among trials, as was noted in
a recent meta-analysis exploring the applicability of the
updated score for atrial fibrillation stroke risk score predicting stroke risk in atrial fibrillation patients [21]. These
differences could be partially explained by trial heterogeneity regarding: different sudden death definitions: an unexpected death occurring in a time interval of 1 h in SHEP
[12] and STOP [14], prolonged to 24 h in MRFIT [10] and
SYSTEUR [13], and not given in other trials (details in
Appendix 1, http://links.lww.com/HJH/A803); different
eligibility criteria for age, BP, etc.; different baseline
cardiovascular disease severities that could result in various
event rates of cardiovascular death including sudden death
[22]; different antihypertensive treatments, geographic
zones, periods, follow-up durations; and so on. Nonetheless, pooling data from several studies as we did increases
the power of analyses, and allows exploring heterogeneity
of information between trials. We also explored the heterogeneity of the links between individual characteristics and
sudden death occurrence between trials, as well as its
interactions with other covariables on sudden death risk:
none was significant. In addition, apparent poor model
calibration may come from low incidence of sudden death
in our database (only 1.35% during trials’ follow-up
durations).
Our HYSUD score was built from a database collected in
the period of 1970–1990, similarly to classical scores such as
Framingham [17] or Systemic Coronary Risk Estimation [23]
and hence, should be calibrated before application for
nowadays patients, to limit possible bias coming from
change in covariable hazards ratio over time or other
www.jhypertension.com
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FIGURE 1 Distribution of risk scores by sex and age groups.

reasons. Concerning this point, the risk score of Deo et al.
[3] which used more updated data (1985–2016, details in
appendix 7, http://links.lww.com/HJH/A803) and Duke
SCD score [7] which is built from 37 258 patients undergoing
coronary angiography in the period of 1 January 1985 to 31
May 2005, could give more accurate estimates.
Another limitation is that our tool was developed in the
RCT setting, where individuals have clinical characteristics
that are usually different of observational populations and
routine practice clinical settings. For example, individuals
in the RCT used generally had SBP higher than 160 mmHg
and with a lower proportion of men, except MRFIT trial
[10]. This latter one [10] recruited only middle-aged men
(35–58 years old) and provided approximately half of the
studied population (12 866/total of 25 648), one additional
reason for caution in potential extrapolation to other
2182
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individuals. Last but not least, trial-based outcomes are
more accurate but they are also limited by a shorter duration
of follow-up.
All these elements call for external validations and
calibrations of HYSUD score in nowadays hypertensive
patients with various cardiovascular risk levels in different
countries, before being locally applied. This type of work
has been performed for other classical scores by several
studies [24,25], strongly suggesting to adapt model predictors for each specific population. Anyway, our HYSUD
score could help clinicians estimating individual risk and
stratifying patients with regard to their sudden death risks.
As SBP, hypercholesterolemia, and baseline diabetes
were significant risk factors, this suggests logically that
the use of BP/lipid and glucose-lowering drugs may reduce
sudden death risk in these study participants. Paradoxically,
Volume 35  Number 11  November 2017
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our study, collecting data from six RCTs of antihypertensive
drugs, observed no treatment effect on sudden death risk,
in agreement with a meta-analysis of 39 908 patients with
hypertension [26]. Furthermore, as history of MI was a
significant indicator of sudden death risk, the use of antiarrhythmic drugs could appear logical to prevent this event.
However, the Cardiac Arrhythmia Suppression Trial (CAST)
[27] clearly demonstrated that these drugs significantly
increased sudden death and total mortality incidence.
These examples illustrate how such risk score must not
be used to justify preventive drug prescription, which has to
rely on clinical trials’ results only. Of note, till now, the
prevention of sudden death by pharmacological measures
appears effective by b-blockers [28] and antialdosterones
[29] for patients with heart failure but again, not by antihypertensive agents for hypertension [26]. Another metaanalysis only showed a modest sudden death risk reduction
(one in 10) by statin in populations at risk [30].
Our HYSUD score was built on 17 094 individual data
(derivation set) and validated on the remainder 8554 ones
(validation set) as well as on each separated trial and on the
whole population. This approach integrated the internal
and external validations, and illustrated its transportability.
To summarize, sudden death is a major cardiovascular
event but remains unfortunately underestimated in public
health. This event is associated with considerable loss in
terms of health and economy. Our work provides a goodperformance, user-friendly predictor to assess 5-year individual sudden death risk in hypertension. This HYSUD risk
score could help to stratify patients and thus optimize
preventive therapeutic strategies in this population. Local
validation process appears important to check that the
score was appropriately calibrated.
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Reviewers’ Summary Evaluations
Reviewer 1
Among strengths, good performance of the tool, and the
potential educational use of this score (sudden death is
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quite an impressive outcome, even for older people).
Among limitations are the dependence on age and use
of data from the 1980s.
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