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Mediation Analysis of High Blood Pressure Targets,
Arrhythmias, and Shock Mortality

To the Editor:

Associations between new arrhythmias and the risk of death during
a critical illness are well described (1, 2). However, whether
arrhythmias during a critical illness are markers of more severe
disease or lie on pathways that mediate increased mortality risks is
unclear. Results from two randomized trials suggested that the use
of higher blood pressure targets during shock increased the risks
for arrhythmias and, in patients requiring more than 6 hours of
vasopressors before trial enrollment, mortality (3–5). We analyzed
data from these randomized trials to evaluate the role of new
arrhythmias in pathways linking higher blood pressure targets to
poor outcomes during shock.

Methods
We performed a secondary analysis of individual patient-level data
from two randomized controlled trials: SEPSISPAM (Assessment
of Two Levels of Arterial Pressure on Survival in Patients with
Septic Shock) (5) and OVATION (Optimal Vasopressor Titration)
(6). Details of the source trial methods can be found in the
original publications (6, 7). Briefly, adult patients with vasodilatory
shock (OVATION) or septic shock (SEPSISPAM) were
randomized to vasopressors titrated to achieve either higher
(mean arterial pressure 75–85 mm Hg) or lower (mean arterial
pressure 60–70 mm Hg) blood pressure targets. Each trial recorded
postrandomization ventricular and supraventricular arrhythmias
as adverse events.

Pathways that link interventions with outcomes may be
explored through mediation and moderation analyses. Mediation
quantifies the extent to which hypothesized pathways may
explain the effect of an intervention on an outcome. Moderation
(i.e., interaction) analyses evaluate the extent to which a variable
modifies the effect of an intervention on an outcome without
representing an intermediate step on the causal pathway. We used
Proc Causalmed in SAS 9.4 T1M5 (7) to quantify mediation and
interaction by new tachyarrhythmias within previously described
associations between higher (versus lower) blood pressure targets
and the outcome of persistent organ dysfunction or death at Day 28
(4). Aspects of mediation and interaction that are most relevant for
evaluating the potential benefits of a therapeutic intervention
include 1) the controlled direct effect (i.e., the component of the
effect of higher blood pressure targets not due to mediation or
interaction with arrhythmia) and 2) the “portion eliminated”—a
composite of mediation and interaction effects that represents
the theoretical proportion of adverse outcomes that could be
eliminated if the proposed mediator (new-onset tachyarrhythmias)
were prevented (8). Models were adjusted for potential
confounders between the mediator and outcome using a propensity
score for arrhythmia onset calculated from age, sex, medical or
surgical admission, predicted probability of mortality (from
Simplified Acute Physiology Score II or Acute Physiology and
Chronic Health Evaluation II), Day 1 total vasopressor dose,
comorbid hypertension, heart failure, coronary artery disease,
arrhythmia history, and trial, using a random effect for study
center. The primary analysis was conducted among patients who
were enrolled after 6 or more hours of shock, in whom higher
blood pressure targets were associated with higher risks of death
(4). Sensitivity analyses evaluated patients who were enrolled
within 6 hours of shock, and supraventricular and ventricular
arrhythmias were considered separately.

Results
Among 894 patients across two randomized trials of blood pressure
targets during septic shock (5), 122 (14%) had more than 6 hours of
shock before enrollment and were included in the primary analysis.
Figure 1 shows the observed outcomes in the proposed pathways
between high blood pressure targets (intervention), new
tachyarrhythmias (proposed mediator), and persistent organ
dysfunction or death by Day 28 (outcome). Compared with lower
blood pressure targets, higher targets were associated with
increased risk for persistent organ dysfunction or death (odds ratio
[OR], 2.49 [95% confidence interval (CI), 1.17–5.31], P = 0.02), and
a numerically higher risk of new arrhythmia (OR, 2.36 [95% CI,
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0.97–5.72], P = 0.06). New arrhythmias were also associated with
increased risk of the primary outcome of persistent organ
dysfunction or death at Day 28 (OR, 4.69 [95% CI, 1.83–12.0],
P = 0.001). Analysis stratified by presence of arrhythmia suggested
an interaction between arrhythmia onset and higher blood
pressure targets for persistent organ dysfunction or death by
Day 28 (OR, 1.75 [95% CI, 0.72–4.28] among patients without
arrhythmia; OR, 4.5 [95% CI, 0.78–26] among patients with
arrhythmia).

Results of the mediation analysis are shown in Figure 2.
Approximately 79% (95% CI, 37–121%) of the observed effects of
higher blood pressure targets on persistent organ dysfunction or
death were due to either mediation by or interaction with
arrhythmias (i.e., the “portion eliminated”), whereas controlled
direct effects of higher blood pressure targets accounted for 21%
(95% CI, 221% to 63%). Sensitivity analyses showed a “portion
eliminated” for supraventricular arrhythmias of 68% (95% CI,
14–121%); however, ventricular arrhythmia models were not
estimable because there were only four recorded ventricular events.
Among patients who were randomized before 6 hours of shock, in

whom higher blood pressure targets were not associated with
primary outcome (OR, 0.90 [95% CI, 0.70–1.16]), the portion
eliminated for arrhythmias was 5% (95% CI, 2140% to 150%).

Discussion
We explored the potential role of arrhythmias in mediating
associations between higher blood pressure targets and persistent
organ dysfunction or mortality among patients with shock. Our
findings suggest that arrhythmias have a complex role in pathways
linking higher blood pressure targets to poor outcomes, acting to
both mediate and potentiate the downstream effects of higher blood
pressure targets. The mechanisms of mediation of poor outcomes by
arrhythmias are mostly speculative. One possible mechanism that is
supported by temporal associations between supraventricular
arrhythmia onset and hemodynamic worsening is higher
vasopressor doses triggering arrhythmias, which then lead to
reduced diastolic filling, cardiac output, and perfusion (9).
Mechanisms by which arrhythmias may interact with higher blood
pressure targets are less clear and require further study, but
potentially involve synergistic potentiation of diastolic dysfunction
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Figure 1. Outcome distributions in the proposed pathways among higher blood pressure targets, arrhythmia, and persistent organ dysfunction or death.
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or ventriculoarterial uncoupling (10). Our findings should be
considered in light of the limitations of a small sample size, low
statistical power, lack of differentiation between arrhythmias (e.g.,
atrial fibrillation vs. other supraventricular arrhythmias), and
evaluation of secondary subgroup analyses of randomized trials.
The validity of our results is based on assumptions that associations
between higher blood pressure targets, arrhythmias, and persistent
organ dysfunction or mortality are not affected by unmeasured
confounders. Thus, our results should be considered exploratory
and hypothesis generating, but they support the concept that new
supraventricular arrhythmias may play both direct and indirect
roles in pathways that lead to poor patient outcomes during shock.
Future trials are needed to test the hypothesis that prevention
or improved treatment of supraventricular arrhythmias during
critical illness (e.g., through alternative vasopressor strategies or
b blockade) may positively impact patient outcomes. n
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Acute and Chronic Effects of Cigarette Smoking
on sRAGE

To the Editor:

I read the article by Pouwels and colleagues with great interest (1).
To the best of my knowledge, the authors for the first time have
explored the acute effect of cigarette smoking on the serum levels of
sRAGE (soluble receptor for advanced glycation end products).
They elegantly showed a significant reduction of serum sRAGE
levels in subjects who smoked three cigarettes within 1 hour. This
effect was shown in patients with chronic obstructive pulmonary
disease as well as in young and old healthy control subjects without
airway obstruction. Based on a time-course study using three
healthy subjects, the authors claimed that the maximum decline of
serum sRAGE levels occurred after approximately 8 hours of
cigarette smoking, which was not fully restored after 48 hours. In
fact, the data presented in Figure 2B in Reference 1 demonstrate that
the serum sRAGE values remained persistently low after 48 hours
and were almost similar to the maximum decline values observed
after 8 hours of cigarette smoking. The latter finding suggests that
active smokers who regularly smoke several cigarettes per day should
have lower serum levels of sRAGE than never smokers. However,
Pouwels and colleagues did not observe any difference in sRAGE
values between active smokers and never smokers (data not
shown). To support this finding, the authors cited previous
studies that also found no difference in sRAGE levels between
smokers and nonsmokers, and stated that recent smoking within
the smokers group may be the reason why some studies found
decreased serum sRAGE levels in smokers (1). Unfortunately,
Pouwels and colleagues did not cite our study in which we found
elevated serum sRAGE levels in otherwise healthy, nondiabetic
cigarette smokers (2).

Cigarette smoke is known to increase the formation of AGEs
and the expression of RAGE (3, 4). However, the effect of
cigarette smoking on sRAGE is inconsistent across the literature.
Decreased, elevated, and unchanged levels of sRAGE were found
in different studies, as reviewed by Prasad and colleagues (5).
However, most of those studies, as I explained previously (6),
were not specifically designed to explore the effect of smoking
on sRAGE and thus were confounded by the presence of other
diseases or conditions that affect sRAGE levels. Therefore, in
our study, we specifically aimed to compare sRAGE levels
between cigarette smokers and nonsmokers, controlling for the
majority of confounding variables (2). In that study, we showed
for the first time a significant elevation of sRAGE in cigarette
smokers, a strong correlation between sRAGE and the number
of cigarettes smoked per day, and an independent association of
sRAGE with smoking habit (2). Although the exact mechanism
of this apparently surprising finding is not yet known, we
proposed a number of scientifically valid explanations (2, 6).
Now, Pouwels and colleagues have identified the acute effect
of cigarette smoking on sRAGE, which is the opposite of the
chronic effect of smoking previously identified by our group (2).
Therefore, further studies are required to explore the true effect
of cigarette smoking on serum sRAGE levels and to explain the
discrepancy among these studies. These issues need to be
resolved before we can consider sRAGE as a biomarker for
inflammatory conditions or as a protective factor against AGEs
and other RAGE ligands. n
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