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Goal No. 2: Keep Hemoglobin >10 g/dL and 
Oxygenation >90%

Using right atrial pressure as a guide, it is important to avoid 
excessive volume loading and RV distension as this may set 
up a cycle of worsening RV wall stress, ischemia, leftward 
septal shift and compromise LV filling through ventricular 
interdependence.

Goal No. 3: Avoid RV Distension
In PH, the noncompliant, dilated RV depends on atrial con-
tractions to maintain RV systolic function. Maintenance of 
sinus rhythm and atrioventricular synchrony with a heart rate 
between 60 and 100 bpm is key.

Goal No. 4: Maintain Sinus Rhythm With 
Heart Rates of 60 to 100 bpm

Ventilation Strategies
In patients with acute respiratory distress syndrome, an RV-
protective ventilation is often used and it is conceivable that 
such strategy would have a beneficial effect in patients with 
severe PH. The overall goal in both clinical scenarios is to 
avoid an increase in pulmonary vascular resistance (ie, hyper-
capnia, acidosis, and hypoxia). If the pulmonary pressures 
are dynamic (ie, not fixed), relative hyperoxia and hypocar-
bia (arterial CO

2
 ≈32–35 mm Hg) may decrease the PAP and 

partially unload the RV. In addition, as noted above the RV 
exposed to PH is preload dependent. Attention must be paid 

to the effects of positive pressure ventilation on this preload. 
Bouferrache et al24 proposed plateau pressures of <27 cmH2O, 
a low level positive end-expiratory pressure of <7 cmH2O, 
avoidance of intrinsic positive end-expiratory pressure, and 
the control of hypercapnia.

Goal No. 5: RV Protective Ventilation (Plateau 
Pressure <27 cmH2O, Positive End-Expiratory 

Pressure <7 cmH2O
Dr Gössl: What medical options are in your arsenal?

Dr Kane and Dr Mauermann: There is a multitude of PH 
medications available per os, intravenously or inhaled that 
have been tested in clinical trials primarily in the outpatient 
arena. Although these PH-targeted therapies are relatively 
specific pulmonary artery vasodilators, their long-term benefit 
is more probably accrued through reverse remodeling of the 
pulmonary vasculature with secondary unloading of the right 
heart rather than a vasodilatory action (Table 4). In patients 
treated with PAH-specific therapies, it is critical to continue 
these therapies uninterrupted in the perioperative period to 
avoid the potential for acute pulmonary hypertensive crisis.25

Use of PAH-specific therapies in the setting of acute RV 
failure for subjects with PH has not been well studied. Short 
acting titratable therapies with least potential for systemic 
hypotension are preferable. Inhaled NO leads to pulmonary 
vasodilation, decreased PAP, and pulmonary vascular resis-
tance by increasing intracellular cyclic guanosine mono-
phosphate. Because of its rapid deactivation (binding to both 
oxyhemoglobin and deoxyhemoglobin), there are no systemic 
vasodilatory effects. Because of its additive effects on the pul-
monary vasculature, it can be nicely combined with milrinone 
and dobutamine.26,27 Abrupt discontinuation of inhaled NO 
can lead to significant rebound PH,28 it should, therefore, be 
weaned off slowly with close attention to hemodynamics.

For the dilated or dysfunctional RV, a combination of an 
inotrope (epinephrine) with an inhaled pulmonary vasodilator 
that has no systemic effects (NO) may be ideal. In PH, we do 
not have PA antihypertensives where one size fits all. Therapy 
may need to be tailored for the underlying mechanism of PH. 

Table 2. Laboratory Data

WBC 7.4×(10)3/μL

RBC 12.7×(10)3/μL

Platelet 275×(10)3/μL

Creatinine 1.19 mg/dL

GFR (Cockcroft–Gault) 36 mL/min per 1.7m2

Potassium/Sodium 141/3.9 mmol/L

GFR indicates glomerular filtration rate; RBC, red blood cell; and WBC, white 
blood cell.

Figure 2. OBSERVANT risk scoring system for the prediction of 30-day mortality (left) and bedside chart for estimation of 30-day mortality 
(right). BAV indicates balloon aortic valvuloplasty; CI, confidence interval; GFR, glomerular filtration rate; LVEF, left ventricular ejection frac-
tion; and OBSERVANT, Observational Study of Appropriateness, Efficacy and Effectiveness of AVR-TAVR Procedures for the Treatment of 
Severe Symptomatic Aortic Stenosis. Reprinted from Capodanno et al12 with permission of the publisher. Copyright ©2014, Elsevier Inc.
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Certainly precapillary PH, particularly PAH (Group 1 PH) may 
respond to PA vasodilator therapy, however, in other forms of 
precapillary PH such as PH related to hypoxia or parenchymal 
lung disease (group 3 PH, such as chronic obstructive pul-
monary disease or pulmonary fibrosis) PA vasodilator therapy 
may significantly worsen oxygenation through an exacerba-
tion of ventilation–perfusion mismatch. This is important to 
recognize, as this is a common cause of PH in patients with 
TAVR. In postcapillary PH (group 2 PH), selective PA vaso-
dilation may actually lead to a rise in left atrial pressure and 
a tendency to cause pulmonary edema. The prediction of how 
the individual may respond is often difficult.

Dr Gössl: So what about inotropes?
Dr Kane and Dr Mauermann: Vasopressor or inotrope 

support may be needed in the perioperative and postoperative 

phase of these critically ill patients. Table 4 summarizes gen-
erally available vasopressors/inotropes and their theoretical 
effect on hemodynamics, RV contractility, and both the sys-
temic and pulmonary vasculature. Typically, they are used in 
combination where the actions of one may be balanced against 
the actions of the other with a view to maximizing benefit.

Dr Gössl: Is there a role for RV support devices?
Dr Kane: The results for the Impella RP (Abiomed Inc, 

Danvers, MA), a new percutaneous ventricular assist device 
for RV failure (A Prospective, Multicenter Study to Evaluate 
a New Percutaneous Ventricular Assist Device for Right 
Ventricular Failure [RECOVER RIGHT] study) are promis-
ing, this and other devices, however, will need to be tested in 
TAVR patients with RV failure in future clinical trials. It is 
important to note that assist devices tend to work better in the 
setting of a lower resistance.

Dr Holmes: In addition to the above-mentioned ino-pres-
sors as well as vasodilator support, diuresis with the goal of 
unloading the RV is an important component of the intensive 
care therapy.

Dr Gössl: Is it reasonable to recommend monitoring with 
a Swan Ganz pulmonary catheter?

Dr Mauermann and Kane: Swan Ganz monitoring can be 
helpful, the use of such a catheter, however, is not without risk. 
Patients with severe PH are at increased risk of pulmonary 

Figure 3. French Aortic National CoreValve and Edwards (FRANCE) 2 risk score. Left, Predictive factors and respective point score. 
Right, Relationship between the score value and predicted early mortality after transcatheter aortic valve implantation. BMI indicates 
body mass index; and CI, confidence interval. Reprinted from Iung et al13 with permission of the publisher. Copyright ©2014, BMJ Pub-
lishing Group Ltd and the British Cardiovascular Society.

Table 3. LV and RV Coronary Perfusion

Systolic BP, 
mm Hg

Diastolic BP, 
mm Hg

CPP Systole, 
mm Hg

CPP Diastole, 
mm Hg

RV 25 5 95 75

LV 120 5 0 75

Ao 120 80 … …

Ao indicates aorta; BP, blood pressure; CPP, coronary perfusion pressure; 
LV, left ventricle; and RV, right ventricle. Reprinted from Hosseinian20 with 
permission of the publisher. Copyright ©2014, Elsevier Inc. 
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artery rupture during Swan Ganz catheterization.29 If one 
avoids wedging the catheter, this risk is likely low and prob-
ably outweighed by the benefits. However, one must be careful 
to avoid focusing too much on the PA pressures. RV function is 
frequently the determinant of outcome rather than PA pressure. 
Ultimately, the most useful parameters to follow will include 
systemic blood pressure, oxygenation status, cardiac output, 
and right atrial pressure. Bedside echocardiographic evaluation 
of the right heart size and function can also be helpful.

Dr Gössl: Dr Holmes, do you see a potential usefulness of 
self-expandable, repositionable TAVR valves in cases similar 
to ours?

Dr Holmes: The future valve designs will continue to become 
smaller and facilitate easier transfemoral access or transapical 
approaches using percutaneous techniques and closure devices. 
In addition, we will see more valves that can be safely and reli-
ably implanted without the need for rapid ventricular pacing. 
As was seen in the patient here, rapid ventricular pacing may be 
poorly tolerated particularly if it has to be repeated because of 
problems with the optimal implantation site.

Dr Gössl: Dr Mauermann, do you see an advantage 
between general anesthesia versus local analgesia?

Dr Mauermann: The choice of general anesthesia versus 
monitored anesthesia care with sedation seems to be largely 
an institutional preference and based on the depth of experi-
ence.30,31 One benefit of general anesthesia is that it allows 
for prolonged imaging with transesophageal echocardiogra-
phy. At least 1 group has described continuous transesopha-
geal echocardiography monitoring while administering 

noninvasive ventilation by placing the probe through an 
opening created in a face mask.32 However, the benefits of 
this approach are unclear. Although it may seem intuitively 
beneficial to perform high-risk cases with sedation only, one 
must be careful to avoid hypercarbia or hypoxia which may 
exacerbate the PH. In addition, the relative hyperoxia, hypo-
carbia, and vasodilation from a general anesthetic often 
times has a salutary effect on the PAPs during the procedure.

Dr Gössl: Do we need to consider futility in patients like 
the one we present here with multiple comorbidities?

Dr Holmes: A recent review addressing futility in 
patients with TAVR highlights severe PH as 1 of the high risk 
indicators among others like high STS scores (>15), severely 
impaired LV function and frailty.33 With the recent addition 
of risk scores that incorporate these TAVR-specific risks, the 
heart team should have a detailed discussion with patients 
and their families about risks and benefits of the procedure.

Clinical Outcome
After the start of anesthesia and with inhaled NO at 20 ppm, 
our patient’s systemic blood pressure was well controlled 
and her mean PAP 35 mm Hg. Even with our brief test run 
of the temporary pacemaker with only 100 bpm, our patient 
showed significant hypotension and had a slow recovery 
of her blood pressure with norepinephrine. We, therefore, 
decided to implant the Edwards Sapien valve without pre-
vious balloon aortic valvuloplasty. As expected, our patient 
did not tolerate rapid pacing during valve deployment well 

Figure 4. Complexity of hemodynamics in pulmonary hypertension (PH).20 The anesthestic management of PH requires maintenance of 
right ventriclular (RV) contractility, avoidance of hypotension and hypervolemia, and elevations of pulmonary artery pressure (PAP). CPP 
indicates coronary perfusion pressure; FRC, functional residual capacity; LV, left ventricle; PA, pulmonary artery; and RR, respiratory rate. 
Reprinted from Hosseinian et al20 with permission of the publisher. Copyright ©2014, Elsevier Inc.
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(despite inhaled NO as well as low dose milrinone and epi-
nephrine support). She went into PEA arrest and required 
≈1 minute of chest compressions and high dose ino-pressor 
support after valve deployment. After TAVR, her mean PAP 
did not significantly change and she remained on inhaled 
NO, intermittent intravenous isoprotenerol, epinephrine, and 
milrinone for hemodynamic support, she was diuresed with 
intravenous Lasix. She spent a total of 3 weeks in our inten-
sive care unit because of the fact that weaning her off venti-
lation was difficult with fast deterioration of hemodynamics.

Our patient and her family are happy about the clinical 
result, she is no longer short of breath and, therefore, feels an 
increased quality of life which was ultimately our main goal. 
Her 1-month follow-up echocardiogram showed a normal LV 
systolic function of 65%, normal RV size and function and an 
estimated systolic PAP of 75 mm Hg (unchanged from pre-
TAVR exams).

Disclosures
None.
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