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ABSTRACT
A meaningful number of patients with PAH die suddenly, and there is little data to understand the events surrounding sudden

death in PAH. We tested the hypothesis that sudden death is associated with pre‐mortem ECG or hemodynamics changes

compared to those who died of RHF. We extracted data from the Vanderbilt University Medical Center Synthetic Derivative.

Patients 18 years of age and older with Group 1 PAH secondary to any etiology who died between 2009 and 2017 with both ECG

and RHC data from the inpatient and outpatient setting were included in the study. Continuous variables were compared using

the Wilcoxon rank‐sum test while categorical variables were compared using the χ2 test. Logistic regression models, adjusted for

age and sex, were then used to evaluate the association between death and specific ECG or RHC measurements. Comparing the

final ECG before death, those who died of SD had significantly shorter terminal 40 ms interval of the QRS than those who died

of RHF, which became nonsignificant when adjusted for age and sex. We observed differences in baseline RHC data between SD

and RHF including higher RV systolic pressure which remained significant when adjusted for age and sex. Using this data, we

hope to find clinical data that can be used to predict increased risk of sudden death and aid in stratifying Group I PAH patients

to earlier and more aggressive interventions.

1 | Introduction

Pulmonary arterial hypertension (PAH) is a rare disease state in
which normally low‐pressure pulmonary vasculature develops
higher resistances and pressures. Even with current treatment,
mortality remains high, with recent publications reporting
nearly a third of patients died 32 months after diagnosis [1].
Although the most common cause of death in PAH is right
heart failure (RHF), about half of patients with PAH die
suddenly [2, 3].

The underlying cause of sudden death in PAH is unknown but
is postulated to involve fatal arrhythmias secondary to right
heart failure. Currently, there is no framework for identifying
patients at high risk for sudden death (SD). Prior work has used
ECG and right heart catheterization (RHC) data to create gen-
eral risk scores for all‐cause mortality to guide treatment with
some parameters associated with higher all‐cause mortality
[4–10]; however, there are no risk scores specifically for SD in
PAH patients. If PAH patients at risk for SD could be identified,
monitoring to specifically identify an arrhythmia as an
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underlying cause of SD or trials of intervention could be pur-
sued when this risk is identified.

To better identify PAH patients at elevated risk for SD, we
tested the hypothesis that sudden death is associated with pre‐
mortem ECG or hemodynamics changes compared to those
who died of RHF. We used a deidentified medical record to
study longitudinal changes in ECG and invasive hemodynamic
measurements in subjects with PAH who died, comparing
findings in subjects with SD with those from patients who died
of RHF.

2 | Methods

We extracted data from the Vanderbilt University Medical
Center Synthetic Derivative, a deidentified version of the Van-
derbilt electronic medical health record originating in 1995. The
design and implementation of the synthetic derivative have
been previously described [11, 12]. We included patients aged
18 and older who met contemporary consensus criteria for
group 1 PAH confirmed by expert clinicians with mPAP of
> 25mmHg and a PVR of > 3 Woods Units. Patients with PAH
secondary to any etiology who died between 2009 and 2017 with
both ECG and RHC data from the inpatient and outpatient
setting were included. Patients with PAH who received a heart
or lung transplant or who were enrolled in hospice were ex-
cluded from this study. Baseline characteristics extracted
included age, sex, BMI, race, etiology of PAH, 6‐min walk test
distance (6MWD), functional class, and Borg dyspnea index. We
obtained quantitative measures reported in the first ECG and
ECG closest to death. ECG measures included PR interval, QTc
interval, QRS duration, P‐wave, and heart rate. Quantitative
pressure measurements were obtained from the first RHC and
RHC closest to death, which included mean pulmonary arterial
pressure (mPAP), cardiac index (CI), pulmonary capillary
wedge pressure (PCWP), pulmonary vascular resistance (PVR),
and right ventricular systolic pressure (RVSP). The cause of
death was ascertained from a manual chart review by expert
clinicians. Patients who died due to arrhythmia, pulseless
electrical activity, or died suddenly at home were included in
the “sudden death” group, and those whose cause of death were
RHF/cardiogenic shock were included in the “RHF” group,
which also included patients diagnosed with RHF who experi-
enced a sudden event that led to death.

Continuous variables were compared between the sudden death
group and the RHF group using the Wilcoxon rank‐sum test.
Categorical variables were compared using the chi‐square test.
Logistic regression models, adjusted for age and sex, were em-
ployed to evaluate the association between death and specific
ECG or RHC measurements. A Kaplan–Meier analysis was
conducted to assess the time‐to‐death outcomes between the
groups.

3 | Results

In total, there were 117 patients within the synthetic derivative,
of which 85 had group I PAH with 31 of these patients meeting

our full inclusion criteria (90% female, 52 years [44.8–63.8])
including 16 patients who died suddenly and 15 who died from
RHF/cardiogenic shock. The other 32 patients that were ex-
cluded had causes of death attributed to other events, such as
sepsis, did not have group 1 PAH, or were lung/heart transplant
recipients. Demographics between the groups were similar
(Figure 1A). Metrics of disease severity commonly used were
similar between the groups, including functional class and
6MWD, though BNP was lower in the SD group.

When comparing the first recorded ECG, patients who died of
SD had no differences in ECG compared to those who died of
RHF. This included QTc interval, mean QRS duration, and PR
interval. Comparing the final ECG before death, those who died
of SD had significantly shorter terminal 40ms interval of the
QRS than those who died of RHF (139.2 ± 25.4 vs. 162.7 ± 32.6,
p= 0.02) (Figure 1B) which was no longer significant when
adjusted for age and sex (p= 0.06). Other measures were not
different between groups, including QTc interval, mean QRS
duration, and PR interval. The duration between the first ECG
performed and the date of death, as well as the last ECG, per-
formed and the date of death, also did not differ between
groups.

We observed differences in baseline RHC data between SD and
RHF, including higher RV systolic pressure (97.9 ± 17.2 vs
78.8 ± 16.5, p= 0.03; Figure 1C), which remained significant
when adjusted for age and sex (p= 0.04). There were several
measurements that were not different between groups, includ-
ing mean arterial blood pressure, systolic blood pressure, mean
pulmonary artery pressure, PCWP, PVR, and cardiac index by
Fick (CiF). When comparing the last RHC data before death,
there were no significant differences between these measure-
ments. The duration between the first RHC and date of death
and the last RHC and date of death was also not significantly
different between the groups.

In a Kaplan–Meier analysis, the time to death was similar
between the group with SD vs those with RHF (p= 0.97,
Figure 1D).

4 | Conclusions

We used a comprehensive deidentified medical record to com-
pare PAH patients who died of SD compared to RHF. Impor-
tantly, about half of the included subjects died of SD, and this
occurred in a similar timeline to subjects who died of RHF,
suggesting a key role for this poorly understood phenomenon of
PAH. Clinical differences between patients who died of SD
versus RHF were subtle, and there were no defining demo-
graphic differences with the exception of a lower BNP in the SD
group. Further, baseline ECG was not different between the
groups, while patients with PAH who died of SD did have sig-
nificantly shorter terminal 40 ms of the QRS in their final ECG
before death. This is clinically important as the terminal portion
of the QRS can be indicative of changes in conduction through
the ventricles, and these changes have been associated with an
increased risk of ventricular arrhythmias and worse clinical
outcomes [13, 14]. Interestingly, patient who died of SD had
higher RVSP on index RHC, including after adjustment for age
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and sex, but did not have more alteration in CI or PVR. Overall,
these data suggest that subjects with SD may have had more
compensated PAH, but did not have evidence of more severe
disease than their counterparts with RHF.

Our study supports prior work demonstrating the common
occurrence of SD in PAH [4–10]. These patients also die in a
similar timeline during their disease compared to patients who
die of RHF demonstrated by the Kaplan–Meier analysis. The
study also suggests that there are recognizable differences in
ECG measurements over time and in initial RHC hemo-
dynamics that undergo dynamic changes that could predict an
increased risk of sudden death early in the PAH course. Based
on our results, risk of SD may be able to be predicted early on in
a patient's PAH disease in patients with compensated hemo-
dynamics at the time of diagnosis. There do not seem to be
significant differences in initial ECG measurements between
these patients that could be used to risk stratify patients at risk
for SD, though differences may arise over the course of their
disease that could be a marker used for monitoring.

These findings suggest that patients who died by SD may be
identified by ECG measurements over the course of their dis-
ease, specifically the terminal 40 ms of the QRS. This was a
novel finding, as this portion of the ECG has traditionally been
utilized to monitor for TCA toxicity or inferior myocardial
infarctions [15, 16]. These patients’ right‐sided pressures were
more compensated as seen in the higher RV systolic pressure at
the time of diagnosis, suggesting that these patients had
more preserved RV function. This difference disappeared as
time progressed, suggesting progressive decompensation as the

ability to maintain RV systolic pressure declined, which
describes the natural course of PAH.

Further study is warranted to understand ECG and RHC pre-
dictors of sudden death in PAH. With improved knowledge in
this area, providers may be able to better risk stratify patients
into risk groups for SD, allowing for the advancement of
therapies sooner and more aggressively for patients at higher
risk for SD from PAH.
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FIGURE 1 | (A) Baseline characteristics of included subjects. (B) Closest ECG before death terminal 40 ms of the QRS. (C) Baseline RHC RV

Systolic Pressure. (D) Kaplan–Meier Curve in sudden death compared with right heart failure. CI, cardiac index; CTD, connective tissue disease;

mPAP, mean pulmonary artery pressure; PAH, pulmonary arterial hypertension; PCWP, pulmonary capillary wedge pressure; PVR, pulmonary

vascular resistance; RHC, right heart catheterization.
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