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Background-—We sought to determine whether right ventricular stunning could be detected after supply (during coronary balloon
occlusion [BO]) and supply/demand ischemia (induced by rapid pacing [RP] during transcatheter aortic valve replacement) in
humans.

Methods and Results-—Ten subjects with single-vessel right coronary artery disease undergoing percutaneous coronary
intervention with normal ventricular function were studied in the BO group. Ten subjects undergoing transfemoral transcatheter
aortic valve replacement were studied in the RP group. In both, a conductance catheter was placed into the right ventricle, and
pressure volume loops were recorded at baseline and for intervals over 15 minutes after a low-pressure BO for 1 minute or a
cumulative duration of RP for up to 1 minute. Ischemia-induced diastolic dysfunction was seen 1 minute after RP (end-diastolic
pressure [mm Hg]: 8.1�4.2 versus 12.1�4.1, P<0.001) and BO (end-diastolic pressure [mm Hg]: 8.1�4.0 versus 8.7�4.0,
P=0.03). Impairment of systolic and diastolic function after BO remained at 15-minutes recovery (ejection fraction [%]: 55.7�9.0
versus 47.8�6.3, P<0.01; end-diastolic pressure [mm Hg]: 8.1�4.0 versus 9.2�3.9, P<0.01). Persistent diastolic dysfunction was
also evident in the RP group at 15-minutes recovery (end-diastolic pressure [mm Hg]: 8.1�4.1 versus 9.9�4.4, P=0.03) and there
was also sustained impairment of load-independent indices of systolic function at 15 minutes after RP (end-systolic elastance and
ventriculo-arterial coupling [mm Hg/mL]: 1.25�0.31 versus 0.85�0.43, P<0.01).

Conclusions-—RP and right coronary artery balloon occlusion both cause ischemic right ventricular dysfunction with stunning
observed later during the procedure. This may have intraoperative implications in patients without right ventricular functional
reserve. ( J Am Heart Assoc. 2017;6:e005820. DOI: 10.1161/JAHA.117.005820.)
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T he importance of the right ventricle (RV) in the
pathophysiology of heart disease is of increasing clinical

relevance.1 Involvement of the RV in inferior myocardial
infarction increases the risk of cardiogenic shock and
increases mortality, even when treated with primary percuta-
neous coronary intervention (PCI).2 Pre-existing RV failure
portends a poor prognosis in several conditions,3 and

perioperative RV dilatation and dysfunction are independent
prognostic risk factors after transcatheter aortic valve
replacement (TAVR).4,5 Acute deterioration in RV function
often has important hemodynamic and clinical consequences.

The blood supply to the RV depends upon the coronary
anatomy. In a right-dominant system (80%), the right coronary
artery (RCA) supplies most of the right ventricle.6 The RV is
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believed to be relatively resistant to ischemia comparedwith the
left ventricle (LV), as propelling blood into a low-resistance
pulmonary circulation requires less work and the RV has thinner,
less muscular walls with a lower energetic demand and a lower
nutrient/oxygen requirement as a result.7 Coronary balloon
inflation during PCI provides a model of supply ischemia. Brief
coronary balloon occlusion (BO) of the RCA reduces RV stroke
volume and stroke work.8 However, the response of the RV after
reperfusion is unknown. Studies of brief coronary occlusion in
the left ventricle suggest that, after a transient improvement in
function resulting from reactive hyperemia, residual ventricular
dysfunction is revealed (stunning) when coronary flow normal-
izes sometime after reperfusion.9

Rapid pacing (RP) during TAVR has been reported as safe10

but nevertheless induces a combination of ventricular supply
and demand ischemia.11 RP increases myocardial oxygen
demand as the ventricular rate is increased while there is also
a reduction in coronary flow because of the decreased
diastolic time during extreme tachycardia.12 The immediate
intraoperative effect of RP-induced RV ischemia has not been
studied invasively during TAVR in humans.

Studies investigating the effect of TAVR on RV function have
often utilized noninvasive imaging days to weeks following
TAVR.13,14 Echo studies have provided inconsistent findings on
the effect of TAVR on RV function, ranging from RV dysfunction4

to improved RV function compared with surgical aortic valve
replacement.13 Conventional 2-dimensional echo assessment
of RV function is challenging because of the complex geometry
of the RV, and this may explain the discrepancies between
studies.15 Greater understanding of RV hemodynamics
assessed invasively in the minutes following TAVR may provide
more accurate insight into the acute changes of RV function
that potentially impact on periprocedural outcome.

This study aims to investigate the impact of brief right
coronary BO and RP on RV function assessed using the “gold
standard” conductance catheter technique.16–18 These data
enable comparison of the magnitude of ischemic RV dysfunc-
tion and track recovery that may inform potential changes to
procedural protocols, to minimize hemodynamic disturbance
during interventional procedures.

Methods

Study Population
Twenty patients were recruited into the study in 2 groups. Ten
patients with severe RCA disease awaiting single-vessel
elective PCI and normal RV function assessed by echocardio-
graphy were recruited and 10 patients with severe aortic
stenosis undergoing transfemoral TAVR, with normal RV
function were recruited. Patients were excluded if they had
suffered a myocardial infarction in the preceding 3 months,

had a pacemaker, or were not in sinus rhythm. All patients
gave written informed consent before study inclusion. The
study was approved by the local ethics committee (REC 12/
EE/0085 and 12/EE/0473), and complied with the guidelines
set out in the Declaration of Helsinki. The study was
registered on Clinicaltrials.gov NCT02236299 and the trial
ID was UKCRN14028.

Pre-Study Protocol
Variables that could alter coronary or ventricular hemody-
namics were minimized. Patients were asked to abstain from
consuming caffeine, alcohol, nicotine, as well as nicorandil
and oral/sublingual nitrates in the 24 hours leading up to the
procedure. All subjects were fasted for 6 hours, and received
aspirin 300 mg and clopidogrel 300 mg before the procedure.
Patients were anticoagulated with unfractionated heparin 70
to 100 IU/kg. An activated coagulation time was maintained
>250 s throughout the procedure.

Cardiac Catheterization
In those undergoing PCI, a 6F sheath was placed in the right
radial artery and a 7F sheath was placed in the right femoral
vein under local anesthetic. Nitrates could be administered as
needed in the radial artery, but not in the coronary arteries. In
those undergoing TAVR, a 6F sheath was placed in the right
femoral artery, a 7F sheath was placed in the right femoral
vein, and a 10F sheath was placed in the left femoral vein.

A 6F multipurpose catheter was positioned in the
pulmonary artery and then right atrium to measure mean
pressures and obtain mixed venous blood gas saturations for
determination of indirect Fick cardiac output. Blood was also
sampled to measure blood resistivity. A 7F 8-electrode
conductance catheter (Millar Instruments, Houston, TX) was
then connected to an MPVS Ultra (Millar Instruments) signal-
conditioning unit in series with an ADInstruments PowerLab
16/30 Series (ADInstruments, New South Wales, Australia)
16-channel amplifier. The conductance catheter was sub-
mersed in a bath of saline and the pressure transducer zeroed
before insertion through the 7F femoral venous sheath, and it
was positioned apically along the long axis of the RV under
fluoroscopic guidance (Figure 1).

Conductance Calibration
A 20-kHz current was applied to the outermost electrodes to
generate an intracavity electric field. The time varying
conductance, G(t), was calculated by measuring the sum of
the conductance between the 5 remaining sensing electrode
pairs. The conductance catheter was calibrated using the
technique first described in the LV by Baan et al19 and has
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subsequently been used for the RV.20,21 The time varying
volume, V(t), was calculated as follows: V(t)=1/a9L2/r9[G
(t)�G(p)]; a is the ratio of the conductance-derived stroke
volume to the true stroke volume (calculated from the indirect
Fick measure of cardiac output), L is the interelectrode
distance, r is the blood conductivity (the reciprocal of the
specific resistivity of the blood measured directly with the
Millar cuvette), and G(p) is the parallel conductance (conduc-
tance of fluids and tissues surrounding the RV). G(p) was
calculated using the hypertonic saline injection technique as
previously described by Baan et al.19

Pressure Volume Loop Data Acquisition
The conductance technique was used to measure the
pressure-volume-loop relationship during breath hold in

midexpiration to provide a beat-to-beat assessment of RV
function at steady state for at least 5 cardiac cycles
(Figure 1). Pressure-volume-loop data were continuously
recorded at baseline, during a 1-minute low-pressure
(<4 atm) BO (BO group) or during a median of 38.5
(24.8–62.3) s at a mean rate of 200�18 beats per minute
of cumulative RP (RP group). The rate, frequency, and
duration of RP was at the operator’s discretion guided by
the surrogate of reduced LV ejection—a systolic blood
pressure <40 mm Hg. RP was applied intermittently for
pacing test capture, balloon aortic valvuloplasty, and TAVR
(Edwards SAPIEN III Transcatheter Heart Valve (Edwards
Lifesciences, Irvine, CA) positioning and deployment. Pres-
sure-volume-loop data were recorded continuously postin-
tervention over a 15-minute period of recovery. Once data
collection was completed, PCI was performed in the BO

A C

B D

Figure 1. A, Fluoroscopic image of the conductance catheter located in the right ventricle (RV) during
low-pressure balloon occlusion of the right coronary artery. B, RV pressure volume (PV)–loops recorded at
baseline (blue), at the end of the low-pressure balloon occlusion (red), and at 15-minute recovery (green). C,
Fluoroscopic image of the conductance catheter located in the RV during SAPIEN 3-valve deployment. D, RV
PV-loops recorded at baseline (blue), at the end of the rapid paced valve deployment (red), and at 15-minute
recovery (green).
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group at operator discretion. In the RP group, transient
balloon occlusion of the inferior vena cava with a 35-mm
AmplatzerTM Sizing Balloon II (Abbott Vascular, Santa Clara,

CA) was performed before RP and at 15-minutes recovery
(post-TAVR) to also generate load-independent indices of RV
contractility.

Table 1. Patient Demographic and Hemodynamic Data

BO Group (n=10) RP Group (n=10) P Value

Demographics

Age, y 74 [67.5–75] 80 [76–87] 0.02

Male sex, n (%) 8 (80) 7 (70) 1.00

BMI, kg/m2 28.9�4.1 25.8�4.9 0.13

Active or ex-smoker, n (%) 5 (50) 5 (50) 1.00

CCS (II and above), n (%) 9 (90) 2 (20) 0.005

NYHA Class (II and above), n (%) 3 (30) 10 (100) 0.003

Hypertension, n (%) 3 (30) 7 (70) 0.179

Diabetes mellitus, n (%) 1 (10) 3 (30) 0.582

Previous MI, n (%) 2 (20) 2 (20) 1.00

Hb 13.7�1.9 12.0�2.1 0.09

Cr, mg/dL 1.1�0.3 1.4�0.5 0.09

Baseline hemodynamics—right heart catheterization data

Systolic BP, mm Hg 135 [121–142] 146 [138–160] 0.22

Diastolic BP, mm Hg 68 [64–83] 66 [55–72] 0.29

Systemic MAP, mm Hg 91 [80–96] 86 [76–99] 0.60

MRAP, mm Hg 5 [4–8] 9.5 [6.5–10] 0.10

MPAP, mm Hg 18 [17.25–21] 22.5 [19–26] 0.07

PA Sats, % 71 [69.8–72.4] 72.1 [68.9–77.2] 0.62

Ao Sats, % 94.7 [93.1–95.8] 95.8 [94.9–96.9] 0.14

CO, L/min 5.05 [4.4–5.3] 5.2 [4.6–5.9] 0.49

CI, L/min per kg 2.6 [2.3–3.0] 2.8 [2.4–3.0] 0.65

Baseline hemodynamics—RV conductance catheter data

SW, mm Hg�mL 1246 [897–1571] 1775 [1511–2148] 0.14

SV, mL 83 [71–86] 81 [65–110] 0.85

ESP, mm Hg 26.8 [25.1–32.4] 28.4 [26.3–35.7] 0.57

EDP, mm Hg 6.8 [5.2–11.4] 6.5 [5.6–9.9] 0.97

ESV, mL 102 [84–116] 86 [65–98] 0.19

EDV, mL 140 [127–180] 140 [94–183] 0.47

EF, % 56.5 [53.8–60.9] 60.4 [56–65] 0.21

dP/dtmax, mm Hg/s 349 [309–403] 462 [379–578] 0.02

dP/dtmin, mm Hg/s �272 [�292 to 259] �264 [�305 to 227] 0.67

Tau, ms 52 [47–61] 53 [44–58] 0.97

Ea, mm Hg/mL 0.35 [0.30–0.44] 0.41 [0.29–0.45] 0.73

Values are mean�SD, median [interquartile range], or n (%). Ao Sats indicates aortic saturations; BMI, body mass index; BO, balloon occlusion; BP, blood pressure; CCS, Canadian
Cardiovascular Society Functional Classification of Angina; CI, cardiac index; CO, cardiac output; Cr, creatinine; dP/dtmax, maximum rate of isovolumic contraction; dP/dtmin,
maximum rate of isovolumic relaxation; Ea, effective arterial elastance; EDP, end-diastolic pressure; EDV, end-diastolic volume; EF, ejection fraction; ESP, end-systolic pressure; ESV,
end-systolic volume; Hb, hemoglobin; MAP, mean arterial pressure; MI, myocardial infarction; MPAP, mean pulmonary arterial pressure; MRAP, mean right atrial pressure; NYHA
Class, New York Heart Association Classification; PA Sats, pulmonary artery saturations; RP, rapid pacing; SV, stroke volume; SW, stroke work; Tau, time constant of diastolic
relaxation.
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Offline RV Hemodynamic Measurements
The conductance catheter data were analyzed offline using
LabChart software (LabChart 7.0; ADInstruments). Five steady-
state pressure-volume-loops were recorded at baseline, during
intervention (BO or RP), and at 1, 2, 3, 4, 5, 10, and 15-minute
intervals of recovery, to generate load-dependent parameters of
systolic and diastolic function. The systolic parameters of
ventricular function were cardiac output, stroke volume, stroke
work (SW), ejection fraction (EF), end-systolic pressure, and the
maximum rate of isovolumic contraction (dP/dtmax). Effective
arterial elastance (Ea) to assess afterload was also assessed.
The diastolic parameters of ventricular function were end-
diastolic pressure (EDP), the maximum rate of isovolumic
relaxation (dP/dtmin), and the time constant of diastolic
relaxation (Tau).22–24 Tau represents the exponential decay of
the RV pressure during isovolumic relaxation. Tau was deter-
mined using the Weiss method.22 Tau was calculated as a
parameter in an exponential fit using the following equation:
P(t)=A exp (�t/Tau). The fit is calculated using nonlinear least-
squares regression. Although Tau is considered load dependent,
it is predominantly only affected by heart rate. We also
measured load-independent measures of RV function in the
RP group, recording preload-recruitable stroke work and RV
end-systolic elastance and ventriculo-arterial coupling.

Statistical Analysis
Data are expressed as mean�SD unless otherwise stated.
Analysis was performed using SigmaPlot 12.5 (Systat

Software Inc, San Jose, CA) statistical analysis package. In
view of the early nature of this work, we estimated group sizes
from previous work.25 The group sizes were powered to
detect a change of 10�8 ms in Tau between baseline and 15-
minute recovery in each group, with a significance level of
0.05 and a power of 0.8. We decided to recruit 10 patients
per group. The study was not powered to detect changes
between groups. RV hemodynamic data were converted to a
percentage change from baseline values (on a patient basis)
to facilitate data comparison between BO and RP groups.
Comparison between baseline and recovery were assessed
with paired Student t test. For comparisons between groups,
non-normally distributed data were compared using a Mann–
Whitney U test, whereas for normally distributed data an
unpaired Student t test was used. Categorical data are
expressed as number (percentage) and were compared with
the Fisher exact test. A probability level of P<0.05 was
considered statistically significant.

Results
Patient demographic data are summarized in Table 1. Patients
in the RP group were older, had more heart failure symptoms,
and had higher pulmonary pressures. There was also a trend
toward increased creatinine and reduced hemoglobin in the
RP group, reflecting the frailty and comorbidity of an older
population. Those in the BO group were more likely to have
angina. Baseline hemodynamic data were broadly similar
between groups, although the RP group had greater RV
dP/dtmax.

Table 2. RV Hemodynamic Data for BO Group

Baseline BO 1-Min Recovery P Value 15-Min Recovery P Value

Heart rate, beats/min 63�12 60�10.6 65�13 0.09 64�11 0.64

SW, mm Hg�mL 1369�660 678�354 1466�780 0.30 1162�446 0.07

CO, L/min 5.1�0.9 3.5�1.0 5.4�1.0 0.14 4.8�0.7 0.35

SV, mL 81.6�14.7 59.3�15.4 83.7�13.4 0.50 76.6�14.9 0.37

ESP, mm Hg 29.5�9.3 28.6�8.9 31.2�12.3 0.14 31.5�11.1 0.04

EDP, mm Hg 8.1�4.0 9.6�4.5 8.7�4.0 0.03 9.2�3.9 <0.01

ESV, mL 111.8�44.2 122.7�31.0 106.8�37.3 0.43 128.6�44.4 0.19

EDV, mL 154.2�40.9 151.0�26.8 152.2�26.4 0.82 165.4�38.7 1.0

EF, % 55.7�9.0 41.2�11.9 57.8�11.0 0.22 47.8�6.3 0.005

dP/dtmax, mm Hg/s 359�84 294�98 434�141 0.02 342�99 0.40

dP/dtmin, mm Hg/s �278�96 �191�76 �264�119 0.19 �278�114 0.99

Tau, ms 54.2�14.7 107.0�48.6 69.2�18.7 <0.001 67.3�18.9 <0.01

Ea, mm Hg/mL 0.37�0.09 0.52�0.20 0.38�0.12 0.50 0.44�0.18 0.08

Values are mean�SD. P values are displayed for comparison with baseline values. BO indicates balloon occlusion; CO, cardiac output; dP/dtmax, maximum rate of isovolumic contraction;
dP/dtmin, maximum rate of isovolumic relaxation; Ea, effective arterial elastance; EDP, end-diastolic pressure; EDV, end-diastolic volume; EF, ejection fraction; ESP, end-systolic pressure;
ESV, end-systolic volume; SV, stroke volume; SW, stroke work; Tau, time constant of diastolic relaxation.
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Effect of BO on RV Function

Occlusion of the RCA was associated with deterioration in
markers of systolic and diastolic function compared to

baseline. Table 2 shows that at the end of BO, SW, ejection
fraction, and dP/dtmax were significantly reduced; Tau and
EDP increased. Systolic function reached suprabaseline levels
at 1 minute after reperfusion with significant increases in

Figure 2. Comparisons of systolic function (A) stroke work (SW) and diastolic function (B) end-
diastolic pressure (EDP) and (C) Tau, at baseline (BL) and 15-minute recovery following low-pressure
balloon occlusion (BO) of the right coronary artery (15 minutes). Comparisons of systolic function (D)
SW and diastolic function (E) EDP and (F) Tau, at BL and 15 minutes after rapid pacing (RP) for valve
deployment (15 minutes). *P<0.05, **P<0.01.
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dP/dtmax. SW, Ea, and ejection fraction were also elevated but
not significantly so. Although diastolic parameters improved
modestly 1 minute after reperfusion, they did not return to
baseline levels. Figure 2 compares systolic and diastolic
function at baseline and 15-minute recovery. The RV was
stunned at 15-minute recovery; RV diastolic function
remained impaired with elevated Tau and EDP compared with
baseline. Systolic function (ejection fraction) was also
impaired at 15 minutes. SW, dP/dtmax, and Ea also trended
toward impairment.

Effect of RP on RV Function
Table 3 also shows the changes in parameters of RV function
throughout the study. There was a decline in all parameters of
RV systolic function during RP. EDP and Tau both rose during
RP. At 1-minute recovery after RP, again there was improve-
ment in parameters of RV systolic function to suprabaseline
levels. As stroke volume recovered to almost baseline levels,
but end-systolic pressure remained elevated, the Ea was
elevated at 1 minute. Improvement peaked at 2 minutes,
shown in Figure 3. Diastolic function remained impaired, with
EDP remaining elevated and Tau not returning to baseline
levels at 1 minute into recovery. Ischemic dilatation of the RV
was noted at 1-minute recovery.

Figure 2 shows a comparison of baseline and 15-minute
recovery in the RP group. Over the 15-minute recovery period,

SW declined to below baseline levels, EDP reduced compared
with its peak during RP but had not returned to baseline levels
at 15 minutes, and Tau also remained elevated into recovery.
End-systolic pressure returned to baseline, with a subsequent
normalization of Ea. There was a persistence of the increases
in ESV and EDV at 15-minute recovery. Load-independent
parameters also showed that RV systolic dysfunction per-
sisted at 15 minutes into recovery: preload-recruitable stroke
work: baseline 23.1�12.1 versus recovery 16.9�10.9
mm Hg/mL3, P=0.06 and end-systolic elastance and
ventriculo-arterial coupling: baseline 1.25�0.31 versus recov-
ery 0.85�0.43 mm Hg/mL, P<0.01.

Comparison of Response to RP Versus BO
The RP group experienced more profound RV dysfunction
than seen after RCA BO occlusion but because RP
mechanically impairs the RV, as well as producing ischemia,
these are not directly comparable. Table 4 compares
conductance catheter data for load-dependent parameters
during recovery. At 1-minute recovery, the RP group had a
significantly higher EDP compared with the BO group and
Tau also trended toward being worse in the RP group.
However, dP/dtmin after RP experienced a greater early
improvement at 1-minute recovery compared with baseline.
Ea was also significantly higher in the RP group at 1-minute
recovery driven by augmentation of end-systolic pressure,

Table 3. Hemodynamic Data for RP Group

Baseline RP 1-Min Recovery P Value 15-Min Recovery P Value

Heart rate, beats/min 65�14 194.3�33.4 72.1�19.0 0.11 64�14 0.80

SW, mm Hg�mL 1760�566 153�172 1871�759 0.68 1426�522 0.02

CO, L/min 5.5�1.7 7.1�4.1 5.7�1.8 0.76 5.4�1.3 0.79

SV, mL 88.3�31.6 36.7�18.7 85.8�43.2 0.81 87.2�24.6 0.82

ESP, mm Hg 30.8�7.6 28.2�5.9 43.0�16.0 0.01 30.6�6.4 0.94

EDP, mm Hg 8.1�4.2 11.9�3.7 12.1�4.1 <0.001 9.9�4.4 0.03

ESV, mL 87.8�35.9 124.4�45.6 115.1�62.4 0.03 107.1�52.0 0.08

EDV, mL 139.1�52.5 118.5�35.0 152.6�58.8 0.14 143.3�57.3 0.67

EF, % 61.5�10.3 30.7�16.6 55.8�23.2 0.41 59.6�13.4 0.68

dP/dtmax, mm Hg/s 493�134 315�224 668�341 0.05 427�133 0.09

dP/dtmin, mm Hg/s �262�59 �202�102 �395�244 0.07 �226�51 0.07

Tau, ms 54.2�12.7 139.7�49.4 79.6�41.9 0.07 81.0�27.5 <0.01

Ea, mm Hg/mL 0.40�0.17 1.06�0.64 0.61�0.37 0.03 0.38�0.12 0.60

Ees/Ea, mm Hg/mL 1.25�0.31 ��� ��� ��� 0.85�0.43 < 0.01

PRSW, mm Hg/mL3 23.1�12.1 ��� ��� ��� 16.9�10.9 0.06

Values are mean�SD. P values are displayed for comparison with baseline values. CO indicates cardiac output; dP/dtmax, maximum rate of isovolumic contraction; dP/dtmin, maximum rate
of isovolumic relaxation; Ea, effective arterial elastance; EDP, end-diastolic pressure; EDV, end-diastolic volume; Ees, end-systolic elastance; EF, ejection fraction; ESP, end-systolic
pressure; ESV, end-systolic volume; PRSW, preload recruitable stroke work; RP, rapid pacing; SV, stroke volume; SW, stroke work; Tau, time constant of diastolic relaxation.
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rather than an increase in afterload. Both dP/dtmin and Ea
findings are consistent with a larger hyperemic response,
repaying a larger oxygen debt and transiently augmenting
RV contractility during 1-minute recovery. There was no
significant difference in Ea at 15 minutes between RP and
BO groups. Similarly, an intergroup difference in ESV was
only observed at 1 minute. Diastolic dysfunction at 15-
minute recovery, measured by EDP and Tau, was noted in
both groups but the groups were not significantly different.
However, there was a trend toward more dysfunction as
measured by dP/dtmin and Tau after RP.

Discussion
This is the first study to assess the effect of coronary BO and
RP on RV function and assess early recovery using the

conductance technique. Although RP appears to elicit a more
profound ischemic insult, both impaired RV systolic and
diastolic function. Recovery of suprabaseline systolic function
was observed initially followed by a steady decline to sub-
baseline levels at 15-minute recovery in both groups. Diastolic
parameters (RVEDP and Tau) also improved after reperfusion
but did not recover to baseline values at 15-minute recovery,
indicating RV stunning.

Ischemic dysfunction following balloon occlusion of the LV
has been demonstrated in a number of studies.25–27 These
studies have shown that residual stunning affects both
systolic and diastolic function, observed at up to 30 minutes
after the initial ischemic insult. However, there is rapid
improvement in systolic performance during reperfusion at 1
minute because of increased coronary flow. During reactive
hyperemia, LV function can be augmented to suprabaseline

Figure 3. Comparison of change in systolic function for balloon occlusion (BO) (blue) and rapid pacing (RP) (red) groups using (A) stroke work
(SW), (B) dP/dt max, and diastolic function (C) end diastolic pressure (EDP), (D) Tau. Values are normalized to baseline (BL), and shown at
indicated time points including peak ischemia at the end of BO or during valve deployment (Isc), and throughout recovery. *P < 0.05, **P <
0.01, ***P < 0.001.
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levels, a phenomenon known as the Gregg effect.28 Increased
volume of the microvasculature following reperfusion causes
stretch-activated calcium channels to open. The resultant
influx of calcium increases myocyte contractility and briefly
masks the effect of ischemic LV dysfunction. Detection of
stunning is therefore confounded during this period of
reactive hyperemia; the strict definition of stunning mandates
that coronary flow must be normal. This occurs later at 15 to
30 minutes into recovery.

Previous investigation into the effect of coronary balloon
occlusion on the RV did not report stunning, but this study
only assessed RV function within the first minute of reper-
fusion.8 Others have reported that the RV is more resistant to
ischemia than the LV.2 However, by assessing RV ischemic
recovery for a longer time-frame, we have confirmed that not
only does balloon occlusion of the RCA and RP result in
significant ischemic RV dysfunction, on a par with the LV, but
this also persists (stunning) at 15 minutes. Diastolic indices
are particularly affected, which possibly reflects their position
in the ischemic cascade, although increased microcirculatory
turgor during hyperemia (the scaffold effect) may also be
responsible.9

RP has previously been shown to cause ischemia,11 and we
observe it to cause a profound ischemic insult. It is likely that
both supply and demand ischemia occur during RP, acting in
concert to increase global metabolic demand of the
myocardium, while coronary perfusion pressure gradient,
and with it coronary flow, are also diminished.29 This is

reflected in the larger hyperemic augmentation of RV function
after RP we observe in RV systolic indices, repaying the larger
oxygen debt.

Whereas BO causes both systolic and diastolic load-
dependent indices to remain impaired at 15 minutes into
recovery, RP appears to predominantly affect diastolic load-
dependent indices. It is possible that ventricular interdepen-
dence and load dependency explain the lack of persistent
systolic impairment observed after RP. Up to 50% of RV
function is derived from the LV, so that improvement in LV
function, as may occur after relief of aortic stenosis by TAVR,
will augment load-dependent RV systolic performance.30

When load-independent indices of RV function are assessed,
RV systolic dysfunction persists into recovery at 15 minutes
after cessation of RP.

Clinical Relevance
The emergence of RV impairment that is persistent and may
affect intraoperative hemodynamic stability during PCI and
TAVR is relevant to clinical practice. In particular, although RP
has been described as safe and reversible,10 there are case
reports of hemodynamic collapse after RP for TAVR.31 Our
study provides confirmatory evidence of the temporal pattern
of the detrimental hemodynamic effects of RP that may be
encountered during TAVR and provides a stimulus to explore
new TAVR implantation techniques that do not require RP.
Although speculative, the observation of RV dysfunction after

Table 4. Comparison of PCI Group and TAVR Group Following Injury and Recovery

D vs Baseline, % �SD

1-Min Recovery 15-Min Recovery

BO RP P Value BO RP P Value

Heart rate +2.49�4.1 +11.7�21.8 0.20 +1.57�7.39 �0.61�12.7 0.64

SW +6.70�19.6 +13.9�48.2 0.66 �9.76�25.7 �17.4�20.6 0.47

CO +5.70�10.9 +6.93�29.7 0.90 �3.77�18.5 +1.95�22.8 0.55

SV +3.32�12.2 �2.94�28.7 0.53 �4.64�20.0 +2.04�15.7 0.42

ESP +4.13�8.9 +40.5�39.9 0.01 +5.36�8.1 +1.31�16.8 0.51

EDP +13.2�23.3 +65.0�50.8 <0.01 +20.9�27.0 +26.9�33.0 0.66

ESV �2.50�15.6 +27.3�37.8 0.03 +19.3�37.1 22.4�38.3 0.86

EDV +2.13�21.5 +11.9�19.0 0.30 +10.8�29.9 5.38�21.5 0.65

EF +3.58�8.5 �9.69�31.3 0.21 �12.9�13.1 �1.36�25.6 0.22

dP/dtmax +19.3�18.5 +31.2�39.4 0.40 �4.88�17.2 �11.8�22.1 0.45

dP/dtmin �8.14�13.2 +44.6�66.4 0.02 �0.42�26.1 �12.2�21.6 0.29

Tau +26.7�10.6 +46.3�60.5 0.32 +24.5�24.5 +48.1�30.5 0.07

Ea +1.37�11.7 +55.3�57.8 <0.01 +16.0�29.5 +2.16�26.5 0.28

Values are mean�SD. BO indicates balloon occlusion; CO, cardiac output; dP/dtmax, maximum rate of isovolumic contraction; dP/dtmin, maximum rate of isovolumic relaxation; Ea,
effective arterial elastance; EDP, end-diastolic pressure; EDV, end-diastolic volume; EF, ejection fraction; ESP, end-systolic pressure; ESV, end-systolic volume; PCI, percutaneous coronary
intervention; RP, rapid pacing; SV, stroke volume; SW, stroke work; TAVR, transcatheter aortic valve replacement; Tau, time constant of diastolic relaxation.
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BO may suggest that the duration of coronary BO required
during PCI should be kept to a minimum to avoid potential
hemodynamic compromise 10 to 15 minutes after the initial
ischemic insult. Our findings may be particularly pertinent in
patients with limited RV functional reserve.

Limitations
The 15-minute recovery period was chosen for both ethical
and practical reasons. Ideally a longer follow-up to confirm
that parameters eventually returned to baseline values would
have fulfilled the reversible definition of stunning. Similarly,
confirming normalization of coronary flow at 15-minutes
recovery would have been desirable, although for technical
and ethical reasons this was not feasible. However, we and
others have confirmed recovery of basal flow velocity within
this time frame in the left coronary artery.9 It was not possible
to directly compare the ischemic burden by RV functional
indices as the action of RP mechanically impairs ventricular
function. Measurement of lactate during the procedure would
have allowed confirmation of the ischemic burden induced by
each insult, but this was not assessed. Alternative methods
for assessment of RV function such as echocardiography were
not employed within this protocol, but may have provided data
confirming the conductance catheter results, and could be
considered for future studies. The study was not powered to
test the hypothesis that there was a difference between the 2
types of RV ischemic insult, particularly with a number of
confounding factors within the group demographics. Compar-
isons between BO and RP groups should therefore only be
considered hypothesis-generating.

Conclusions
Ischemic RV dysfunction with residual stunning is observed
after coronary BO and RP that may contribute to intraoper-
ative hemodynamic instability when employing these inter-
ventional therapies, particularly when patients have limited RV
functional reserve.
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