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ORIGINAL RESEARCH

Impact of Impella RP Versus Vasoactive 
Treatment on Right and Left Ventricular 
Strain in a Porcine Model of Acute 
Cardiogenic Shock Induced by Right 
Coronary Artery Embolization
Peter H. Frederiksen , MD; Jakob Josiassen , MD, PhD; Nanna L. J. Udesen , MD, PhD; Louise Linde, MD; 
Ole K. Helgestad , MD, PhD; Ann Banke , MD PhD; Lisette O. Jensen, MD, PhD, DMSc;  
Henrik Schmidt , MD, DMSc; Christian Hassager , MD, DMSc; Hanne B. Ravn , MD, PhD, DMSc*;  
Jacob E. Møller , MD, PhD, DMSc*

BACKGROUND: The response of the left ventricle to cardiogenic shock (CS) caused by right ventricular (RV) infarction and the 
effect of treatment with either vasoactive treatment or Impella RP are not well described. We sought to determine RV and 
left ventricular longitudinal strain (LS) by echocardiography after initiation of either Impella RP or vasoactive treatment for CS 
induced by right coronary artery embolization.

METHODS AND RESULTS: CS was induced with microsphere embolization in the right coronary artery in 20 pigs. Shock was 
defined as a reduction in cardiac output of ≥50% and/or an SvO2 <30%. At the time of CS either Impella RP or vasoactive 
treatment (norepinephrine and milrinone) was initiated. Echocardiography and conductance measures were obtained at base-
line, when CS was present, and 30, 90, and 180 minutes after induction of CS. Of 20 animals, 14 completed the protocol and 
were treated with either vasoactive treatment (n=7) or Impella RP (n=7); 6 animals died (3 in each group). In the RV there was 
a significantly higher LS with the vasoactive treatment compared with Impella RP (−7.6% [4.5] to −6.0% [5.2] vs −4.5% [6.6] 
to – 14.2% [10.6]; P<0.006). Left ventricular LS improved with both treatments compared with shock, but with a larger effect 
(−9.4% [3.2] to −17.9% [3.6]) on LS with vasoactive treatment than Impella RP (−9.8% [3.1] to −12.3% [4.6]; P<0.001). We found 
a significant correlation between stroke work and RV LS (r=−0.60, P<0.001) and left ventricular LS (r=−0.62, P<0.001).

CONCLUSIONS: We found significantly higher hemodynamic effects with vasoactive treatment compared with Impella RP in both 
the RV and left ventricular but at a cost of increased stroke work.

Key Words: acute heart failure ■ cardiogenic shock ■ percutaneous mechanical circulatory support

Acute myocardial infarction and subsequent 
cardiogenic shock (CS) attributable to pre-
dominantly right ventricular (RV) failure re-

mains a clinical challenge,1 as symptoms and 
intensive care treatment differ from CS attributable 

to left ventricular (LV) failure. RV failure is char-
acterized by a triad of hypotension, signs of ele-
vated central venous pressure(CVP) and clear lung 
fields.2 Revascularization is recommended by cur-
rent guidelines3 in all patients with CS following 
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acute myocardial infarction, while further treatment 
options are only supported by low grade evidence. 
Empirical management consists of maintained RV 
preload with fluid, alleviation of arrhythmias, rees-
tablishment of atrioventricular synchrony and pac-
ing as appropriate.3 Vasopressors and inotropes 
such as norepinephrine and milrinone are used to 
improve blood pressure and cardiac output (CO), 
but the treatment is a double- edged sword. It in-
creases cardiac output and perfusion pressure, but 
comes at the cost of increased myocardial energy 
consumption; risk of arrythmias; and in more severe 
heart failure, it may not be sufficient to restore per-
fusion.4,5 The transvalvular axial flow pump Impella 
RP is an RV percutaneous assist device for RV sup-
port, where blood is propelled inside the catheter 
from the inferior vena cava, bypassing the RV, and 
delivered into the pulmonary artery (PA). This ap-
proach aims at improving LV preload and thereby 
increasing systemic CO, supporting end organs 
and at the same time unloading of the RV without 
increased energy consumption. In feasibility and 
safety studies, the device has proven efficient in 

reducing right- sided filling pressures and increas-
ing CO in CS caused by RV failure.6,7

We recently described changes with both treat-
ments in a porcine model of acute RV infarction with 
effect monitored using conductance catheters.4 
Although, invasive conductance catheters are ideal 
for understanding underlying physiology, they are not 
well suited for clinical use. In addition, interpretation of 
pulmonary artery catheter derived variables with partly 
laminar flow in the pulmonary circulation, which may 
not be equally divided between pulmonary arteries, as 
seen with Impella RP, are challenging. In this context, 
a closer evaluation of echocardiographic changes, 
during induction of RV CS and therapeutic interven-
tions, is warranted.

The objective of this experimental study was to 
compare longitudinal function of the right and left 
ventricle assessed with speckle tracking echocardi-
ography and tissue- Doppler echocardiography, after 
induction of RV CS and to assess the effects of Impella 
RP versus vasoactive treatment. Further, we aimed to 
relate echocardiographic changes with conductance 
derived measures.

METHODS
The study includes 20 female Danish land race pigs 
weighing between 75 and 80 kg. The study was ap-
proved and conducted in accordance with cur-
rent guidelines from the Danish Animal Experiments 
Expectorate (ID number: 2016- 15- 00951). The data 
underlying this article will be shared on reasonable re-
quest to the corresponding author. A detailed study 
protocol has previously been published.4 Briefly all 
animals were anesthetized and mechanically venti-
lated. Instrumentation was done using the Seldinger 
technique, except for access to the left internal jugular 
vein where surgical cut down was performed because 
of small vessel caliber. Vascular sheaths were 6– 14 
Fr as appropriate. We placed conductance catheters 
(Ventri- cath 512 PV Loop Catheter, Millar Inc. TX, USA) 
under fluoroscopic guidance from the left external jug-
ular vein and the right carotid artery to the right and left 
ventricle, respectively. For invasive pressure readings, 
CO and mixed venous saturation (SvO2), a Swan- Ganz 
catheter (Edwards Lifesciences Corp. Irvine, CA, USA) 
was advanced to the PA. Peripheral arterial blood 
pressure was measured in a 6Fr sheath in the femo-
ral artery. Pulmonary artery pulsatility index (PAPi) was 
calculated as PAPi=(systolic PA pressure –  diastolic PA 
pressure)/CVP.8

For induction of CS, a stepwise embolization into 
the right coronary artery with a 3.5 JL or 4.0 JR guiding 
catheter (Launcher, Medtronic Inc, MN, USA) was per-
formed with 125 μg of polyvinyl alcohol microspheres 

CLINICAL PERSPECTIVE

What Is New?
• We found modest correlations with speckle 

tracking echocardiography, but speckle track-
ing echocardiography provides information on 
regional myocardial changes, which cannot be 
derived from conductance catheter techniques.

• Observations should be further investigated in 
clinical prospective cohort studies.

What Are the Clinical Implications?
• Vasoactive treatment improved longitudinal 

strain more than mechanical circulatory sup-
port in both the right and left ventricle. Increase 
in cardiac output was comparable between in-
terventions, but with a higher stroke work with 
vasoactive treatment.

• In clinical practice, this increase in stroke work 
should be balanced against unloading and 
organ perfusion.

Nonstandard Abbreviations and Acronyms

CS cardiogenic shock
LS longitudinal strain
CO cardiac output
TDI tissue doppler images
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(Contour; Boston Scientific, Marlborough, USA) dis-
solved in 10 mL saline and 10 mL contrast. Intracoronary 
injections of 1 mL microsphere solution were done 
every 3 minutes until CS. CS was defined as a sus-
tained reduction in CO of ≥50% and/or a ≥50% reduc-
tion in SvO2 compared with baseline or an absolute 
SvO2 ≤30%.

When CS was present interventions were initiated 
and continued for 180 minutes. The treatment alloca-
tion was randomly decided a week before the study 
date. In the Impella RP group, the device was inserted 
during fluoroscopic guidance from the left femoral vein 
and the device started immediately at the time of CS. 
Performance level was kept at the highest possible 
output without causing any suction alarms. To assure 
coronary perfusion norepinephrine infusion was intro-
duced if the mean arterial pressure was <50 mm Hg 
after initiation of Impella RP. The vasoactive compar-
ator consisted of a continuous infusion of a moderate 
norepinephrine dose (0.10 μg/kg/min) for 30 minutes 
after which a milrinone bolus of 50 μg/kg infused over 
10 minutes followed by a continuous milrinone infusion 
of 0.4 μg/kg/min for the remaining 140 minutes. After 
180 minutes, all interventions were terminated, and the 
animals were euthanized.

Data Collection
Prespecified in the study protocol, data were ac-
quired at the following time points: baseline, time 
when CS was present, and after 30, 90, and 180 
minutes following initiation of interventions. At each 
time point, hemodynamic data (mean arterial pres-
sure, PA pressure, CVP, CO, SvO2 and heart rate) 
was obtained and an echocardiographic assess-
ment was performed.

Hemodynamic Measurements
Conductance catheters were connected to an MPVS 
Ultra Pressure- Volume (PV) loop system (Millar Inc., 
Houston, TX, USA) The PV loop system was connected 
to a PowerLab 16/35 (ADInstruments, Dunedin, New 
Zealand) and PV measurements were continuously 
displayed and stored for subsequent off- line analysis 
using Labchart Pro (ADInstruments, Dunedin, New 
Zealand). Volume calibration was performed using an 
alpha correctional value and with the hypertonic saline 
method parallel wall conductance was determined.4 
Following data were recorded: Pressure- volume area 
(PVA, mm Hg × mL), LV end- diastolic volume (LVEDV, 
mL), LV end- systolic volume (LVESV, mL), LV stroke 
work (LVSW, mm Hg × mL), LV output (mL/min), LV end- 
systolic pressure- volume relationship. When estimating 
end- systolic pressure- volume relationship and PVA we 
only determined V0 with preload reduction at baseline 

because of severely compromised hemodynamic at the 
time of shock, and as inferior vena cava occlusion is not 
feasible with Impella RP running. Thus, the acquired V0 
was kept constant for single beat estimations of PVA 
and end- systolic pressure- volume relationship.9

Echocardiography
Echocardiography was performed with a Vivid E95 ul-
trasound system (General Electric, Horten, Norway). All 
images were analyzed offline with EchoPac (Version 
203, General Electric). The ultrasound probe was 
placed immediately beneath the diaphragm through a 
subxiphiod midline incision. From this position, modified 
4- chamber and 5- chamber view was obtained. Frame 
rate was kept at a minimum of 60 frames per second. 
In addition, M- mode recording of lateral tricuspid an-
nulus for measurement of tricuspid annular plane sys-
tolic excursion, pulsed wave Doppler recording in the 
left ventricular outflow tract (LVOT) to measure the LVOT 
velocity time integral and tissue Doppler images (TDI).

For strain analysis, the region of interest was ad-
justed to cover the whole myocardium. RV strain 
analysis was done in the RV lateral free wall. LV longi-
tudinal strain (LS) was obtained from the 4- chamber 
view and separated in septal and lateral values. For 
pulsed wave tissue Doppler imaging was obtained 
with sample volume placed in the lateral and septal 
mitral annulus and the lateral tricuspid annulus where 
s’ was measured.

For assessment of basal septal movement, we 
placed a post hoc m- mode line perpendicular to 
the LV cavity in the modified 4- chamber view. We 
then measured the movement towards the LV cav-
ity in systole with positive values reflecting an inward 
movement towards the LV cavity and a negative 
value reflecting a paradox movement towards the RV 
cavity in systole.

Statistical Analysis
Data are presented as mean and standard deviation 
for normally distributed values. For analysis of treat-
ment effect of vasoactive treatment and Impella RP we 
used a mixed effects model with selected hemody-
namic measures as dependent variables. The model 
was limited to time points after the CS criteria was met 
and was adjusted for differences at shock, interaction 
between time and intervention and time included as 
a categorical variable. The reported P value refers to 
the difference between interventions at 180 minutes. 
Baseline values were excluded from the analysis. The 
model used random intercept and independent covari-
ance matrix.

For PAPi, CVP, LV, and RV stroke work we per-
formed the mixed model with bootstrapping (1000 
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replications). As heart rate was significantly differ-
ent vasoactive treatment and the Impella RP group, 
heart rate was added to the model and Akaike infor-
mation criteria were assessed and the models were 
tested with the likelihood- ratio test. For correlation 
analysis between pressure volume loop data and LS 
we used Spearman and linear regression. The study 
was powered for a primary end point published by 
Josiassen et al.1

We used STATA 17 (StataCorp, College Station, TX, 
USA) for the analysis and a significance level of P<0.05 
was considered significant.

RESULTS
Prespecified criteria for shock were achieved in all 20 
animals, Table 1. Six animals died shortly after shock 
induction because of refractory arrhythmia (3 from 
each treatment arm). Of the remaining 14 animals, 
7 were treated with vasoactive treatment and 7 with 
Impella RP. RV failure was evident by elevation of CVP 
and >50% reduction in CO, PAPi, and mixed venous 
saturation. There were no statistically significant dif-
ferences between the 2 groups at shock, Table  1. 
Detailed hemodynamic changes have been published 
previously.4 For CVP we found a mild reduction with 
initiation of treatments without significant difference 
over time between interventions. PAPi increased with 
both interventions from CS, and the difference was not 
significant (P=0.6). The CO and mixed venous satura-
tion increased with interventions and was significantly 
lower in the Impella RP group (P<0.001 and P=0.004, 
respectively).

Echocardiographic Changes
RV LS deteriorated in both groups from baseline to CS, 
and with vasoactive treatment we found significant im-
provement in RV LS, whereas Impella RP caused only 
minor changes, Table 2 and Figure 1 (P=0.006). Both 
interventions increased RV s’, but the improvement 
was more pronounced with the vasoactive treatment 
(P=0.008). Tricuspid annular plane systolic excursion in-
creased in the vasoactive group, but not in the Impella 
RP group (P=0.017).LV LS deteriorated as well from 
baseline to CS, with concomitantly significant reduc-
tions in s’ and LVOT velocity time integral, Table 2 and 
Figure 2. Paradoxical septal motion was observed in the 
majority of animals, with a shift from an inward systolic 
motion at baseline, to a paradox systolic movement to-
wards the RV after CS induction (Table 2). LV LS im-
proved in both groups although to a greater degree in 
the vasoactive group (P≤0.001), Figure 3. When dividing 
LV LS into a septal and lateral wall, the interventions had 
significantly different impact. In the entire interventricular 

septum, myocardial deformation was almost absent 
and with limited response to both interventions. In con-
trast, the lateral wall LS was restored back to baseline 
with Impella RP, and vasoactive treatment induced a 
hyperdynamic state compared with baseline. Addition 
of HR to the model did not change results.

Septal TDI s’ improved with both treatments, 
Table 2. There was a 2- fold increase in the septal s’ 
with vasoactive treatment, which was less pronounced 
with Impella RP, Table 2.

Comparison of Echocardiographic 
Assessment With Hemodynamics and 
Pressure Volume Loop Assessment
LVOT velocity time integral values decreased signifi-
cantly after induction of CS, and both interventions 
had comparable improvement after 180 minutes. CO 
and LVOT velocity time integral curves demonstrated 
similar trends over time with minor deviations, Figure 4. 
LV end- systolic pressure- volume relationship was sig-
nificantly higher in the vasoactive group and similar ob-
servations were seen in LV medial and lateral s’ as well 
as LV LS total and lateral wall.
With vasoactive treatment we found a significantly 
higher stroke work compared with Impella RP in the LV 
(P=0.006) and in the RV (P=0.04). In Figure 5, changes 
in LV LS and LV SW are displayed as percentage of 
baseline.

DISCUSSION
CS attributable to right coronary artery embolization 
caused a significant impairment in longitudinal ven-
tricular function in both ventricles measured with both 
speckle tracking echocardiography and TDI, along with 
large reductions in CO and mixed venous saturation. 
The vasoactive treatment caused higher CO, mixed 
venous saturation, and a hyperdynamic state in the LV 
and RV, which was not observed with the Impella RP. 
In addition to assessment of global ventricular function, 
speckle tracking echocardiography provided insight in 
regional function and revealed different impact of the 
interventions.

Mechanical circulatory support devices are used to 
restore systemic organ perfusion in CS.10 Several sys-
tems are available, but the loading exerted to the heart 
differs significantly with the choice of device. When 
blood is drained from the left atrium or LV and ejected 
into the systemic circulation, LV volumes, end- diastolic 
pressure, and wall stress are reduced, leading to a re-
duction in ventricular workload and myocardial oxygen 
consumption.9,11,12 Although less well investigated, the 
same is to be expected when using an assist device 
to the RV. The unchanged RV LS during Impella RP 
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support compared with CS indicate that increased CO 
was achieved without increased work, but the increase 
in CO was not enough to restore systemic perfusion in 
terms of normalization of mixed venous saturation. In 
comparison, vasoactive treatment improved RV LS, as 
a sign of increased demand on RV function, but also 
CO and mixed venous saturation. In the same exper-
imental study, we have previously demonstrated that 
treatment with the Impella RP provided unloading of 
the failing RV, while an vasoactive treatment strategy 
tended to more efficient in restoring end- organ per-
fusion, at the cost of increased cardiac work,4 de-
spite similar CVP levels over time in the 2 intervention 
groups. Thus, observations suggest some RV unload-
ing with Impella RP, but to a lesser degree than we and 
others have demonstrated using left- sided transvalvu-
lar flow pumps.9,12

Effect of Vasoactive Treatment and 
Impella RP on Echocardiographic 
Findings
Vasoactive treatment improved LS, as a sign of in-
creased demand on RV function, but also CO and 
mixed venous saturation. This improvement observed 
in the pharmacological group is intriguing given the 
extensive embolization of the right coronary artery. In 
both humans and pigs the right coronary artery will 
supply a larger part of the RV free wall and much of the 
inferoposterior portion of the LV free wall and septum. 

However, approximately one third of the RV free wall 
receives coronary blood flow from branches from the 
left anterior descending coronary artery in pigs.13 This 
could offer an explanation to the increased RV free 
wall motion with vasoactive treatment especially as the 
same degree of improvement was not seen in the in-
terventricular septum.

The improvement in the LV was driven by changes 
in the lateral wall with vasoactive treatment. This is ex-
pected as treatment with milrinone increases cardiac 
contractility in noninfarcted myocardium because of 
its inotropic properties.14,15 Milrinone has a potent va-
sodilatory effect, which could cause a hyperdynamic 
effect attributable to a reduced afterload. However, we 
attempted to balance vasodilatation with the addition 
of norepinephrine, and mean arterial pressure was sig-
nificantly higher in the vasoactive treatment arm com-
pared with Impella RP.

Septal Function in Inferior Wall Myocardial 
Infarction
Interventricular septal function is crucial for the 
function of both the LV and RV. More than 70 years 
ago an animal study16 demonstrated that as long 
as the septal function remains intact, RV function 
is preserved, even with extensive RV free wall dys-
function. With CS induction in our study, the basal 
part of the septum became akinetic, as observed 
from LS values close to zero, and in most animals, 

Figure 1. Right ventricular longitudinal strain.
Right ventricular longitudinal strain from baseline to 180 minutes after start of the interventions. 
Bars represent +/− SEM. P value from mixed effects model at 180 minutes. LS indicates 
longitudinal strain; and RV, right ventricle.
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we saw a paradox systolic movement towards the 
RV. This implies that both longitudinal and radial 
function is compromised. As microembolization is 
thought to cause irreversible obstruction of micro-
circulation, it was no surprise that none of the treat-
ments improved septal LS. In contrast, we found 
improvements in both the septal and lateral wall in 
terms of TDI changes. The discrepancy between the 
LS and TDI findings can be explained by methodo-
logical differences. We hypothesize that LS largely 
represents changes in single segments opposed to 
TDI that measures velocity of motion of the myocar-
dium adjacent to the mitral annulus either because 
of an active contraction or passive motion.

Three decades ago, Laster et al17 studied dogs 
with proximal total acute right coronary artery oc-
clusion. In line with our findings, they reported 
increasing right atrial pressure, decreased RV sys-
tolic pressure, unchanged left atrial pressure, and 
decreased LV systolic pressure. With echocardi-
ography, they found that the interventricular sep-
tum bulges paradoxically into the right ventricle in 

systole. Within the first week, the paradox move-
ment disappeared, but the segment showed a 
persistent reduced systolic function. This paradox 
movement is likely to represent the acute phase of 
nonreperfused inferior wall myocardial infarction. 
It is replaced within days with hypokinesia and 
some recovery of function and is thus not seen 
in studies where patients are examined days after 
acute myocardial infarction and have undergone 
revascularization.18,19

LIMITATIONS
Our study is strengthened by the uniform, stand-
ardized, and effective method for inducing CS and 
comprehensive hemodynamic monitoring. There are, 
however, some methodological limitations. Because 
of the probe placement immediately beneath the 
diaphragm, most images had some degree of fore-
shortening. This affects the measurements of septal 
strain in the LV as the distal part of septum is sup-
plied by the left anterior descending and might not 

Figure 2. Representative left ventricular longitudinal strain curves from baseline, cardiogenic shock, vasoactive treatment, 
and Impella RP.
Note the severely reduced function of the septal wall at shock with positive strain values and the lower longitudinal strain values with 
vasoactive treatment compared with Impella RP.
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be completely visualized. Attributable to comparison 
of relative changes by individual interventions, this is 
not expected to have any major impact. When per-
forming LS measurements on thin- walled structures, 
like the RV, there is a substantial risk of tracking the 

surrounding tissue. For both of the above mentioned 
limitations the interventions studied had no effect on 
the limitations, thus any introduced bias will be equal 
between groups. The timeframe of our study was only 
3 hours, which is opposed to clinical practice where 

Figure 3. Left ventricular longitudinal strain.
Left ventricular longitudinal strain from baseline to 180 minutes after start of the interventions. 
Left panel: Overall longitudinal strain values from the left ventricle. Middle panel: Left ventricular 
septal longitudinal strain only. Right panel: Left ventricular lateral wall longitudinal strain only. 
Bars represent +/− SEM. P value from mixed effects model at 180 minutes. LS indicates 
longitudinal strain; and LV, left ventricle.

Figure 4. Cardiac output and left ventricular outflow tract velocity time integral.
Cardiac output and left ventricular outflow tract velocity time integral from baseline to 180 
minutes after start of the interventions. Bars represent +/− SEM. P value from mixed effects 
model at 180 minutes. LVOT indicates left ventricular outflow tract; and VTI, velocity time 
integral.



J Am Heart Assoc. 2023;12:e8126. DOI: 10.1161/JAHA.122.027831 10

Frederiksen et al Ventricular Strain in Cardiogenic Shock

support is used for days. Thus, our findings support 
only the initial treatment response. Finally, because 
of the limited number of animals in each intervention 
group, observational changes may not have reached 
statistical significance.

CONCLUSIONS
In this model of CS, because of right coronary artery 
embolization, we found significantly improved LS in the 
RV with vasoactive treatment compared with Impella 
RP. Similarly, in the LV the vasoactive treatment had a 
higher effect and caused a hyperdynamic state in the 
lateral wall of the LV not seen with Impella RP. These ob-
servations most likely reflect an increased stroke work.
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