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Right Atrial Pacing to Improve Acute Hemodynamics in
Pulmonary Arterial Hypertension

To the Editor:

Right atrial (RA) pacing to increase heart rate (HR) is a therapeutic
strategy in acute right ventricular (RV) infarction, resulting in
decrease in RA pressure and increases in Q̇ and systemic blood
pressure (1, 2). In addition, RA pacing has been shown to increase
RV contractility and Q̇ after cardiac surgery (3). However, the acute
hemodynamic impact of RA pacing in patients with pulmonary
arterial hypertension (PAH) has not been studied. In the current
study, we report the hemodynamic response to RA pacing in a
cohort of patients with PAH. Some results of this study were
previously reported as an abstract presentation (4).
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Figure 1. (A–C) With an increasing right atrial pacing rate, there was an increase in contractile force rate (change in maximal pressure generated over time
[dP/dtmax]; P,0.05) (A) even when normalized to instantaneous pressure (dP/dtmax/instantaneous pressure; P,0.05) (B) and right ventricular end-
diastolic volume (EDV) (dP/dtmax/EDV; P,0.05) (C). (D) Right ventricular end-diastolic pressure decreased (P, 0.05). (E–G) Cardiac output (E) and index
increased (F) (P,0.05) above resting state even though stroke volume and EDV decreased (P,0.05) (G). (H) Changes in cardiac output for each
individual subject. *P,0.05. bpm=beats per minute; EDP=end-diastolic pressure; IP = instantaneous pressure; RV= right ventricular.
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We performed a prospective, single-center study in subjects (age
>18 yr) referred for right heart catheterization (RHC) for known or
suspected PAH between January 2013 and April 2016. The research
protocol was approved by the Johns Hopkins Medical Institutional
Review Board. Our protocol has been described previously (5).
Briefly, subjects underwent cardiac magnetic resonance imaging for
RV volume calibration within 5 hours before standard RHC. After
RHC, a 5F pressure–volume (PV) catheter (SPC-570–2; Millar
Instruments) was inserted. Steady-state PV loops were generated,
followed by PV loop repetitions during varying preload reduction.
Slope of the end-systolic PV points (end-systolic elastance [Ees]) was
calculated and applied to the resting PV loop to determine volume at
zero pressure. Effective arterial elastance (Ea) was calculated from
end-systolic pressure divided by stroke volume (SV). RV–pulmonary
arterial (RV–PA) coupling was calculated by the ratio of Ees:Ea.

Next, a bipolar pacing wire (2.8F, D98500H; Edwards or 4F, 401994;
St. Jude’s Medical) was positioned in the right atrium. The pacing rate was
set to z80–90 beats per minute (bpm), a minimum of 5 bpm above
resting HR. PV data were recorded at intervals of 20 bpm up to 120–139
bpm. High-fidelity RV pressure tracings were analyzed for contractile force
(change in maximal pressure generated over time [dP/dtmax]), dP/dtmax

normalized to the instantaneous pressure (IP) developed (dP/dtmax/IP),
and RV end-diastolic volume (EDV) (dP/dtmax/EDV). Q̇ and SV were
calculated from conductance catheter volume measurements. Only
subjects paced at all intervals were included in this analysis.

Continuous variables are presented as means6 SD. Continuous
variables were compared by repeated-measures ANOVA.
Assessment of baseline hemodynamic and morphologic modifiers of
Q̇ was performed by the use of general linear model repeated-
measures covariate analysis. The Greenhouse-Geiser correction was

applied to P values if sphericity was violated. A two-tailed P value of
less than 0.05 was considered statistically significant. All statistical
tests were performed on SPSS version 25.0 (IBM SPSS Statistics).

Of the 32 subjects enrolled, we excluded nine without PAH
(pulmonary vascular resistance ,3 Wood units or pulmonary artery
wedge pressure .15 mm Hg) and seven without data at all pacing
intervals. A majority of subjects were receiving PAH therapies at
enrollment. The cohort had a mean pulmonary vascular resistance of
6.66 4.2 Wood units with Q̇ of 4.86 1.1 L/min, NTpro-BNP of
4036 483 pg/ml, baseline Ees of 0.846 0.47, and mean RV–PA
coupling ratio (Ees:Ea) of 1.066 0.60.

Figure 1 illustrates RV hemodynamics at rest and the three paced
HR intervals. As HR increased, RV dP/dtmax, dP/dtmax/IP, and
dP/dtmax/EDV increased, and RV end-diastolic pressure (EDP) and
EDV decreased (Table 1; P,0.001 for all). Although SV declined
significantly (716 19, 666 20, 596 17, and 516 18 ml, respectively;
P, 0.001), there was a significant increase in Q̇ (4.86 1.1, 5.36 1.7,
5.96 1.6, and 6.36 2.1 L/min, respectively; P=0.02) and cardiac
index (P=0.01; Table 1). PAH diagnosis and RV hemodynamics,
including baseline RV–PA coupling, did not modify the relationship
between Q̇ and RA pacing rate as covariates (P. 0.05; Table 1).
Including subjects without PAH (n=7) did not significantly alter
findings from the main cohort (data not shown).

We believe this study to be the first to report the effect of acute
RA pacing on RV hemodynamics, including the influence of baseline
RV–PA coupling, in patients with PAH. We demonstrate that acute
RA pacing to increase HR increases RV contractility, lowers RV EDP,
and produces a significant increase in Q̇ despite a decrease in SV.
Neither baseline RV function nor morphology clearly modified this
relationship. In exploratory analysis, subjects with low Ees:Ea (,1.0)

Table 1. RV Hemodynamics and Effect of Baseline Modifiers with RA Pacing

Subjects with PAH (n= 16) Resting HR Paced 80–99 bpm Paced 100–119 bpm Paced 120–139 bpm P Value

HR, bpm 716 10 8269 10267 1236 5 ,0.001
Stroke volume, ml 716 19 66620 59617 516 18 ,0.001
Cardiac output, L/min 4.86 1.1 5.361.7 5.961.6 6.36 2.1 0.02
Cardiac index, L/min/m2 2.76 0.5 2.860.9 3.160.9 3.36 1.1 0.01
dP/dtmax, mm Hg/s 4746 155 4946162 5606185 6406 214 ,0.001
dP/dtmax/IP, s

21 18.16 5.2 18.464.7 21.866.6 27.16 7.5 ,0.001
dP/dtmax/EDV, mm Hg/s/ml 3.36 1.6 3.261.4 3.961.6 4.86 2.1 ,0.001
RV EDV, ml 1576 42 168649 154644 1456 40 ,0.001
RV EDP, mm Hg 13.16 4.7 12.164.7 10.466.1 8.16 6.4 ,0.001

Analysis of Baseline Parameters for Effect Modification of Relationship of Cardiac Output with RA Pacing P Value

Baseline RV EDV 0.27
Baseline RV stroke volume 0.37
Baseline RA pressure 0.25
Baseline RV EDP 0.18
Baseline cardiac output 0.67
Baseline pulmonary vascular resistance 0.89
Baseline Ees:Ea 0.84
Diagnosis (SSc vs. IPAH) 0.95

Definition of abbreviations: bpm=beats per minute; dP/dtmax = contractile force rate or change in pressure generated over time; Ea= arterial elastance;
EDP= end-diastolic pressure; EDV=end-diastolic volume; Ees= end-systolic elastance; HR=heart rate; IP = instantaneous pressure; IPAH= idiopathic
pulmonary arterial hypertension; RA= right atrial; RV= right ventricular; SSc= systemic sclerosis.
Data are shown as means 6 SD.
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showed a stronger response in Q̇ to pacing. The small sample size,
however, increased stochasticity of this analysis, and this observation
should only be considered hypothesis generating.

Studying subjects after coronary artery bypass surgery, Lancon and
colleagues found higher RA pacing rates increased RV contractility and
cardiac index. Our study found similar results to include those with
PAH and RV dysfunction, as over half of our cohort had a baseline
RV–PA coupling ratio of ,1.0 and elevated RV EDP (3). Our group
previously demonstrated a reduced RV force frequency response in
subjects with systemic sclerosis versus those with idiopathic PAH (5).
In the current study, subjects with Ees:Ea ,1.0 predominately had
systemic sclerosis, and this would suggest the increase in Q̇ is not
solely mediated by increased contractility.

Prior work in normal subjects and those with left ventricular (LV)
hypertrophy showed atrial pacing was associated with increased LV
contractility without significant change in Q̇ (6). On the other hand, in
a rat model with chronic pulmonary hypertension, RV pacing
significantly increased RV dP/dtmax by “mechanical” resynchronization
of RV–LV interaction during diastole (7). We hypothesize that pacing-
induced reduction of RV EDP and RV EDV in subjects with RV
dysfunction may improve RV–LV interaction, optimizing LV filling and
increasing Q̇. Our findings may have implications for other forms of RV
failure, including after LV assist device insertion in which a pacing
strategy to increase HR has been used clinically.

Conclusions from our study are limited by the relatively small sample
size. Thismay have restricted our ability to detect clinical or hemodynamic
factors that predict response to acute RA pacing. Furthermore, we did not
compare against healthy control subjects nor acutely decompensated
subjects with tachycardia. Whether the observed increase in Q̇ is
sustainable with longer-term or chronic pacing is also unknown. Given
some variability in Q̇ response, real-time hemodynamic monitoring
should likely be employed if this strategy is attempted clinically.
Pharmacologic therapies might alternatively provide similar HR increase
without the potential arrhythmia risk attributable to pacing. Despite these
limitations, our data suggest that acute RA pacing may be an acute
therapeutic strategy for RV failure and warrants further study. n
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Electrical Impedance Tomography to Detect Airway
Closure Heterogeneity in Asymmetrical Acute
Respiratory Distress Syndrome

To the Editor:

Because of airway closure, tidal inflation starts only when an airway
opening pressure (AOP) has been overcome in at least one-third
of patients with acute respiratory distress syndrome (ARDS) (1, 2).
Airway closure participates in the heterogeneity of tidal ventilation
distribution and can possibly amplify ventilator-induced lung
injury (3). The detection of airway closure and the measurement
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