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ventricular function and a combination of these. There was 
no 30-day mortality, and the 1-year survival rate was 83.3% 
with no significant difference compared to patients without 
ECMO support.
Conclusion  The use of ECMO in very high-risk patients 
undergoing TAVR may increase safety and contribute to 
excellent outcomes. Although ECMO support is rarely 
needed in TAVR, a well-prepared treatment strategy by the 
heart team is mandatory.

Keywords  Aortic stenosis · Cardiogenic shock · 
Complications · Extracorporeal membrane oxygenation · 
Transcatheter aortic valve replacement

Introduction

Transcatheter aortic valve replacement (TAVR) has become 
an alternative procedure for patients with severe sympto-
matic aortic stenosis (AS) who are at too high risk for open 
surgical aortic valve replacement (AVR) [1–7]. Although 
several randomized trials have shown favorable outcomes 
for TAVR compared to those of surgical AVR, TAVR car-
ries the risk of serious life-threatening complications [4–7]. 
A major determinant of early results is the incidence of 
intraoperative complications such as hemodynamic insta-
bility or cardiogenic shock. To reduce and manage these 
complications, some authors have explored the use of 
extracorporeal membrane oxygenation (ECMO) [8–12]. 
The aim of this study was to analyze our initial experiences 
with patients undergoing TAVR with or without the use of 
ECMO support at our institution.

Abstract 
Objectives  Although transcatheter aortic valve replace-
ment (TAVR) is an excellent alternative procedure for high-
risk patients with severe symptomatic aortic stenosis, it is 
often associated with life-threatening complications. We 
report on the emergency or elective use of veno-arterial 
extracorporeal membrane oxygenation (ECMO) to manage 
these complications.
Methods  Between December 2013 and February 2016, 
46 patients underwent TAVR at our institution. Of these, 
4 patients required emergency ECMO support and another 
3 patients were electively placed on ECMO support at the 
start of the procedure. The mean age of the ECMO patients 
was 87.3 ± 3.6  years and all were female. The Society of 
Thoracic Surgeons-predicted risk of mortality score in 
these patients was 12.2 ± 6.2%.
Results  TAVR with ECMO was completed through the 
transapical approach in 6 patients, and the transfemoral 
approach in 1 patient. The arterial access route for ECMO 
was the femoral artery in 5, the external iliac artery in 1, 
and the subclavian artery in 1. Indications for the use 
of emergency ECMO were hemodynamic instability in 
2, cardiogenic shock in 2, while indications for elective 
ECMO were severe pulmonary hypertension, impaired left 
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Subjects and methods

Patients

Since we started the TAVR program at our institution, 
a total of 46 patients have undergone TAVR for severe 
symptomatic AS between December 2013 and February 
2016. All the patients were fully screened by our well-
organized local heart team. It was determined whether they 
were at high risk for serious complications if they under-
went open surgical AVR. An Edwards SAPIEN XT valve 
(Edwards Lifesciences, Irvine, Ca, USA) was implanted in 
all 46 patients. Among these patients, veno-arterial ECMO 
was used in a total of 7 patients (15%, ECMO group). Of 
these, 4 required emergency ECMO and 3 received elec-
tive ECMO support. These patients were compared to the 
patients who did not receive ECMO (non-ECMO group). 
Clinical data were prospectively collected and this study 
was approved by the institutional review board of Kyoto 
University Graduate School of Medicine (R0009). Written 
informed consent was obtained from all the patients and 
their families.

Evaluation of potential use for ECMO

Before TAVR, the heart team, consisting of cardiovascular 
surgeons, cardiologists, anesthesiologists, nurses and perfu-
sionists, evaluated the risks of possible complications for 
every single case. Not only the access route for TAVR, but 
the potential cannulation sites for ECMO (even in patients 
thought to be at low risk for requiring ECMO during the 
procedure) were also discussed. Potential arterial cannula-
tion sites included the femoral artery, the iliac artery, and 
the subclavian artery, depending on the patient’s vascular 
anatomy. The venous drainage cannula was always inserted 
from the right femoral vein and advanced into the right 
atrium.

Emergency use of ECMO

When sudden decrease of systemic blood pressure, eleva-
tion of pulmonary artery pressure or ventricular fibrillation 
were detected before the valve deployment, arterial and 
venous cannulas were inserted through the already exposed 
peripheral vessels and ECMO support was initiated imme-
diately to stabilize the hemodynamic status.

Elective use of ECMO

We routinely performed right heart catheterization as well 
as coronary angiography before the TAVR procedure. 
In patients with severe pulmonary hypertension (over 
60  mmHg) and/or markedly decreased left ventricular 

ejection fraction (LVEF under 20%), we considered elec-
tive ECMO use during the procedure. Occasionally, the 
access routes for ECMO were surgically exposed even 
before the induction of general anesthesia in extremely 
high-risk patients.

Statistical analysis

Continuous variables obtained in this study are expressed 
as the mean ± standard deviation. Statistical analyses were 
performed with JMP software version 12 (SAS Institute, 
Cary, NC, USA). To compare parameters between the two 
groups, the Student’s t test was used for paired data, and 
the Mann–Whitney U-test was used for nonparametric data. 
Survival analysis was performed using the Kaplan–Meier 
method. A log-rank test was applied for comparisons 
between time-related variables.

Results

Patient characteristics

Baseline patient clinical characteristics, echocardiographic 
and cardiac catheterization variables of both ECMO and 
non-ECMO patients are summarized in Table 1. All of the 
ECMO patients were frail and diminutive females. ECMO 
patients had higher grade of the New York Heart Associa-
tion (NYHA) Functional Class compared to non-ECMO 
patients (3.0 ± 0.8 vs 2.4 ± 0.6, p < 0.01). Although there 
were no significant differences in terms of comorbidities 
except for hypertension, the Society of Thoracic Surgeons 
(STS) predicted risk of mortality score was significantly 
higher in the ECMO group than in non-ECMO group 
(12.2 ± 6.2 vs 7.5 ± 4.1, p = 0.02). Neither the mean LVEF 
nor the transaortic gradient differed significantly between 
two groups, but ECMO patients were more likely to have 
a smaller aortic valve orifice and had a significantly higher 
incidence of mitral and tricuspid insufficiency compared 
to non-ECMO patients (p = 0.01, <0.01, 0.04, respec-
tively). In addition, ECMO patients had significantly higher 
peak pulmonary artery pressure compared to non-ECMO 
patients (50.8 ± 19.2 vs 31.0 ± 7.2  mmHg, p < 0.01). Of 
note, 3 patients (42%) in the ECMO group had severe pul-
monary artery hypertension (over 60 mmHg).

Emergency use of ECMO

Among the 46 patients, emergency ECMO was necessary 
in 4 patients. All of the 4 patients underwent TAVR in 
the first half series of our 46 patients. The details of the 
ECMO patients are summarized in Table  2. Emergency 
ECMO was used because of progressively worsening left 
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ventricular function after pericardiotomy in 2 patients 
with transapical approach. One had moderate pulmo-
nary hypertension preoperatively, and this was gradu-
ally worsening after starting the operation. At the time 
of pericardiotomy, this patient developed severe pulmo-
nary hypertension with severely depressed LV function, 
which did not respond to medical treatment. The other 
patient had depressed left ventricular systolic function 
preoperatively, and developed profound hypotension 
after pericardiectomy, which was also difficult to man-
age medically. These two patients had critical AS with 
extremely high pressure gradient (peak velocity across 
the aortic valve of 6.6 and 4.6  m/s, respectively). The 
other 2 patients required emergency ECMO because they 

developed cardiogenic shock just after balloon aortic val-
vuloplasty (BAV). These two patients required cardiopul-
monary resuscitation before starting ECMO. In 2 cases 
in the early series of introducing TAVR at our institution, 
there were some difficulties upon cannulation because 
we chose relatively large cannulas for both arterial and 
venous lines. Thereafter, we used smaller cannulas for 
the other 5 patients, which made it much easier to estab-
lish ECMO. In one patient, angiogram showed significant 
stenosis of the main trunk of the left coronary artery, then 
percutaneous coronary intervention (PCI) was performed 
under ECMO support. An intra-aortic balloon pump was 
used during the weaning from ECMO in one patient who 
required cardiopulmonary resuscitation before starting 
emergency ECMO.

Table 1   Patients’ preoperative 
characteristics

ECMO extracorporeal membrane oxygenation, NYHA New York Heart Association, STS Society of Tho-
racic Surgeon

ECMO (n = 7) Non ECMO (n = 39) p

Sex (male/female) 0/7 15/24 <0.01
Age (year) 87.3 ± 3.6 85.5 ± 4.5 0.24
Height (cm) 142 ± 5.2 152.3 ± 8.8 <0.01
Weight (kg) 38.1 ± 5.1 49.2 ± 10.3 <0.01
Body mass index (kg/m2) 18.9 ± 3.0 21.9 ± 5.6 0.13
NYHA functional class 3.0 ± 0.8 2.4 ± 0.6 <0.01
STS predicted risk of mortality score (%) 12.2 ± 6.2 7.5 ± 4.1 0.02
Comorbidities (n)
 Chronic obstructive pulmonary disease 3 (42%) 12 (30%) 0.59
 Hypertension 7 (100%) 34 (87%) 0.02
 Hyperlipidemia 6 (85%) 32 (82%) 0.81
 Diabetes mellitus 4 (57%) 9 (23%) 0.15
 Previous myocardial infarction 1 (14%) 1 (3%) 0.44
 Previous percutaneous coronary intervention 4 (57%) 14 (35%) 0.35
 Cerebrovascular disease 2 (28%) 5 (12%) 0.43
 Peripheral arterial disease 2 (28%) 7 (17%) 0.51
 Atrial fibrillation 2 (28%) 8 (20%) 0.69

Previous surgery
 Coronary artery bypass grafting 1 (14%) 0 (0%) 0.35
 Mitral valve replacement 0 (0%) 2 (5%) 0.15

Echocardiography
 Left ventricular ejection fraction (%) 53.1 ± 21.3 62.1 ± 12.0 0.36
 Mean transaortic gradient (mmHg) 62.6 ± 24.3 49.3 ± 13.7 0.19
 Peak transaortic flow velocity (m/s) 5.0 ± 0.9 4.4 ± 0.6 0.09
 Aortic valve orifice area (cm2) 0.44 ± 0.19 0.62 ± 0.13 0.01
 Aortic valve insufficiency (degree) 1.1 ± 0.6 1.0 ± 0.8 0.76
 Mitral valve insufficiency (degree) 1.7 ± 0.7 0.8 ± 0.7 <0.01
 Tricuspid valve insufficiency (degree) 1.5 ± 0.9 0.7 ± 0.7 0.04

Right heart catheterization
 Peak pulmonary artery pressure (mmHg) 50.8 ± 19.2 31.0 ± 7.2 <0.01
 Mean pulmonary artery pressure (mmHg) 30.7 ± 12.9 25.9 ± 5.6 0.04
 Pulmonary capillary wedge pressure (mmHg) 17.7 ± 11.8 11.5 ± 5.7 0.3
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Elective use of ECMO

Reasons for elective ECMO included severe pulmonary 
hypertension in all 3 patients, and 2 of these patients also 
had severely impaired LVEF. Elective ECMO was started 
before BAV in 2 patients and before pericardiotomy in 1 
patient with prior history of coronary artery bypass graft-
ing. The mean bypass time for all ECMO patients was 
52 ± 30  min (range 23–107), with a mean flow index of 
1.8 ± 0.3  L min/m2 (range 1.0–2.2). There were no statis-
tical differences between emergency ECMO and elective 
ECMO patients for these variables. The longest ECMO 
support time was 107 min for a patient with the highest STS 
predicted risk of mortality score of 26%. For this high-risk 
patient, the cannulas for ECMO were inserted before induc-
tion of general anesthesia and ECMO support was started 
just before the insertion of the guide wire from the opposite 
femoral artery into the left ventricle. Following TAVR, this 
patient required PCI for acute embolic occlusion in the left 
anterior descending artery and the first diagonal artery.

Postoperative outcomes

ECMO patients were more likely to undergo TAVR by 
the transapical approach (Table  3). The mean procedure 
time was significantly longer in ECMO patients than in 
non-ECMO patients (200 ± 32 vs 122 ± 30  min, p < 0.01). 
There were no significant differences in perioperative com-
plications between both groups. However, one emergency 
ECMO patient (patient 1 in Table 2) who suffered cardiac 
arrest and needed cardiopulmonary resuscitation during 
the cannulation suffered temporary cerebral hypoxia and 

required prolonged intensive care with mechanical venti-
lation (Table 4). This patient was eventually transferred to 
another facility for further rehabilitation without any signif-
icant neurological sequelae. The 30-day mortality rate was 
0% in all of 46 patients. There was one hospital death in the 
non-ECMO group from sepsis related to refractory pneu-
monia on postoperative day 43. This patient had respiratory 
dysfunction related to a long standing history of pneumoco-
niosis preoperatively. One elective ECMO patient required 
temporary hemodialysis for three days due to acute renal 
failure. There was one patient in each group who needed 
surgical intervention for bleeding: One elective ECMO 
patient underwent video-assisted thoracoscopic surgery 
because of a hemothorax after insertion of a drainage tube 
in the general ward, and one non-ECMO patient needed 
re-exploration for bleeding from the chest wall a few hours 
after TAVR. Repair of the access route was performed for 
one non-ECMO patient three weeks after TAVR because of 
chronic dissection on the right femoral artery. The length of 
hospital stay in ECMO group was significantly longer than 
that in non-ECMO group (38.0 ± 21.2 vs 20.2 ± 9.3  days, 
p < 0.01). Both peak and mean transaortic pressure gradi-
ents were similar and the degree of paravalvular leakage 
did not significantly differ between the ECMO group and 
the non-ECMO group (Table 4).

Median follow-up was 12  months. There were 4 late 
deaths: 1 ECMO patient died of pneumonia 4 months after 
TAVR, and 2 non-ECMO patients died 7 months after the 
surgery because of a brain tumor and liver dysfunction, 
respectively. Another non-ECMO patient died 15 months 
after TAVR due to an unknown cause. Survival at 1, 6, and 
12 months in patients with ECMO and non-ECMO were 

Table 3   Operative variables 
and complications

ECMO extracorporeal membrane oxygenation

ECMO (n = 7) Non ECMO (n = 39) p

Approach
 Transfemoral 1 (14%) 24 (61%) <0.01
 Transapical 6 (85%) 15 (38%) <0.01

SAPIEN valve size
 23 mm 5 (71%) 25 (64%) 0.72
 26 mm 2 (28%) 14 (35%) 0.72

Procedure time (min) 200 ± 32 122 ± 30 <0.01
Contrast medium administration (ml) 97.5 ± 46.2 85.1 ± 22.7 0.55
Fluoroscopy time (minutes) 24.5 ± 15.5 20.9 ± 9.9 0.57
Complications
 Open conversion 0 (0%) 0 (0%) –
 Valve migration 0 (0%) 1 (3%) 0.32
 Coronary artery obstruction 2 (28%) 0 (0%) 0.17
 Bleeding from left ventricular apex 1 (14%) 1 (3%) 0.44
 Atrio-ventricular block 0 (0%) 3 (7%) 0.08
 Access route rupture or dissection 0 (0%) 2 (5%) 0.15
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100 vs 100%, 83.3 vs 97.2%, and 83.3 vs 90.0%, respec-
tively (log-rank p = 0.71) (Fig. 1).

Discussion

The effective use of ECMO during TAVR has been 
described in several articles [8–12]. Although 7 of 46 
patients (15%) at our institution received ECMO dur-
ing TAVR, which was higher than those in other reports, 
our patients showed excellent outcomes. The reason for 
the higher rate of ECMO in the present series is that we 
introduced the use of elective ECMO in patients who 
were judged to be at a high risk of serious complications 

during the TAVR procedure. We instituted this approach 
after we experienced one emergency ECMO patient who 
required cardiopulmonary resuscitation and suffered cere-
bral hypoxia. Because all of the emergency ECMO patients 
were in the early stage of introducing TAVR at our insti-
tution, the heart team experience and learning curve obvi-
ously reduced the use of emergency ECMO later on.

Emergency ECMO introduction was necessary in 8.7% 
of our TAVR patients, which was similar to the rates 
reported in other studies [8, 10, 11]. Emergency ECMO 
is usually introduced to manage life-threatening complica-
tions such as aortic root rupture, ventricular perforation, or 
hemodynamic collapse [8, 11, 12]. In our series, an obvi-
ous reason for impaired left ventricular function is acute 
severe aortic valve regurgitation after BAV. Another pos-
sible cause would relate to irritability on the heart. In our 
emergency ECMO patients, 2 patients showed impaired 
left ventricle after pericardiotomy. Even small opening of 
the pericardium might lead to hemodynamic instability, 
especially in patients with pulmonary hypertension and/or 
depressed LV function. The selection of arterial cannula-
tion site is also very important. In fact, many of the patients 
undergoing TAVR have severe atherosclerotic change in 
the thoracic and abdominal aorta, which would increase 
the risk of cerebral infarction related to retrograde perfu-
sion. In addition, those undergoing transapical approach 
may require alternative cannulation site such as subclavian/
axillary artery, which is difficult to manage on emergency 
basis. To reduce the early mortality in emergency ECMO 
patients, the establishment of a well-organized heart team 
is mandatory. The heart team should have a clear plan in 
case emergency ECMO is required. Before TAVR patients 
arrive in the operating room, the access site for ECMO 
and the size of cannulas for both arterial and venous lines 

Table 4   Early postoperative 
outcomes

ECMO extracorporeal membrane oxygenation

ECMO (n = 7) Non-ECMO (n = 39) p

30-day mortality 0 (0%) 0 (0%) –
Hospital death 0 (0%) 1 (3%) 0.32
Major stroke 0 (0%) 0 (0%) –
Prolonged mechanical ventilation (≥2 days) 1 (14%) 0 (0%) 0.35
Hemodialysis 1 (14%) 0 (0%) 0.35
Myocardial infarction 0 (0%) 0 (0%) –
Major bleeding 1 (14%) 1 (3%) 0.44
Vascular complication 0 (0%) 1 (3%) 0.32
Hospital stay (days) 38.0 ± 21.2 20.2 ± 9.3 <0.01
Echocardiography
 Aortic valve orifice area (cm2) 1.4 ± 0.3 1.6 ± 0.3 0.06
 Peak transaortic gradient (mmHg) 16.7 ± 10.1 19.4 ± 7.2 0.37
 Mean transaortic gradient (mmHg) 8.8 ± 4.4 9.4 ± 3.1 0.69
 Aortic valve insufficiency (degree) 0.7 ± 0.4 0.6 ± 0.5 0.63

Fig. 1   Overall survival after transcatheter aortic valve replace-
ment by Kaplan–Meier analysis. There was no statistical difference 
between ECMO group and non-ECMO group (log-rank p = 0.71)
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should be confirmed among the heart team. This allows the 
team to respond to any serious complications and initiate 
ECMO as quickly as possible. The fact that we had such a 
well-prepared team on hand for all our TAVR cases prob-
ably accounted for the 0% of early (30-day) mortality rate 
in the present series. In 2 of our early cases, we selected 
regular size cannulas, but it was difficult to use these to 
cannulate small Japanese females with a mean body surface 
area of 1.1 m2. Consequently, one of these patients required 
9 min of cardiopulmonary resuscitation before we success-
fully initiated ECMO. As Drews et al. pointed out, the use 
of the smallest cannulas would reduce not only the time 
for cannulation but the risk of vascular complications [10]. 
In fact, our study showed no difference in the pump flow 
according to the size of cannulas for small patients.

Another advantage of ECMO is that it allows the heart 
team to spend adequate time to assess the proper size and 
location of the valve during the procedure. In our experi-
ence, there were some patients in whom we decided the 
size of the valve after BAV. These patients, especially those 
with severe pulmonary hypertension and/or poor LVEF, 
may develop hemodynamic instability due to acute aortic 
insufficiency, which often leads to cardiac arrest. In such 
cases, ECMO support gives the team enough time to pre-
pare and crimp a suitably sized valve.

Recently, some authors have shown the effectiveness of 
elective ECMO support during TAVR [10, 11]. Their rea-
sons for elective ECMO included: (1) severely impaired 
left ventricle function; (2) severe pulmonary hypertension; 
(3) insufficient distance between the coronary artery ostium 
and the aortic valve annulus. In 3 patients in our series, 
ECMO was re-started after weaning because significant 
bleeding from the left ventricular apex was identified where 
the main sheath for TAVR had been inserted in one patient 
and for PCI in other 2 patients. In one of the patients with 
PCI, there was enough distance between both coronary 
ostium and aortic valve in the CT measurement; the valve 
was deployed closely to the left coronary ostium. Another 
patient who required PCI had a markedly reduced LVEF of 
15% and used ECMO for 107 min, which was the longest 
duration in our series. In this case, cannulation for ECMO 
was completed before the induction of general anesthe-
sia and all the steps in TAVR procedure were performed 
under ECMO support. Although the patient was weaned 
off from ECMO, ST elevation on electrocardiogram was 
noted and a coronary angiogram revealed obstruction of 
the left anterior descending artery and the diagonal artery. 
The left main trunk was intact. ECMO was soon re-started 
and PCI for both arteries was successfully performed under 
stable hemodynamic conditions due to ECMO support. We 
reported this case elsewhere [13].

It must be noted, however, that the ECMO patients 
in our series required significantly longer hospital stays 

than non-ECMO patients (38.0 ± 21.2 vs 20.2 ± 9.3 days, 
p < 0.01). As Unbehaun et al. reported, although the TAVR 
procedure in extremely high-risk patients can be achieved 
in a safe and stable manner under ECMO support, ECMO 
patients who had severe pulmonary hypertension preop-
eratively required prolonged ventilator support and respira-
tory rehabilitation as a consequence [9]. Another possible 
reason for this difference is that the ECMO patients were 
more likely to undergo TAVR via a transapical approach 
in our series. Many elderly female Japanese patients are 
small and have skeletal malformation such as kyphosis, 
which results in narrow intercostal space. Consequently, 
when the transapical approach was selected in our series, 
these patients likely suffered rib fractures in the left chest 
wall. Therefore, the patients tended to stay in the hospital 
longer for rehabilitation and pain control. We are currently 
working on making smaller incisions (less than 5 cm) and 
trying to avoid rib fracture in the transapical approach, 
which should shorten hospital stays. As some authors have 
reported, experience and advancement of devices should 
reduce procedure-related complications [14, 15].

Limitations

The limitations of this study include the small number of 
patients and the relatively short follow-up period. Fur-
thermore, the learning curve of the surgical team should 
be taken into account. Another limitation is that only one 
commercially available prosthesis was implanted in this 
study. Other devices may yield different outcomes.

Conclusions

We achieved excellent outcomes for TAVR with or without 
ECMO support in the present cohort. The use of ECMO in 
very high-risk patients may increase safety and contribute 
to favorable outcomes.
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