The

ELSEVIER

CONSENSUS STATEMENT

ISHLT consensus statement: Perioperative
management of patients with pulmonary
hypertension and right heart failure undergoing

surgery

Dana P. McGlothlin, MD,? John Granton, MD,” Walter Klepetko, MD,“
Maurice Beghetti, MD, Erika B. Rosenzweig, MD, ® Paul A. Corris, MD,’
Evelyn Horn, MD,? Manreet K. Kanwar, MD," Karen McRae, MD,"

Antonio Roman, MD,’ Ryan Tedford, MD,’ Roberto Badagliacca, MD,"
Sonja Bartolome, MD,' Raymond Benza, MD,™ Marco Caccamo, DO,"
Rebecca Cogswell, MD,° Celine Dewachter, MD,” Laura Donahoe, MD,”
Elie Fadel, MD, PhD,“ Harrison W. Farber, MD," Jeffrey Feinstein, MD,”
Veronica Franco, MD,™ Robert Frantz, MD," Michael Gatzoulis, MD,"
Choon Hwa (Anne) Goh, MD,® Marco Guazzi, MD," Georg Hansmann, MD,"
Stuart Hastings, MD,” Paul M. Heerdt, MD, PhD,” Anna Hemnes, MD,”
Antoine Herpain, MD,” Chih-Hsin Hsu, MD,* Kim Kerr, MD,""

Nicholas A. Kolaitis, MD,“ Jasleen Kukreja, MD,® Michael Madani, MD,"”
Stuart McCluskey, MD,” Michael McCulloch, MD,“ Bernhard Moser, MD,°
Manchula Navaratnam, MD,° Goran Radegran, MD,* Cara Reimer, MD,"
Laurent Savale, MD," Oksana A. Shlobin, MD,%¢ Jana Svetlichnaya, MD,?
Keith Swetz, MD,™" Jess1ca Tashjian, MD,” Thenappan Thenappan, MD,°
Carmine Dario Vizza, MD," Shawn West, MD,"" Warren Zuckerman, MD,”
Andreas Zuckermann, MD,“ and Teresa De Marco, MD**

From the “Kaiser Permanente San Francisco, San Francisco, California; bUniversity of Toronto, Toronto, Ontario, Can-
ada; “Medical University of Vienna, Vienna, Austria; AChildren’s University of Geneva, University of Geneva, Geneva,
Switzerland; ‘Columbia University Medical Center, New York Presbyterian Hospital, New York, New York; INewcastle
University, Newcastle upon Tyne, UK; *Weill Cornell Graduate School of Medical Sciences, Cornell University, New
York, New York; hAllegheny Health Network, Pittsburgh, Pennsylvania; iHospital Universitari Vall d’Hebron, Barcelona,
Spain.; Medical University of South Carolina, Charleston, South Carolina; kSapienza University of Rome, Rome, Italy;
]University of Texas Southwestern Medical Center, Dallas, Texas; " Ohio State University, Columbus, Ohio; "West Virginia
University, Morgantown, West Virginia; °University of Minnesota Medical School, Minneapolis, Minnesota; "Hopital
Erasme, Brussels, Belgium; ‘Hopital Marie Lannelongue and Université Paris-Sud, Paris, France; "Tufts Medical Center,
Boston, Massachusetts; *Stanford University Medical Center, Lucile Packard Children’s Hospital, Palo Alto, California;
‘Mayo Clinic, Rochester, Minnesota; “Royal Brompton and Harefield NHS Trust, and the National Heart and Lung Insti-
tute, Imperial College London, London, UK; “San Paolo Hospital, University of Milano, Milano, Italy; "' Hannover Medical
School, Hannover, Germany, “Alfred Hospital and Monash University, Melbourne, Victoria, Australia; *Yale New Haven
Hospital and Yale School of Medicine, New Haven, Connecticut;, “Vanderbilt University Medical Center, Nashville, Ten-
nessee; ““National Cheng Kung University Hospital, College of Medicine, National Cheng Kung University, Tainan, Tai-
wan; ®PUniversity of California San Diego, San Diego, California; “University of California San Francisco, San

1053-2498/$ - see front matter © 2022 International Society for Heart and Lung Transplantation. All rights reserved.
https://doi.org/10.1016/j.healun.2022.06.013

Journal of

Heart and Lung
Transplantation

http://www jhltonline.org

N
@ CrossMark


http://crossmark.crossref.org/dialog/?doi=10.1016/j.healun.2022.06.013&domain=pdf
https://doi.org/10.1016/j.healun.2022.06.013
http://www.jhltonline.org

1136 The Journal of Heart and Lung Transplantation, Vol 41, No 9, September 2022

Francisco, California; “University of Virginia Children’s Hospital, Charottsville, VA; “*Lund University, and Skane Uni-
versity Hospital, Lund, Sweden; HUniversité Paris —Saclay;, INSERM UMR_S 999; Assistance Publique Hopitaux de Paris
Hoépital Bicétre, Hopital Marie Lannelongue, Le Plessis Robinson, France; **Inova Fairfax Hospital, Falls Church, Vir-
ginia; "University of Alabama at Birmingham School of Medicine, Birmingham, Alabama; "Children’s Hospital of Pitts-
burgh of UPMC, Pittsburgh, Pennsylvania; and the “Columbia University Medical Center, Morgan Stanley Children’s

Hospital of New York, New York, New York.

KEYWORDS:
pulmonary
hypertension;
pulmonary arterial
hypertension;
surgery;
anesthesia;
congenital heart
disease;

Pulmonary hypertension (PH) is a risk factor for morbidity and mortality in patients undergoing sur-
gery and anesthesia. This document represents the first international consensus statement for the peri-
operative management of patients with pulmonary hypertension and right heart failure. It includes
recommendations for managing patients with PH being considered for surgery, including preoperative
risk assessment, planning, intra- and postoperative monitoring and management strategies that can
improve outcomes in this vulnerable population. This is a comprehensive document that includes com-
mon perioperative patient populations and surgical procedures with unique considerations.
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pediatric pulmonary
hypertension

Pulmonary hypertension (PH) is a risk factor for morbid-
ity and mortality in patients undergoing surgery and anes-
thesia. Successful management of the perioperative patient
with PH is complex. It requires a thorough understanding
of the pathophysiology of PH and right ventricular (RV)
failure, as well as building a safety net preoperatively to
mitigate the risks of surgery and improve outcomes. This
approach includes ensuring accurate diagnostic classifica-
tion of PH based upon the World Health Organization
(WHO) clinical and hemodynamic classification of PH'
(Figure 1), assessment of the patient’s functional status and
disease severity, evaluation of the risks vs benefits of anes-
thesia and surgery, development of a perioperative plan
with a multidisciplinary team, preoperative hemodynamic
optimization, and vigilant postoperative monitoring for the
early recognition and treatment of any postoperative com-
plications (Figure 2). Additionally, determination of the
best location for surgery to occur (particularly for non-car-
diac surgery) is important given data that suggests patients
with WHO Group 1 pulmonary arterial hypertension (PAH)
benefit from having surgery in a center with experienced
PH providers’—an approach that has been advocated in
recent guidelines.’

In the absence of robust literature to form clinical prac-
tice guidelines, this statement represents the consensus of
international experts in the field on the perioperative evalu-
ation and management for patients with a spectrum of PH
etiologies undergoing various types of surgeries and proce-
dures, including non-cardiac and cardiac surgeries, cardio-
thoracic and abdominal organ transplantation, surgery for
acute and chronic pulmonary embolism, and procedures in
children and adult congenital heart disease patients with
PH. It is meant to serve as a guide for physicians, surgeons,
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anesthesiologists, and other providers who manage these
patients.

Preoperative evaluation and management of
patients with PH

Risk assessment

A fundamental risk for patients with PH during and after
surgery and anesthesia is the inability of a dysfunctional
RV to accommodate to rapid changes in ventricular pre-
load, afterload and contractility to provide adequate left
ventricular preload and meet systemic oxygen demands.
Volume shifts, anesthetic agents, mechanical ventilation,
and changes in sympathetic tone can precipitate worsening
PH, RV ischemia, or RV dysfunction“/l’6 and lead to a cas-
cade of hypotension, arrhythmias, metabolic acidosis, mul-
tiorgan failure, and death. These events often occur within
the first 48 to 72 hours after surgery.

Risks vary with different surgeries, etiologies of PH,
comorbidities, and the spectrum of clinical status among
patients with PH. Risk assessment therefore demands a
comprehensive approach to the preoperative evaluation of
patients in order to prevent excessive peri-procedural mor-
bidity and mortality. We strongly recommend a systematic
preoperative risk assessment be performed and that an indi-
vidualized perioperative plan be developed by a multidisci-
plinary team for all patients with WHO Groups 1 (PAH)
and 4 (chronic thromboembolic pulmonary hypertension
[CTEPH]) PH as well as other etiologies of PH when the
PH is significant and RV dysfunction present. Even minor
procedures requiring conscious sedation should be
approached cautiously in patients with severe PAH and
efforts to mitigate risk enacted.

Preoperative risk assessment should start with well-
established general cardiac/non-cardiac perioperative risk
assessment algorithms, and consider several factors that are
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Clinical Classification (aka WHO Group) Hemodynamic Definitions
Definitions Characteristics Clinical Groups
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Group 1 Pulmonary arterial hypertension (PAH) Pre-capillary PH mPAP>20 1,3,4,5
PCWP<15
Group 2 PH due to Left Heart Disease PVR>3
Group 3  PH due to Lung Diseases and/or Hypoxemia Post-capillary PH  mPAP>20 71
(IpcPH) PCWP>15
Group4 PH due to Pulmonary Artery Obstructions PVR<3
Group 5 PH with unclear and/or multifactorial Combined pre- mPAP>20 2,5
mechanisms and post-capillary PCWP>15
PH (CpcPH) PVR>3

Figure 1
capillary wedge pressure ; PVR, pulmonary vascular resistance.
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Figure 2 Recipe for successful perioperative outcome.

germane to patients with PH, including the type and
urgency of surgery, patient’s functional status, etiology and
severity of PH, RV function, and patient comorbidities.
Unless the surgery is urgently needed, patients with previ-
ously undiagnosed PH should have an expedited evaluation
to establish the pathologic etiology of PH (i.e., WHO clini-
cal classification), assess disease severity, and guide treat-
ment for PH following evidence-based PH guidelines.’
Emergency procedures,”’ American society of anes-
thesiologists class > 2,'” intermediate or high risk
surgery,™”'" longer duration of surgery and anesthesia (>3
hours),g’ll coronary artery disease,g’lo chronic renal insuffi-
ciency,'” history of pulmonary embolism,"' NYHA Func-
tional Class > 2,'' RV dysfunction,'' and hemodynamic
derangement™'" are established risk factors for periopera-
tive morbidity/mortality in patients with PH undergoing
general surgery. Intermediate to high-risk procedures in
patients with PH are those that involve general anesthesia
and/or the potential for rapid blood loss (e.g., organ

Hemodynamic and clinical classifications of PH. Abbreviations: mPAP, mean pulmonary artery pressure ; PCWP, pulmonary

Table 1  Surgery Specific Risks

Lowest Risk Procedures

Procedures with local anesthesia for minor procedures

Dermatologic surgeries

Low Risk Surgeries

Dermatologic surgeries

Endoscopic procedures

Cataract surgery

Breast surgery

Intermediate Risk Surgeries

Carotid endarterectomy

Head and neck surgery

Gynecologic surgery

GI/abdominal surgery

Orthopedic surgery

Prostate surgery

High Risk Surgeries

Emergent major surgery

Cardiovascular surgery

Liver transplantation

Any operation with anticipated large fluid shifts and/or blood
loss

transplantation, vascular surgery), significant perioperative
systemic inflammatory response (e.g., cardiopulmonary
bypass), venous air embolism, carbon dioxide (CO2) (e.g.,
laparoscopic surgery), fat or cement emboli (e.g., orthope-
dic surgery), and reduction in the pulmonary vasculature
(e.g., lung resection). Table 1.

The preoperative evaluation (Figure 3) should include a
detailed history, including elicitation of PH related symp-
toms of exertional dyspnea, chest discomfort, and/or pre-
syncope/syncope to determine functional status. A thorough
physical examination with particular attention to signs of
RV failure (RVF) is required. Preoperative testing in
patients with PH should be done within 2 weeks of elective
surgery and include natriuretic peptide level (correlates
with severity of disease in PAH and heart failure) along
with basic chemistry (especially renal function),
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* History:
* Determine Functional Classification
* Exertional SOB, CP, syncope to determine FC

* Physical Exam:

WHO Functional Classification

Class Description

No limitation of physical activity; ordinary
physical activity does not cause undue dyspnea
or fatigue, chest pain, or near syncope

* Look for signs of RHF
* Elevated JVP, RV gallop, TR mumur, ascites,
edfc_alllma, cool periphery, reduced capillary
refi

Slight limitation of physical activity; no
discomfort at rest; ordinary physical activity
causes undue dyspnea or fatigue, chest pain, or
near syncope

* Tests:

* BNP, basic chemistry, CBC, coagulation
panel

* CXR, ECG

Marked limitation of physical activity; no
discomfort at rest; less than ordinary activity
causes undue dyspnea or fatigue, chest pain, or
near syncope

* 6 min walk test/CPET
* Echo within 2 weeks
* RHC in selected patients

Unable to carry out any physical activity without
symptoms; signs of right-heart failure; dyspnea
and/or fatigue may be present at rest; discomfort
is increased by any physical activity

Figure 3

coagulation panel, chest X-ray, ECG, 6 minute walk test, and
an echocardiogram with detailed attention to the right ventri-
cle. Measures of RV size and function, including tricuspid
annular plane systolic excursion (TAPSE) and RV S’, degree
of interventricular septal flattening from RV volume and
pressure overload, and an estimate of the pulmonary artery
systolic pressure (PASP) by echocardiography are helpful to
identify patients with more severe PH and RV dysfunction
who may be at greater risk. An estimate of physiological
reserve can also inform risk. Patients with PAH and a 6-min-
ute walk distance <399 m at the last preoperative assessment
are at higher risk of major postoperative complications.'>
Preoperative right heart catheterization (RHC) should be con-
sidered in patients with clinical evidence of severe PH and
RV dysfunction and/or planned high risk operation. Table 2.
The prognostic scoring systems for PAH from the Euro-
pean Respiratory and European Cardiology Society and the
United States Registry to Evaluate Early And Long-term
PAH Disease Management, may also be helpful to gener-

Table 2  PH Specific Risk Assessment Tools

Preoperative assessment checklist.

ally assess disease severity in patients with WHO Group 1
PAH,'*""> however their perioperative utility has not been
assessed nor have they been validated in patients with non-
WHO Group 1 PH.

In high perioperative risk situations, surgery should be
performed at a center with the expertise (PH specialists, CV
anesthesiologists, intensivists) and resources (inhaled nitric
oxide, extracorporeal membrane oxygenation [ECMO]) to
effectively manage the patient postoperatively should com-
plications arise. This may entail transfer to a tertiary care
center, and if this is not feasible then urgent consultation
with a PH expert center for management recommendations
can be helpful. If time permits, medical and hemodynamic
optimization should be attempted prior to surgery in
patients with evidence of decompensated disease.

Very low risk procedures that involve minimal sedation
and analgesia, such as cataract and dental surgeries, do not
generally require a full reassessment of PH disease severity.
However, for patients with advanced PH, recommendations

Low risk

High risk

Clinical symptoms/signs
RHF
Functional class
Exercise capacity

None
I/I1

6 mwd > 400 meters

CPET Peak V02 > 15 ml/min/kg™ VE/VCO2 slope < 36.0
Imaging

(echo, MRI) Normal RV size & function Normal RA size

Hemodynamics RAP < 8, CI > 2.5, Sv02 > 65%, RVSP/SBP < 0.33

Biomarkers (ng/liter)
PAH risk score

BNP < 50, NT-pro BNP < 300
Low risk

Present
II1/1vV

< 165 meters
Peak V02 < 11 ml/min/kg™* VE/VCO2 slope > 45.0

Markedly dilated RV, RV dysfunction Severe RAE,
pericardial effusion

RAP > 14, (CI < 2.0, Sv02 < 60%, mPAP > 35 mm Hg,
RVSP/SBP > 0.66

BNP > 300, NT-pro BNP > 400

High risk

BNP, brain type natriuretic peptide; CI, cardiac index; mPAP, mean pulmonary artery pressure; RA, right atrium; RAE, right atrial enlargement; RAP,
right atrial pressure; RV, right ventricle; RVSP, right ventricular systolic pressure; SBP, systolic blood pressure; Sv02, systemic venous 02 saturation; VE/
VC02, minute ventilation/carbon dioxide production; V02, maximal oxygen consumption; .
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to avoid nitrous oxide (reports suggest it can increase PVR)
and epinephrine (may be proarrhythmic) along with mini-
mizing oral sedation usually suffice.

Endoscopic procedures require sedation, which can cause
hemodynamic and respiratory compromise if not approached
with caution. Upper endoscopy is generally well tolerated
and can often performed at the local facility. Recommenda-
tions for this procedure typically include administration of
minimal sedation and close hemodynamic and respiratory
monitoring. In urgent, higher risk cases (e.g., active GI bleed-
ing in a patient with uncontrolled PH and RV/respiratory fail-
ure or Eisenmenger Syndrome), an anesthesiologist should be
involved. Colonoscopy involves deeper sedation and there-
fore greater risk of cardiorespiratory compromise. Thus, in
very high-risk PH patients, especially those with baseline
severe PH/RV and respiratory failure, performing the proce-
dure at a tertiary care center with anesthesia and PH expertise
is most prudent. In some cases, the risks of the procedure
may outweigh its potential benefits.

Absolute contraindications for surgery in patients with
PH cannot be provided since the balance of relative risks vs

Table 3  Key Perioperative Questions to Answer

benefits always needs to be considered, and ultimately the
decision to proceed will be informed by the urgency of the
procedure, prognosis of PH relative to the condition being
addressed surgically (e.g., cancer), capability of altering
risk by optimizing their PH and RV function, and patient
preferences.

Table 3 lists key perioperative questions to answer
preoperatively.

Multidisciplinary planning for the PH patient
undergoing surgery

Carefully planned non-emergency surgery has better out-
comes in patients with PH.* In order to achieve the best out-
comes, the management team must be organized, proficient
with knowledge and skills, and effective in communication.
The PH specialist, anesthesiologist, and surgeon are at the
core of the multidisciplinary group to develop an individual-
ized perioperative plan and ensure clear communication of
the plan with the respective team members (Figure 4).

*Do the benefits of the surgery outweigh the patient specific and surgery associated risks of the procedure?

oI5 the patient medically optimized or are additional procedures and treatment needed?

eWhat is the urgency of surgery (e.g., is there time for optimization of PH/RV function)?

oShould the procedure be moved from its usual location to a tertiary location (e.g., available CV anesthesia, PH expertise, PAH meds,

ECMO capabilities)?
eWhat is the intra- and postoperative monitoring plan?

e How should anesthesia staffing be allocated (CV vs general anesthesiology)?

oIs the patient a candidate for ECMO?

eWhat is the optimal postoperative disposition (e.g., postoperative recovery in ICU for 48 hours or more)?

eWhat is the plan for managing chronic PAH therapies?

(“PH disease phenotyping
*Preoperative risk
assessment
*Weigh risk vs benefit of
surgery
*Preop optimization
*Coordination of care

PH
Specialist/Team

*Urgency of surgery
-ldentify surgeon at PH
center when indicated

*Surgical technique

\ P

Figure 4

Anesthesiologist

*Anesthetic approach
*Intraoperative monitoring
*Intraoperativemedication
management

*Consider epidural for post-
op pain management plan

*Duration of ICU monitoring
*Nursing, RT, pharmacy
capabilities for PH meds
*Non-enteric PAHmedication
administration

*ECMO suitability/capability /

Preoperative multidisciplinary communications and planning: the core team.
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Multidisciplinary team

PH specialist. The role of the PH specialist is to perform
a thorough preoperative evaluation for disease phenotyp-
ing and risk assessment, help weigh the risks vs benefits
of surgery, provide timely and effective communication
with the surgeon and anesthesiologist to determine the
urgency and best location for surgery, discuss intraoper-
ative monitoring and medical management considera-
tions with the anesthesiologist, consider potential need
and patient candidacy for ECMO and communicate with
the appropriate teams, optimize the patient’s clinical and
hemodynamic status preoperatively, and participate in
the postoperative care and management based on institu-
tional practices.

Importantly, preoperative plans for the perioperative
administration of chronic PAH specific therapies for
patients with PAH and CTEPH should be discussed with
the anesthesiologist and intensive care unit (ICU) team,
including the logistics of continuing chronic infused and
inhaled prostacyclin analogues as well as options for non-
enteral PAH drug administration while NPO.

Anesthesiologist. The anesthesiologist assesses patient and
surgical/anesthesia risk, taking into account the severity of
PH and RV dysfunction. The anesthesiologist, along with
input from the PH specialist and surgeon determine appro-
priate intraoperative anesthesia plans including who should
be present (institutions may have gradations of general, car-
diac or intensivist anesthesiologists), preferred anesthetic
modality, monitoring, fluid administration, ventilation strat-
egy, additive pulmonary vasodilators (e.g., iNO and/or
chronic infused prostacyclin analogues) and preferred ino-
pressor use tailored to the patient’s PH phenotype and
hemodynamics. The anesthesiologist in concert with the
surgical team should give a in-person sign over to the inten-
sivist and/or PH specialist immediately after surgery to
report intraoperative events that could affect the postopera-
tive course.

Surgeon. The surgeon determines the need and urgency for
surgery. Along with the anesthesiologist and PH specialist,
the surgeon assesses the balance of anticipated benefits vs
associated risks of surgery and determines the best location
for surgery (this may be at a tertiary care center with CV
anesthesia and PH expertise availability requiring a change
in surgeon). The surgeon decides the surgical approach,
along with input from the anesthesiologist in some cases
(e.g., laparoscopic, robotic, minimally invasive or open pro-
cedures), and coordinates with the PH specialist on the tim-
ing of surgery in elective cases.

Intensivist. The risk of death from acute decompensated
RV failure (ADRVF) in patients with PAH is highest within
48 to 72 hours of the procedure.”'” If the preoperative eval-
uation revealed intermediate to high PH-related morbidity/
mortality risk, or if the surgery is emergent or prolonged,
planned postoperative recovery in the ICU for 24 to
72 hours is advised. The role of the intensivist is to be

vigilant for signs of worsened PH and/or decompensated
RV, rapidly treat precipitating factors”'® and activate the
multidisciplinary team if cardiogenic shock occurs. Close
communication with the PH specialist is essential, particu-
larly before changing or stopping PAH medications, and
provide input into decision to use pharmacological or
mechanical rescue strategies. The intensivist should be
familiar with PAH therapies if managing WHO Group 1
PH patients. The half-life of agents varies, but typically is
minutes to hours for prostanoids. A potential for rebound
pulmonary vasoconstriction and PH crisis can occur after
abrupt discontinuation, thus underscoring the importance of
avoiding any interruption.”’

Pharmacists. Pharmacists play a vital role in the care of the
PH population (particularly for patients with PAH) during
the postoperative period.'” The PH pharmacy specialist
may serve as a liaison to communicate the plan of care, con-
cerns and recommendations among specialists. Further,
they alert the PH specialist if the patient is unable to take
oral PAH medications and alternatives need to be identified.
The complexity of parenteral prostanoids leads to particu-
larly high risk with medication errors, including accidental
flushing of the dedicated line, incorrect dosing (calculation,
compounding, or ordering errors), and pump-related errors,
all of which can be fatal.'® Medication reconciliation,
reviewing and checking dosages, drug infusion preparation,
are important roles. Hospital pharmacists also play a key
role in monitoring adverse event reports and assure adher-
ence to institutional compliance protocols.

Nurses. A PH nurse specialist plays a key role in navigat-
ing a PAH patient through the evaluation and perioperative
phases. They should be invested in the education of the
patient and family regarding risks and goals of treatment.
They are integral to preoperative optimization of therapy
—in particular optimization of fluid status. They are in a
key position to advocate for the patient and work with the
various teams to ensure continuity of care and realization of
the treatment plan.

Only bedside nurses with training and proficiency in
managing inhaled and infused pulmonary vasodilator thera-
pies should care for patients with PAH in the postoperative
setting. They play a vital role in the safe administration and
adjustment of these therapies to PAH patients, and this is a
key reason why WHO Group 1 and 4 PH patients should
have surgery performed at a PH expert center.

Preoperative hemodynamic optimization

All attempts to lower PVR and improve RV function should
be done prior to surgery (Figure 5). Patients with uncon-
trolled or decompensated cardiovascular disease have
increased perioperative morbidity and mortality. Dyspnea
at rest, syncope, severe RVF (low CO and central venous
pressure [CVP] > 15 mm Hg), metabolic acidosis and
marked hypoxemia signal advanced, unstable PH disease,
and in such cases the surgery should be cancelled or
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PAH

-Adjust/initiate
PAH therapies

-Supplemental 02 |

Left Heart Disease

-Neurohormonal
blockers

-Vasodilators

Lung Disease
-Inhalers

-CPAP/BiPAP

| -Supplemental 02 }

EPH

-PAH meds
-PTE/BPA

Improve
PH/RV )
., Function /

Diuretics

- Optimize
biventricular filling
pressures

Figure 5

postponed until improvement and stabilization can be
achieved, if possible.%’16

Preoperative optimization, whether guided clinically or
by invasive assessment, mainly involves optimizing RV
loading conditions with diuretic adjustment to improve or
normalize ventricular filling pressures, maximizing evi-
dence-based medical therapy for PH/PAH and heart failure,
and identify conditions that may cause acute deterioration.
Examples include the initiation or augmentation of PAH
specific therapies for patients with WHO Group I PAH;
administration of oxygen, bronchodilators, antibiotics, and
steroids for patients with chronic obstructive pulmonary
disease; use of BIPAP for patients with obstructive sleep
apnea (OSA); and systemic vasodilators and other appropri-
ate HF therapies for patients with WHO Group 2 PH. Addi-
tionally, pulmonary balloon angioplasty has been
successfully performed preoperatively for CTEPH prior to
non-cardiac surgery to reduce perioperative risk.'”’

In moderate to high-risk cases (e.g., high risk patient
and/or operation), consideration should be given to pre-
operative invasive hemodynamic assessment of disease
severity in order to guide optimization and decision
making regarding intraoperative monitoring and postop-
erative location. Depending on the urgency of surgery,
the assessment can be done several weeks in advance of
surgery so that PAH therapies in appropriate patients
can be initiated or escalated. For example, patients with
idiopathic or associated PAH may benefit from preoper-
ative RHC followed by the initiation of intravenous
prostanoid therapy if poor prognostic findings are dem-
onstrated (e.g., high right atrial pressure [RAP], low car-
diac index [CI], severely elevated pulmonary vascular
resistance [PVR], reduced central venous saturation).
Patients with severe post-capillary PH may be optimized
with appropriate diuresis, systemic vasodilators, and

Co-morbidities
-Anemia
-CTD
-Drug/EtOH cessation |

Preoperative optimization.

perhaps inodilators. In some cases a RHC may be done
within days of surgery with anticipation of retaining the
pulmonary artery catheter (PAC) depending on the
hemodynamics and perioperative monitoring plan.

Although few randomized studies have been performed
to determine optimal management practices, principles of
management are commonly based on experience and con-
sensus. Table 4 outlines reasonable hemodynamic goals
that can be used to guide management throughout the peri-
operative period. These values may not be achievable in all
cases, especially depending on underlying PH type/etiol-
ogy, but are meant to serve as a target.

Table 4 Optimal Perioperative Hemodynamic Goals

® MAP > 60-65 mm Hg

®SBP > 90 mm Hg

*Sp02 > 92%

®RAP 5-10 mm Hg

eMean PAP < 35 mm Hg®
®PVR/SVR ratio < 0.5°

*PCWP < 18 (for WHO Group 2 PH)
o(I > 2.2 liter/min/m2"

CI, cardiac index; MAP, mean arterial pressure; MPAP, mean pulmo-
nary arterial pressure; PCWP, pulmonary capillary wedge pressure; PVR,
pulmonary vascular resistance; SBP, systolic blood pressure; Sp02, sys-
temic pulse arterial oxygen saturation; RAP, right atrial pressure; SVR,
systemic vascular resistance.

This table summarizes optimal perioperative hemodynamic
conditions.

Not all of these hemodynamics are achievable in patients with pul-
monary hypertension; however, they represent goals for the medical
management of patients during the perioperative period.

®Thermodilution or direct Fick CO methodologies.
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Emergency surgery

Emergency surgery is associated with worse perioperative
outcomes. In non-cardiac surgery in patients with PH, emer-
gency surgery is an independent risk factor for perioperative
mortality (mortality 15%-50%), which is significantly higher
than reported for non-emergent surgeries in PH cohorts. ™"

There is little time to complete a preoperative risk assess-
ment and optimize the patient before emergency surgery.
Figure 6 provides a schematic for preoperative assessment in
emergent and elective surgery. Emergency surgery typically
cannot be postponed even in the face of a high surgical risk.
In these instances, intraoperative and postoperative monitor-
ing and management become the major focus. Emergency
echocardiography should be arranged, and the information
shared among the PH specialist, anesthesiologist, surgeon,
and intensivist. Plans for the anesthetic approach and man-
agement of PH specific medications should be quickly estab-
lished and communicated. If the patient is at very high
perioperative mortality based on advanced PH disease and
intermediate to high-risk surgery, urgent transfer to a PH cen-
ter with ECMO capabilities should be discussed, depending
on patient stability for transfer and candidacy for ECMO sup-
port. Patient selection for ECMO support in this situation
depends heavily on the patient’s age, likelihood of recovery,
and transplant candidacy.

Key Points

1. A systematic preoperative risk assessment should be per-
formed and an individualized perioperative plan developed
by a multidisciplinary team for all patients with WHO Groups
1 (PAH) and 4 (CTEPH) PH as well as other etiologies of PH
when the PH is significant and RV dysfunction present. Even
minor procedures requiring conscious sedation should be
approached cautiously in patients with severe PAH and
efforts to mitigate risk enacted.

2. Patients with WHO Group 1 PAH should have surgery per-
formed at a PH expert center

3. Preoperative risk assessment should start with well-estab-
lished general cardiac/non-cardiac perioperative risk assess-
ment algorithms, and also consider the type and urgency of
surgery, etiology and severity of PH, RV function, patient’s
functional status, and comorbidities.

4. In moderate to high-risk cases (e.g., high risk patient and/
or operation), consideration should be given to preoperative
invasive hemodynamic assessment of disease severity in
order to guide optimization and decision making regarding
intraoperative monitoring and postoperative recovery
location.

5. If time permits, medical and hemodynamic optimization
should be attempted prior to surgery in patients with evi-
dence of decompensated PH/RVF

6. Unless surgery is urgently needed, patients with previously
undiagnosed PH should have an expedited evaluation to
establish the pathologic etiology of PH (i.e., WHO clinical
classification), assess disease severity, and guide treatment
for PH according to evidence-based PH guidelines

Intraoperative considerations in patients with PH

The overarching goals in PH patients receiving anesthesia
are to support RV function by maintaining adequate preload
in addition to preventing increases in RV afterload or
reduced contractility that may precipitate acute RVF. The
general principles and fundamentals of intraoperative man-
agement have been reviewed in detail.”’ One of the most
important fundamental goals is to avoid systemic arterial
hypotension that can promote RV ischemia in the setting of
a pressure and volume overloaded RV with altered right
coronary artery perfusion. Periods of transient hypotension
are common and may be due to the direct cardiovascular of
anesthetic drugs, impact of withdrawing sympathetic tone,
effects of mechanical ventilation, intraoperative fluid shifts,
and / or manipulation of the heart and great vessels. There-
fore, these events must be anticipated and effectively
managed.

Regardless of anesthetic technique and agents, appro-
priate use of supplemental oxygen (a potent pulmonary
vasodilator) should be used to avoid hypoxemia, and
intravenous lines and syringes must be meticulously de-
aired to prevent even small amounts of air embolism
that could be detrimental to the hypertensive pulmonary
circulation or pass through a patent foramen ovale into
the systemic circulation. Additionally, warming blankets,
heat and moisture exchangers in the breathing circuit,
and warmed IV fluids can help prevent hypothermia,
which can inhibit physiologic hypoxic pulmonary vaso-
constriction (HPV) and ventilation-perfusion (V/Q)
mismatching.

Additionally, if significant postoperative pain is antici-
pated, consideration should be given to insertion of an epi-
dural catheter for postoperative analgesia administration to
mitigate the deleterious effects of systemic opioid use
(hypoventilation, hypoxemia, hypercarbia).

Anesthesia and anesthetic management

The decision about the anesthetic method (e.g., general,
regional, neuraxial) is determined by a combination of the
planned surgery, severity of pulmonary vascular disease/
RVF and other comorbidities, as well as patient preference.
For instance, choosing an anesthetic technique that opti-
mizes airway patency and gas exchange is essential in
patients with co-morbid respiratory conditions such as
chronic hypoxia from intrinsic lung disease, obesity, or
OSA. We highly recommend avoiding general anesthesia
(GA) in patients with significant PAH when adequate alter-
native anesthetic methods exist due to the hemodynamic
risks related to mechanical ventilation and anesthetic
agents. However, this must be balanced with the potential
risk of hypoxemia and/or hypercarbia or oxygen supply/
demand issues related to conscious sedation or insufficient
pain control.
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General anesthesia

The period of induction is high risk for hemodynamic com-
promise and collapse. There are many different approaches
to achieve a stable induction, and the safest path is for the
anesthesiologist to use medications and techniques they are
comfortable with. Vasopressors should be readily available,
and it may be wise to start infusion at the time of induction
to prevent systemic hypotension rather than chase it.

The effects of common general anesthetic agents on the
systemic and pulmonary vasculature as well as inotropy
have been reviewed.”' >’ Most agents cause some degree of
systemic hypotension and variable effects on the pulmonary
arterial system and inotropy. For example, propofol has
been shown to cause both vasoconstriction”* and vasodila-
tion of pulmonary arteries.”” It also has myocardial depres-
sant effects and predictably decreases systemic vascular
resistance (SVR),26 mean arterial pressure and venous
return to the right heart.”’” This makes propofol a less than
ideal isolated agent to use in the setting of PH, especially
without concomitant vasopressor/inotrope support. The use
of ketamine has been controversial, as early studies demon-
strated increases in PAP, PVR***” and myocardial oxygen
consumption. Subsequent studies in patients with PH have
shown negligible increases in pulmonary indices and main-
tenance of SVR superior to other drugs.’’”" Etomidate
causes minimal systemic hemodynamic changes’ and has
been shown to relax the pulmonary arteries,”” making it an
ideal agent for this patient population. Therefore, etomidate
is generally considered a preferred agent for induction
whereas the use of propofol is discouraged in most patients
with significant PH and RV dysfunction.

Volatile (inhaled) anesthetics have little direct effect on
the pulmonary arteries at clinically relevant concentra-
tions’® but can adversely affect RV contractility.”’~"
Nitrous oxide (N,O) in patients with PH continues to be dis-
couraged due to older data demonstrating an increase in
PVR, pulmonary artery pressure (PAP) and decreased CI
with N,O administration in secondary PH.*
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Schematic for preoperative assessment.

Modern neuromuscular blockers and opioids are mostly
hemodynamically neutral agents in this group of
patients,”*' although mild systemic hypotension can
occur. Opioids have been shown to vasodilate pulmonary
arteries in animal studies.”” In the awake patient, they can
cause respiratory depression, resulting in hypoxia and
hypercarbia and potentially increasing PVR.

Regional anesthesia

The primary advantage of regional anesthesia in the PH popu-
lation is the ability to avoid the negative effects of positive
pressure ventilation on the right ventricle and the obligate use
of systemic agents which affect hemodynamic parameters.

The concern with spinal anesthesia is the speed of onset
and inability to control the extent of sympathetic blockade,
which can result in precipitous vasodilation and hypoten-
sion. If neuraxial anesthesia is to be employed, either a
slowly titrated epidural or spinal catheter or CSE (Com-
bined Spinal opioid with Epidural local anesthetic) is
recommended.

Some patients with PH are anticoagulated either for pul-
monary (idiopathic PAH, CTEPH) or extra-pulmonary rea-
sons (atrial fibrillation, systemic venous thrombosis,
mechanical cardiac valves); these patients have greater risk
of epidural hematoma with epidural anesthesia; therefore,
oral anticoagulation should be held or reversed and the risks
and benefits of bridging anticoagulation considered.*>**

Local anesthetic toxicity (LAST) is particularly devas-
tating in this population, as symptoms include treatment-
resistant myocardial depression, bradycardia, and hemody-
namic collapse.”

Monitored anesthesia care (MAC)

MAC is increasingly becoming the preferred strategy in PH
patients. It utilizes a combination of local anesthesia with
conscious sedation (benzodiazepines and opioids) in a mon-
itored setting.
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Mechanical ventilation management

Transition from spontaneous respiration to mechanical ven-
tilation is a critical event in the PH patient. Active airway
management is required to avoid a prolonged period of
hypoventilation and resultant hypoxia and hypercarbia, par-
ticularly in patients who are spontaneously hyperventilating
in order to maintain alveolar oxygenation and respiratory
compensation for any metabolic acidosis.

Mechanical ventilation mediates hemodynamic effects
via changes in intrathoracic and transpulmonary pres-
sures.® Positive airway pressure ventilation increases pleu-
ral pressure and decreases right and left ventricular
preload.”” Additionally, there is a U-shaped relationship
between lung volume and PVR, which is minimal at the
functional residual capacity and increases at high or low
lung volumes.*® PVR increases at high lung volumes due to
compression of intraalveolar vessels. Large tidal volumes
and high positive end-expiratory pressure (PEEP > 10-
15 mm Hg) may result in compression of the intraalveolar
capillaries in well ventilated areas causing a marked
increase in PVR and also an increase in dead space by
diverting blood flow to less well-ventilated areas of the
lung. PVR may also increase at low lung volumes or with
the development of atelectasis, due to increased large vessel
resistance through HPV and hypercarbia. Unfortunately, the
optimum ventilation strategy requires ongoing recalibration
in the OR and postoperatively, to find one that both avoids
atelectasis and minimizes alveolar pressure.

There have been no prospective studies on the influence
of different intraoperative mechanical ventilation strategies
in patients with PH. However, it is generally recommended
that tidal volume and PEEP be adjusted to maintain the pla-
teau pressure below 27 to 30 cm H,0 and driving pressure
below 14 cm H,0 with typical tidal volumes of 6 ml/kg to
8 ml/kg of predicted body weight and PEEP at 5 to 10 cm
H,0."* The optimal PEEP is associated with the best
Pa0,/FiO, ratio, lung compliance’” — while avoiding high
transpulmonary alveolar pressures. Traditional lung protec-
tive ventilation strategies can result in hypercarbia with
respiratory acidosis and subsequent increase in PVR. Respi-
ratory rate should be adjusted to achieve mild hypocarbia
(target PCO, 30-35 mm Hg) with moderate hyperventi-
lation under continuous blood gas analysis and without
allowing the pH value to fall below 7.4.°'>® During
emergence, the patient needs close monitoring for hypo-
ventilation and alveolar de-recruitment, with a low
threshold for deferring extubation. Table 5 provides
perioperative ventilator management recommendations
for PH patients,*4%-214

Table 5 Ventilatory Management Principles

Adequate oxygenation (Goal 02 sat > 92%)

Moderate hyperventilation (goal PaC02 30-35 mm Hg)

Avoidance of acidosis (goal pH > 7.4)

Plateau pressure <27 cm H20 via low tidal volume (6-8 ml/kg
predicated body weight) and low PEEP (<5-10 cm H20)

Medical management

Maintenance of SVR is crucial for preserving RV and sys-
temic perfusion, especially in patients with PAH/CTEPH.
All general anesthetics, including neuraxial techniques,
lower SVR and therefore vasopressors are almost univer-
sally required to maintain hemodynamic stability in PH
patients. Norepinephrine is a preferred agent to maintain
SVR and support RV contractility. If hemodynamic moni-
toring suggests significantly decreased CO, inotropes are
likely required. Clear clinical data does not exist to provide
evidence-based recommendations on vasopressor or ino-
trope choice.’” Inodilators (i.e., milrinone or levosimendan)
benefit cardiac output at the expense of decreased SVR, and
it may be difficult to compensate for additional systemic
vasodilation under GA. These agents are typically inappro-
priate for use in patients with PAH/CTEPH, especially
intraoperatively when other agents that reduce SVR are
being used. No clinical data exist to guide evidence-based
recommendations on the use of specific inhaled agents in
the intraoperative period. They are most useful for patients
who are hemodynamically decompensated or in the face of
acute intraoperative RV decompensation unresponsive to
Vasopressors or inotropes.

An important tenet of intraoperative management for
patients with PAH is to maintain their PAH medication reg-
imen throughout the perioperative period. Patients should
take their oral and inhaled medications immediately prior
to surgery, and medications should be re-dosed throughout
the perioperative period whenever possible. Subcutaneous
and intravenous prostanoid infusions should be maintained
at baseline levels, ensuring sufficient drug volume to last
the duration of surgery, and backup cartridges for the
patient’s home infusion pump should be immediately avail-
able. Depending on the institution, subcutaneous treprosti-
nil infusions may be switched to IV administration unless
the procedure is relatively short. Importantly, trained per-
sonnel who can manage the patient’s infusion pump should
be available in case of pump malfunction. The PH team
(nurse and MD) should be available to trouble shoot and
assist in managing pump issues. For patients on epoproste-
nol, personnel trained on the infusing pump and a back-up
pump should be present for the duration of the surgery, or
else switching to an infusion pump that is more familiar to
the operative and postoperative team should be considered,
since interruptions in infusion may be poorly tolerated
owing to its very short elimination half-life.

Hemodynamic monitoring and use of TEE

The development of acute RVF is a clinical challenge that
can become catastrophic intraoperatively without adequate
monitoring for its early identification and management.

Hemodynamic monitoring

The use of continuous EKG and pulse oximetry are stan-
dard of care. End tidal CO, monitoring is also required for
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Table 6 Monitoring Considerations Based on Anesthesia Type and Perioperative Risk
GA + low Neuraxial
risk fluid  GA + high risk fluid GA + high risk fluid Neuraxial anesthesia + high
shifts + short  shifts + mild-mod shifts + mod-severe anesthesia + low risk fluid shifts or MAC Local/regional
surgery PH PH risk fluid shifts advanced PH/RVF anesthesia  anesthesia
Arterial Line X X X X X
cve % X ?
PAC X
TEE g X
Sp02 X X X X X X X
BP cuff X X X X X X X
EKG X X X X X X X

patients under GA. Invasive monitoring (e.g., arterial line,
CVC, PA line) is used depending on the anesthetic tech-
nique, baseline condition of the patient, the magnitude of
the proposed procedure, and anticipated physiological per-
turbations (Table 6). This permits rapid assessment of the
effects of pharmacologic interventions, fluid shifts, and
other conditions on systemic blood pressure, RV function,
pulmonary artery pressure, cardiac output and global oxy-
gen delivery. Monitoring RV function hemodynamically
can be challenging, and consideration should be given to
the potential risks of invasive monitoring and balanced
against the validity, reliability and usability of the informa-
tion derived.

Arterial line. In patients with significant PH or right heart
dysfunction undergoing GA or neuraxial anesthesia, an
arterial line for continuous systemic arterial blood pressure
monitoring is warranted. Arterial lines are not usually nec-
essary for procedures using MAC or local anesthesia. Arte-
rial access also permits serial blood sampling for
assessment of arterial blood gases and for metabolic moni-
toring, particularly of acid-base status, and lactate. End-
tidal CO, (ETCO2) analysis is useful as a trend, and can
also be used as an indirect indicator of pulmonary blood
flow and CO (e.g., a drop in ETCO2 may indicate worsen-
ing CO). However, it is not an accurate for reflection of
PaCO, in patients with increased dead space ventilation.
ABG sampling can therefore be beneficial for assuring ade-
quate ventilation and central venous saturations for evaluat-
ing adequacy of global cardiac function / oxygen delivery.

Central venous catheter. Central venous catheter (CVC)
access provides a secure route for administration of the vas-
opressors and inotropes that are frequently required. It also
allows for venous blood sampling to assess oxygen satura-
tion as an index of cardiac output adequacy and CVP moni-
toring. When an introducer catheter (Cordis®) is used for
monitoring, a PAC can subsequently be added intraopera-
tively if needed. Although the CVP itself may not be a reli-
able measure of RV preload in PAH patients
perioperatively, it can be useful as an indicator of the cou-
pling between RV function and venous return. The sudden
increase in CVP should trigger an urgent assessment of the

cause, as it may signal impending RV decompensation. For
most intermediate risk surgical cases, the combination of a
CVC and arterial line can provide adequate intra- and post-
operative monitoring capabilities.

Pulmonary artery catheter. Whereas a PAC are generally
not indicated for low to intermediate risk procedures, it can
be helpful in guiding intraoperative fluid administration,
vasoactive therapies or assist in cases where significant blood
loss or changes in RV afterload are anticipated and adequate
systemic perfusion needs to be monitored. PA catheters are
widely used in cardiac and solid organ transplant surgeries,
however results of clinical trials studying its utility in the
perioperative period during non-cardiac surgery have been
conflicting. Still, Anesthesiology Society guidelines have rec-
ommended PAC use in selected patients undergoing proce-
dures associated with significant hemodynamic changes or
patients with preexisting risk factors for hemodynamic distur-
bances, such as advanced cardiopulmonary disease.”®

Maintenance of euvolemia during the intraoperative
period can be particularly challenging with significant intra-
vascular volume fluxes, and the PAC affords the capacity to
monitor CVP along with mixed venous saturation for real-
time assessment of oxygen extraction and global cardiac
performance and their trends. Variables may be directly
monitored or intermittently calculated and derived. Special-
ized catheters that allow continuous cardiac output, mixed
venous oximetry, and right sided-ejection fraction may not
be available in all centers.” When utilized intraoperatively
in patients with PH, PAC may be employed as an alterna-
tive to, or in conjunction with transesophageal echocardiog-
raphy (TEE). Interpretation relies on consideration of
combined metrics and their trends rather than in isolation at
specific time points beyond the baseline.

Transesophageal echocardiography. Intraoperative TEE
affords constant and reproducible assessment of right and
left ventricular performance as well as estimation of pulmo-
nary artery pressures. However, the well-defined parame-
ters described for transthoracic echocardiographic
assessment lack validation in TEE for the intraoperative set-
ting”’; and challenges include the complex geometry and
anterior location of the RV with respect to the probe and



1146 The Journal of Heart and Lung Transplantation, Vol 41, No 9, September 2022

the need to incorporate additional RV specific views to pro-
vide a comprehensive assessment.

Assessment of RV geometry provides insight into the
nature and chronicity of the underlying pathology, as well
as assisting with planning of intraoperative therapeutic
intervention, particularly the identification of the volume vs
pressure loaded ventricle where different therapeutic strate-
gies may be warranted. Echocardiography offers the advan-
tage of near simultaneous assessment of ventricular
function, ventricular interactions, and indirect measures
estimates of stroke volume. A comprehensive assessment
following insertion of the TEE is paramount to provide a
baseline against which regular and repeated evaluations
may be compared.

Key Points

1. GA should be avoided in patients with PAH when adequate
alternative anesthetic options are available, due to the
hemodynamic risks related to induction, intubation,
mechanical ventilation and anesthetic agents. Local/
regional or Monitored Anaesthetic Care is preferred, as long
as adequate analgesia can be provided.

2. Etomidate has a more favorable profile for induction of anes-
thesia in patients with PH and should be considered first
line, however the use of propofol in patients with PH and RV
dysfunction is not recommended due to its known hazards.

3. Vasopressors should be readily available at the time of
induction for GA, and consideration should be given to
starting infusion at the time of induction to prevent sys-
temic hypotension.

4. If neuraxial anesthesia is to be employed, either a slowly
titrated epidural or spinal catheter or CSE is recommended.

5. Arterial line monitoring is recommended for all patients
receiving general and neuraxial anesthesia.

6. A combination of arterial and central venous catheter moni-
toring is recommended for most intermediate risk surgeries.

7. Perioperative monitoring with a PA catheter is recommended
for selected patients undergoing procedures associated with
anticipated significant hemodynamic changes or patients
with advanced PH/RV dysfunction undergoing intermediate-
to-high risk procedures.

8. Supplemental oxygen should be used for all procedures at a
level to ensure maintenance of adequate alveolar and sys-
temic oxygenation and acid-base balance.

9. If significant postoperative pain is anticipated, consider-
ation should be given to preparation for postoperative
regional analgesia with a paravertebral block or insertion of
an epidural catheter for postoperative analgesia administra-
tion to mitigate the deleterious effects of oral/IV opioid
use.

10. Inhaled pulmonary vasodilators (nitric oxide, epoproste-
nol, iloprost) are of uncertain benefit for many PH patients.
Caution should be applied to their use in patients with
decompensated LV failure and PH.

11. During mechanical ventilation, tidal volume and PEEP
should be adjusted to maintain the plateau pressure below
27 to 30 cm H20 and driving pressure below 14 cm H20
with typical tidal volumes of 6 ml/kg to 8 ml/kg of pre-
dicted body weight and PEEP at 5 to 10 cm H20.

Gaps in Knowledge

Additional clinical studies are needed to determine the best
anesthetic, inopressor, and inhaled pulmonary vasodilator
therapies for use in patients with PH/RV dysfunction during
the perioperative period.

Postoperative considerations in patients with PH

Most perioperative complications and death in patients with
PH occur during the postoperative setting within the first 48
to 72 hours. Postoperative clinical deterioration is often due
to fluid shifts, respiratory failure and pulmonary vasocon-
striction, systemic hypotension, arrhythmias, bleeding,
infection/sepsis, and thromboembolism that can precipitate
ADRVF and subsequently multisystem organ failure and
death. Frequent serial evaluations should be performed in
order to promptly identify and treat these triggers.

Basic measures in the postoperative period to prevent
RVF include optimal pain control and respiratory manage-
ment, maintaining adequate systemic perfusion pressure to
preserve coronary perfusion, early identification and treat-
ment of postoperative complications (e.g., infection/sepsis,
bleeding, arrhythmia, PE), avoiding excessive fluid admin-
istration that can overload the RV, and the selective use of
pulmonary vasodilator therapies to minimize RV afterload
when needed and appropriate for the type of PH (Figure 7).

Postoperative monitoring

The immediate postoperative monitoring modalities, such as
an arterial line, CVP or PAC, are determined by preoperative
planning and placed intraoperatively. Patients at intermediate
to high perioperative risk warrant being monitored initially in
the ICU for at least 24 to 48 hours or more with providers
experienced in managing PH, however for low-risk surgeries
in patients with stable disease several hours of monitoring in
the post-anesthesia care unit may be sufficient. Patients on
infused parenteral therapy should be monitored in a location
staffed by providers and nurses experienced in the manage-
ment of these complex medications, regardless of surgical risk.

Invasive hemodynamic monitoring in patients suffer-
ing from PH and/or RVF postoperatively ensures early
detection of hemodynamic instability; important since
any delay in the management of RVF can worsen its
outcome,’ 8 and the rapid assessment of treatment
effects. PAC monitoring has been criticized for its risk
of complications and the absence of demonstrable
improvement on outcomes.”” The lack of a demonstrable
benefit of PAC in the ICU setting is explained by
experts who emphasize that outside of the cath lab and
OR, unless reliable data is being obtained from the PAC
(i.e., proper transducer leveling and zeroing regularly
ensured) and other clinical parameters are being fol-
lowed, medication titration can lead to worse outcomes
if the data is erroneous. Indeed, PAC usage in experi-
enced hands to monitor complex patients is still
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advocated by experts in the field, especially in the con-
text of PH and decompensated RVFE.?” A potential alter-
native to continuous PA line monitoring is to obtain
reliable RHC data when needed, make therapeutic
adjustments, follow clinical parameters, and repeat RHC
again if necessary, but this is not feasible or necessary
in most situations. The duration of postoperative inva-
sive monitoring should be adapted to each patient, con-
sidering the risks associated with an unnecessary
prolongation of invasive monitoring (mainly infection
and reduction of the early mobilization) balanced against

the risk of hemodynamic instability with premature
withdrawal during a sensitive period.

Critical care echocardiography is also a useful tool for
postoperative monitoring of biventricular function, ventric-
ular interactions, estimated RV systolic pressure and CVP,
velocity time integral in the outflow tracts as a surrogate for
stroke volume, and to exclude intracardiac shunting or peri-
cardial effusion when suspected.

PAC and critical care echocardiography are considered
adjunctive monitoring modalities, and their respective
advantages are compared in Table 7.
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Table 7

Pulmonary Artery Catheter and Critical Care Echocardiography Postoperative Monitoring Comparisons

Pulmonary artery catheter

Critical care echocardiography

Global hemodynamic monitoring

Continuous CO monitoring without calibration.

Continuous feedback on CO adequacy with the SVO, monitoring
(including lactate and V-A PCO, gradient measurements to
assess microcirculation).

Insights into RVF mechanisms, including ventricular interdepen-
dence and tricuspid regurgitation severity.

Early detection of RV dilation and dysfunction (before a pathogno-
monic RAP elevation); screening for postoperative tamponade
exclusion.

Fluid management

Live monitoring of a volume expansion safety by tracking any
abrupt rise in RAP.

Detection of a potential CO transient increase induced by fluid
responsiveness maneuvers (ex: PLR or EEOT).

Left heart disease

Detection and monitoring of pre- and post-capillary components
to PH, with PCWP and PVR (or DPG) indices.

Insights into LVF mechanisms, including contractility reduction,
valvular disease or dynamic obstruction.

Specific insights

Continuous estimation of the driving pressure for RV myocardium
perfusion.

Live guidance for the invasive mechanical ventilation settings (car-
diopulmonary interactions).

Practical considerations

Basic hemodynamic monitoring (CO, SVO,, RAP) is continuously
available and also interpretable without particular expertise
(even for ICU nurses).

Versatile and completely non-invasive tool (but requiring a dedi-
cated training and some level of expertise).

(0, cardiac output; DPG, diastolic pulmonary pressure gradient; EEOT, end-expiratory occlusion test; ICU, intensive care unit; LVF, left ventricular failure;
PCWP, pulmonary capillary wedge pressure; PH, pulmonary hypertension; PLR, passive leg raising; PVR, pulmonary vascular resistance; RAP, right atrial pres-
sure; RV, right ventricle; RVF, right ventricular failure; SV02, mixed venous oxygen saturation; V-A PCO2, veno-arterial gradient in CO2 partial pressure.

General postoperative medical management
Pain control

In the postoperative setting, adequate analgesia is important
to prevent sympathetic activation and increased oxygen
demand and PVR. Treatment of postoperative pain typi-
cally involves opioids. However higher doses can lead to
decreased respiratory drive in response to hypercarbia and
episodes of hypoxemia related to hypoventilation. In order
to avoid exacerbating PH, non-opioid pain control methods
such as regional blocks or epidural anesthesia, injection of
local anesthetics, acetaminophen or ketorolac can reduce
the need for opioid analgesics.

Respiratory management

Respiratory failure is a common complication of surgery in
patients with PH and one of the most frequent contributing
causes of morbidity and mortality."' Approximately 3 quar-
ters of respiratory complications occur within the first
24 hours postoperatively.*®' In addition, patients with PH are
at increased risk for prolonged mechanical ventilation. As dis-
cussed previously, HPV and respiratory acidosis must be
avoided. Supplemental oxygen, an effective pulmonary vaso-
dilator, should be used to maintain oxygen saturation greater
than 92% to reduce PVR and increase cardiac output.” All
attempts to avoid intubation in the ICU for respiratory failure

among patients with WHO Group 1 PAH should be made,
including the liberal use of high-flow nasal cannula oxygen,
non-invasive positive pressure ventilation, inhaled pulmonary
vasodilators to improve V/Q matching, early mobilization to
reduce atelectasis, and in select dire cases, potentially veno-
arterial ECMO (if the patient is a transplant candidate or if
treatment to recovery is anticipated).

Volume management

Postoperative fluid shifts can lead to significant changes in
intravascular volume. In assessing cardiac function, it is
important to consider RV preload. The hypertrophied right
ventricle in PH may have impaired diastolic function and
therefore be more susceptible to a reduction in preload and
tachycardia than a normal RV. On the other hand, in a vol-
ume and pressure overloaded RV, additional preload may
further impair RV stroke volume via Starling forces
increased RV wall tension, and left ventricle (LV) filling
and CO can decrease due to ventricular interdependence.
Indeed, optimization of volume status after surgery is a key
issue to monitor and address postoperatively.

The optimal CVP range to maintain adequate but not
excessive preload las not been determined, at least partially
because the CVP does not necessarily correlate with pre-
load. However, for most spontaneously breathing patients,
a CVP goal between 5 and 12 mm Hg is reasonable. In a
hypotensive PH patient with evidence of reduced tissue
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perfusion, the effectiveness of small fluid bolus (es) of
intravenous fluid can be considered as long as there is a pos-
itive response. Conversely, if the CVP is > 15 mm Hg or
there is no increase in MAP with leg raising maneuver or a
small fluid bolus, support of the systemic BP and RV with
inopressor (s), consideration of inhaled pulmonary vasodi-
lator therapies where appropriate (based on clinical PH phe-
notype), and consideration of diuretics may be more
effective. Gentle diuresis should be considered in patients
with a CVP higher than 15 mm Hg (especially with evi-
dence of systemic venous congestion), in order to minimize
the effect of LV preload via ventricular interdependence.

Anticoagulation

Anticoagulants should be held or reversed (if possible) prior
to surgery. All patients should receive guideline based DVT
prophylaxis in the perioperative period. Patients with WHO
Group 1 PAH on oral anticoagulants do not require heparin
bridging in the perioperative period. Anticoagulants for
CTEPH (WHO Group 4 PH) and other chronic conditions
(e.g., atrial fibrillation, mechanical heart valves, left ventricu-
lar assist device [LVAD]) should be resumed with/without
heparin bridging when safe from a surgical standpoint.

Management of acute decompensated RV failure
Inotropes and vasopressors

Many postoperative factors can lead to ADRVF and require
stabilization and support with the use of vasopressors and/
or inotropes.®” Invasive hemodynamic monitoring, when its
use is combined with proper technique and interpretation,
can be quite helpful to guide choice of inotrope vs pressor

and their combination in postoperative patients with PH
and RV dysfunction.

Norepinephrine has an advantage over phenylephrine as
it both increases cardiac output and increases afterload to
help with RV perfusion.®” In vitro evidence suggests that
vasopressin may have some selectivity in increasing SVR
without increasing PVR.®** For patients with PH and
RVF, we recommend first line treatment of hypotension
with norepinephrine or vasopressin.**°

Dobutamine is generally recommended as the ino-
trope of choice in the setting of PAH and right heart
failure although there are no randomized clinical trials
to provide guidance in the perioperative setting.”’ Epi-
nephrine is typically reserved for patients with severe
RV dysfunction and refractory hypotension.”® Inotrope-
induced arrhythmias are poorly tolerated in these
patients, and chemical cardioversion with amiodarone or
electrical cardioversion may be required. Inodilators
(i.e., milrinone or levosimendan) benefit cardiac output at
the expense of decreased SVR, and they often require the
addition of a pressor to maintain systemic pressure, espe-
cially in the postoperative state in patients receiving seda-
tion and pain medication. They should be used with caution
in patients with WHO Group 1 PAH. Tables 8 and 9
describe characteristics of the various inotropes and pressors
used to treat patients with PH and RVF.

Pulmonary vasodilators

Postoperatively there may be a need to initiate a pulmonary
vasodilator for worsening PH and RV dysfunction. In this
setting, short-acting vasodilators are usually the easiest to
titrate. Selective pulmonary vasodilator therapies and their
potential role in postoperative care of PH patients are sum-
marized in Table 10.

Table 8 Inotropic Drugs Used for Postoperative RV Failure in PH

Pharmacological Beneficial Recommended
Drug properties hemodynamic effects Side effects doses Clinical experience
Dobutamine Bl-adrenergic - increase in CO - decrease in SVR 2-10 pg/kg/min Large clinical experi-

- decrease in PVR

- improved V-A
coupling

- increase in CO

agonist

Levosimendan* calcium-sensitizing

agent - decrease in PVR
- improved V-A
coupling
Milrinone selective PDE-3 - increase in CO
inhibitor - decrease in PVR
- improved V-A
coupling
Dopamine a- and - agonist - increase in CO

effects at higher - increase in SVR

doses

arrhythmia (++)

- decrease in SVR
- tachycardia/arrhyth-
mia (+++)

- tachycardia/
arrhythmia flow

- tachycardia/ ence in acute PH
arrhythmia (dose decompensation
dependent)

- decrease in SVR 0.05-0.2 g/kg/ - mainly studied in

- tachycardia/ min without bolus  postcapillary PH after

cardiac surgery or
transplantation

- limited data, use with
caution in PAH

0.25-0.75 ug/kg/
min infusion

2-10 pg/kg/min Increase in renal blood

Few clinical data in PH

(O, cardiac output; PAH, pulmonary arterial hypertension; PDE, phosphodiesterase; PH, pulmonary hypertension; PVR, pulmonary vascular resistance;

SVR, systemic vascular resistance; V-A, ventriculo-arterial.
*Not approved for use in North America, UK, or Australia.
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Table 9 Vasopressor Drugs Used for Postoperative RV Failure in PH

Pharmacological Beneficial Recommended
Drug properties hemodynamic effects Side effects doses Clinical experience
Norepinephrine A1 and a- - increase in SVR - tachycardia/ arrhyth-  0.05-0.1 ug/kg/ First line vasopressor

adrenergic - increase in CO mia increase in PVR min agent with RV

agonist at high dose dysfunction
Vasopressin AVP agonist - increase in SVR - tachycardia/ 0.01-0.04 U/min Preferred vasopressor

- decrease in PVR/SVR arrhythmia over phenylephrine

ratio
a-adrenergic - increase in SVR and
agonist MAP

Phenylephrine

-increase in PVR,
may reduce CO

0.5-6 g/kg/min

Often reserved for
sepsis/SIRS

(0, cardiac output; PAH, pulmonary arterial hypertension; PDE, phosphodiesterase; PH, pulmonary hypertension; PVR, pulmonary vascular resistance;
SVR, systemic vascular resistance; V-A, ventriculo-arterial; AVP, Arginine Vasopressin.

Table 10  Vasodilator Therapies with a Potential Role in Postoperative PH

Group Medication Route Dose
Nitric oxide Nitric oxide IH 5-20 ppm
Prostacyclin Epoprostenol IH 10 mcg/ml
v 1-10 ng/kg/min
Prostacyclin Analog Iloprost, Treprostinil IH/1V 9-25 ug by ultrasonic neb
SQ/1V/IH 1-20 ng/kg/min
PDE-5 inhibitor Sildenafil PO 20-80 mg every 8 hours®
v 2.5/10 mg every 8 hours
PDE-3 inhibitor Milrinone v 50 ng/kgBW bolus, followed by 0.5-0.75 g/kgBW/min
IH Continuous
1 mg/ml nebulizer
Vasodilator Nitroglycerin v 2-10 ng/kgBW/min
IH 20 mcg/kg
Nitroprusside v 0.2-0.3 ug/kgBW/min

@Although higher doses are sometimes used clinically, sildenafil is approved for the 20 mg dose only.

Inhaled pulmonary vasodilators (iNO, epoprostenol, ilo-
prost, milrinone, levosemendan), intravenous prostanoids
(epoprostenol and treprostinil), and oral PDE 5 inhibitors
(e.g., sildenafil) can be used in patients with severe PAH
and acute decompensated right heart failure. Inhaled vaso-
dilators are particularly attractive in the postoperative set-
ting because they are shorter acting and have the advantage
of preferential vasodilation of the pulmonary circulation
leading to improved V/Q matching with minimal or no
effect on systemic blood pressure. However many patients
with Group I and 4 PAH may not respond to these agents
acutely. Furthermore the role of these agents in Group 3 PH
disease is uncertain but may be considered when there is lit-
tle recourse. The use of these agents in Group II PH is also
uncertain and should be balanced against effective strate-
gies to optimize LV function and recognize the potential
inherent risks of pulmonary vasodilators in this group of
patients where their use may cause pulmonary edema in the
setting of elevated left ventricular end-diastolic pressure.

Most commonly used agents include nitric oxide (iNO)
and inhaled prostacyclin analogs (iloprost and

epoprostenol). Inhaled NO (iNO) works rapidly through
activation of cGMP and thus relaxes pulmonary vascula-
ture, resulting in a rapid decrease in PVR and mean pulmo-
nary artery pressure (mPAP) without systemic
vasodilation.”” Those changes, along with maintenance of
coronary perfusion pressure, can improve RV performance.
It is deactivated immediately after binding to hemoglobin
in red blood cells and therefore has no systemic effects. It
can be delivered via endotracheal tube, mask, and high-
flow nasal cannula in the doses of 10 to 40 ppm. Higher
doses increase risk of methemoglobinemia. Inhaled prosta-
noids are generally less expensive than iNO but can be
more cumbersome to administer. Inhaled nitric oxide and
epoprostenol are administered continuously whereas ilo-
prost is dosed intermittently. Rebound PH following abrupt
discontinuation of both agents has been described and can
be mitigated by re-initiation of the medication with a slower
down-titration.”® Sildenafil has also been used to help facili-
tate weaning of iNO without rebound PH.®”"" Given that
sildenafil does have some systemic effects, caution should
be exercised when using in patients on vasopressors.
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The initiation or addition of PAH-specific therapies peri-
and postoperatively intended for long-term use should be
guided by a PH specialist. Vasodilator therapies started
perioperatively should also slowly be transitioned to the
baseline regimen or continued based on clinical practice
guidelines for PH prior to discharge.

Combined systemic and pulmonary vasodilators

Combined systemic and pulmonary vasodilators including
intravenous nitroprusside, nitroglycerin and nesiritide are
reserved for patients with PH in acutely decompensated HF.
All 3 medications can be quite effective at reducing PAP and
PVR as well as increasing CO when the LV filling pressure is
high.” These agents typically work by decreasing SVR and
increasing venous capacitance, thus reducing hydrostatic and
reactive vasoconstrictive component of PH. They typically
cause a significant decrease in SVR and LV filling pressure,
and thus should not be used in patients with systemic hypo-
tension or pre-capillary PH. Methemoglobinemia and/or cya-
nide are potential toxicities associated with the (prolonged)
use of IV nitroglycerin or nitroprusside, respectively.

Inhaled nitroglycerin can be administered through con-
tinuous nebulization due to its short half-life, however, it
appears to be less effective than 100% oxygen, inhaled mil-
rinone, and iloprost.7 172

Combination therapy

Combination therapy approaches with agents of different
classes intuitively makes sense. There have been a number
of small studies and case reports combining various agents
that demonstrated additive benefits. Potentially effective
combinations include an inhaled medication such as iNO,
iloprost or epoprostenol, and an oral sildenafil or paren-
teral/oral prostanoid.’*’* Another approach is to combine 2
inhaled pulmonary vasodilators that work on different path-
ways to enhance pulmonary specificity without systemic
side effects.””"’

Vasodilator choice based on clinical PH phenotype

Groups 1 and 4 PH. 2014 ACC/AHA Guidelines recom-
mend continuation of chronic pulmonary vascular targeted
therapy (i.e., phosphodiesterase type 5 inhibitors [PDESI],
soluble guanylate cyclase stimulators, endothelin receptor
antagonists [ERA], and prostanoids) in patients with PAH
(unless contraindicated or not tolerated) in patients with PH
who are undergoing surgery.”® Unlike other oral medica-
tions, in patients unable to take medications by mouth, sil-
denafil can be given either intravenously or via NG/OG tube.
Bosentan is the only ERA that can be crushed and given
through a NG/OG tube but there is no IV formulation.
Patients on oral prostanoids such as treprostinil or selexipag
unable to take medications by mouth may need to be con-
verted to intravenous/inhaled pulmonary vasodilator. Inhaled
treprostinil should be switched to another inhaled agent in a
patient who cannot self-administer the medication.

Group 2 PH. As PAH specific ERA and prostanoid thera-
pies may worsen left heart failure and pulmonary venous
hypertension, the initial treatment should be directed at
optimizing heart failure management. This may include the
use of IV systemic vasodilators (IV nitroglycerin, nitroprus-
side, nesiritide). Inhaled pulmonary vasodilators may be
preferred, as they may have preferential vasodilation in
well-ventilated lung zones and are less likely to have effects
on systemic blood pressure. At present, there is insufficient
data (limited to small case series) to support the use of
inhaled prostanoids, inhaled nitroglycerin, inhaled/IV milri-
none/levosimendan, as well as sildenafil, in the routine peri-
operative care of patients with group 2 PH. If “off label”
pulmonary vasodilator therapy is utilized in Group 2 PH
(e.g., PH is severe and/or RVF is predominant), they should
be used with caution, and patients’ volume status should be
optimized. They should be monitored for development of
pulmonary edema or systemic hypotension.

Group 3 PH. Systemically administered pulmonary vasodi-
lators can worse hypoxemia via V/Q mismatching and are
not recommended. Based on the small series, inhaled thera-
pies appear to be safe. The recent INCREASE trial of
inhaled treprostinil for PH related to ILD demonstrated that
it is effective at increasing 6 minute walk distance, decreas-
ing NT-pro BNP levels and improving time to clinical
worsening compared to placebo.”” Under current regula-
tions, inhaled treprostinil via an iNEB device can only be
started in the outpatient setting. A combination of inhaled
prostanoids with IV milrinone, IV levosimendan or PO/IV
sildenafil can be considered in the presence of significantly
reduced CI, particularly with severe PH and RV dysfunc-
tion, with careful attention to systemic blood pressure and
oxygen saturation.

Group 5 PH. PH in patients with Group 5 PH should be
dictated by their underlying pathophysiology and volume
status. For example, patients with sarcoidosis without left
ventricular dysfunction and predominantly parenchymal
lung disease would be approached as Group 3 PH patients.
On the contrary, patients with end-stage renal disease and
fluid overload should be treated as Group 2 PH patients. As
noted previously, cautious consideration of off-label pulmo-
nary vasodilator therapies should be reserved for patients
with more severe PH and RV dysfunction, and when they
are used, patients should be closely monitored for the devel-
opment of pulmonary edema, hypoxemia, and/or
hypotension.

Management of complications

The incidence of different postoperative complications
among patients with PH is poorly known. Postoperative
complications such as atrial tachyarrhythmias, infection/
sepsis, bleeding, and thromboembolic events can precipitate
hemodynamic instability and increase the risk of RVF and
death and should be promptly identified and treated.
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Arrhythmias

Atrial tachyarrhythmias (e.g., atrial fibrillation and flutter)
are associated with RVF and death in patients with PH.*
For this reason, restoration of sinus rhythm is recommended
for patients with PH and postoperative atrial arrhythmias.
Amiodarone is the safest pharmacotherapy to restore sinus
rhythm (with or without electrical cardioversion) in most
cases. In patients with PAH and RV dysfunction, beta-
blockers should generally be avoided, as they are poorly
tolerated in these patients due to their negative inotropic
effect on the RV.®! Likewise, the calcium channel blocker
verapamil should be avoided because of its negative inotro-
pic and vasodilatory effects than can precipitate systemic
hypotension. Digoxin should be considered for rate
control.*

Infection and sepsis

Infection and sepsis are poorly tolerated in patients with
poor RV reserve. Systemic hypotension from sepsis may
precipitate hemodynamic collapse by decreasing coronary
perfusion and promoting RV ischemia, RV-PA uncoupling,
and ventricular interdependence leading to inadequate LV
preload and CO. Vigilant monitoring for symptoms and
signs of postoperative infection and early treatment are rec-
ommended. The risk vs benefit of invasive lines and Foley
catheters should be reassessed on a daily basis and removed
as soon as they are not needed.

Bleeding and anemia

Bleeding and severe anemia may be poorly tolerated and
lead to hemodynamic instability in patients with PH due to
a reduction in preload and increased myocardial oxygen
demand. Moreover, multiple transfusions can lead to RV
volume overload and acute RVF. Dosing of an IV diuretic
between transfusion units may help control intravascular
volume and maintain goal CVP.

Mechanical circulatory support

Despite careful preoperative planning, intra- or postopera-
tive decompensation can still occur, typically in patients
with more advanced cardiopulmonary disease. In the post-
operative period, when decompensated RV failure persists
despite maximal medical interventions (e.g., circulatory
failure not improving despite 2 or more inopressors and/or
respiratory failure at/near maximal support) mechanical
support may be needed. Indications for mechanical support
in patients with PAH remain a subject of debate. Mechani-
cal support as a bridge to lung or heart/lung transplantation
is the indication most supported by the literature. Other
indications require a careful discussion of the risks and ben-
efits of mechanical support between the patient, their family
and the medical team. Such relative indications include
patients who have a reversible cause of decompensation
with reasonable chance of recovery, as may be the case in

postoperative acute on chronic RV failure. Because failure
to wean from mechanical support is a significant risk,
mechanical support is contraindicated in patients without a
reasonable chance of recovery or without the option of
transplantation.

Extra-corporeal membrane oxygenation (ECMO) is cur-
rently the preferred method of mechanical support for
decompensated patients with PAH who have not responded
to medical therapy. Because of the failure of the right ven-
tricle, an arteriovenous configuration is preferred to a veno-
venous (V-V) configuration in the majority of patients. The
arteriovenous (V-A) configuration allows an immediate
“unloading” of the right ventricle. In most situations,
because of the emergent requirement for cannulation, a
femoral-femoral approach is utilized. However, centers
have reported cases involving utilization of an upper
extremity configuration in PAH patients that allows mobil-
ity during the convalescent or transplant waiting period.*”
Finally, in patients with a large patent foramen ovale or an
atrial septal defect, utilization of a bi-caval dual lumen
catheter in the internal jugular vein with directed oxygen-
ated return across the interatrial defect has been described.
This configuration has been reported as a way of achieving
systemic mechanical support while preserving the advan-
tages of venous cannulation.®’ Preserving mobility is of
particular concern when mechanical support is being used
as a bridge to transplantation. The settings of and monitor-
ing of PAH patients while on mechanical support is similar
to patients who utilized ECMO for other indications. If the
V-A femoral-femoral approach is used, careful monitoring
of upper body vs lower body oxygenation should be per-
formed. Assurance of adequate brain and cardiac oxygen-
ation should be monitored with right radial artery partial
pressure of oxygen and venous troponin measurements,
respectively. ECMO flows of 2.5 to 4 liter/min are appropri-
ate for PAH patients who have been accustomed to lower
cardiac outputs. This flow rate is enough to allow unloading
of the right ventricle, preservation of pulmonary blood flow
and adequate systemic oxygen delivery while avoiding
overload of the left heart that may have secondary dysfunc-
tion in patients with severe RV failure.””** A retained PAC
can confirm achievement of these goals.

Pulmonary artery-left atrium oxygenators, or lung-assist
devices, are also available for mechanical support of PAH
patients. These pumpless devices utilize the patient’s right
ventricle but decrease the afterload on the right ventricle by
bypassing the pulmonary circulation. An advantage of this
approach is that it is an upper configuration that, again,
allows ambulation of the patient. One disadvantage is that
the cannulation itself is a more involved surgical procedure
with a median sternotomy or thoracotomy and is therefore
less practical in a patient with cardiogenic shock.®**’

RV assist devices have been attempted in patients with
RV failure due to PAH, with disappointing results pub-
lished in case reports. Complications such as increased pul-
monary pressures with the increased flow, hemorrhage and
pulmonary edema have been reported. Although some of
the complications may be mitigated by using lower flows
with the device, ECMO or extra-corporeal lung support
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remain the preferred mechanical devices in patient with
PAH 8687

In summary, mechanical support may be utilized in the
PAH patient who develops decompensated, refractory RV
failure in the postoperative setting but careful consideration
of overall prognosis, likelihood of recovery and candidacy
for transplantation should be undertaken antecedently.

Role of palliative care in patients with PH
undergoing surgery

With increased risk of intraoperative and postoperative
morbidity for patients with PH, a high degree of complex
care coordination and uncertainty regarding outcomes, pro-
actively addressing concerns can be difficult. In these situa-
tions, consultation with specialty palliative care (PC) for
patients with PH undergoing surgery may be a useful
adjunctive approach to aggressive, life-prolonging therapy.
In addition to having basic discussions regarding prognosis,
goals of treatment, suffering and resuscitation preference,
PC consultation is particularly important prior to major sur-
gical interventions in patients with PH where they can be
expected to have a period of incapacity during recovery.
While many patients place highest priority on cure, pro-
longed survival, improved function and quality of life, and
independence; others may prioritize comfort, achieving
specific life goals, and obtaining support for caregivers as
equally or more important. PC can work to assist PH spe-
cialists and patients in determining the optimal patient-cen-
tered care plan based on the patient’s goals and preferences.

Additionally, if patients with PH develop life-threaten-
ing postoperative complications and fail to respond to maxi-
mal therapy, PC can help with end of life discussions
including transitioning goals of care to comfort measures or
hospice care.

Key Points

1. Frequent postoperative evaluations should be performed in
the patient with PH and/or RVF in order to promptly identify
and treat any triggers of acute decompensation.

2. Patients at intermediate-to-high perioperative risk warrant
being monitored initially in the ICU for 24 to 72 hours in
most cases with providers experienced in managing PH. For
low risk surgeries in patients with stable disease, several
hours of monitoring in the post-anesthesia care unit may be
sufficient.

3. Patients on infused parenteral therapy should be monitored
in a location staffed by providers and nurses experienced in
the management of these complex medications, regardless
of surgical risk.

4. Duration of postoperative invasive hemodynamic monitoring
must be individualized balancing the risk and benefits of an
indwelling catheter.

5. Fluid management must be monitored and adjusted with the
goal to maintain near baseline preoperative values. A CVP of
5to 12 mm Hg is an acceptable target for most patients.

(continued on next page)

6. Norepinephrine or vasopressin are recommended as first line
agents for the treatment of systemic hypotension in patients
with PH and RVF.

7. Dobutamine is the first line inotrope for treating patients
with PH and acutely decompensated RVF.

8. Patients who belong to group 1 and 4 PH should continue
their chronic pulmonary vascular targeted therapy during
the postoperative period.

9. In WHO Groups 2, 3, and 5 PH, systemically administered
selective pulmonary vasodilator therapies may worsen left
heart failure and/or worse hypoxemia and should be
avoided.

10. V-A ECMO is the preferred mode for a patient with PAH who
requires mechanical circulatory support as bridge to recovery
or transplantation. Consideration of overall prognosis, likeli-
hood of recovery and candidacy for transplantation should
be undertaken antecedently.

11. Experts in palliative care should be involved to promote pro-
active, high quality goals of care conversations for high-risk
PH patients in anticipation of surgery, and for discussions
regarding transitioning goals of care to comfort measures or
hospice care when appropriate.

Gaps in Knowledge

1. Studies comparing the effectiveness of various inopressors
and vasodilators in the perioperative setting of PH patients
undergoing surgery are needed.

2. Future studies should clarify the relative effectiveness of dif-
ferent inhaled pulmonary vasodilators in the perioperative
setting.

3. More research is needed into the indications/contraindica-
tions and the optimal configuration of mechanical circula-
tory support in PAH patients to allow recovery while
avoiding complications.

Non-cardiac surgery procedures in patients with PH

Perioperative mortality rates in published studies of patients
with PH undergoing elective non-cardiac surgery range
between 0% and 18%.7%'"**°* Study characteristics and
outcomes of studies of PH undergoing NCS are compared
in Table 11.>*"'"%% An international, prospective study
collected data from 114 patients with PAH undergoing non-
cardiac and non-obstetric surgery.” Major complications
and perioperative mortality were observed in 6% and 3.5%,
respectively, with the highest mortality (15%) occurring in
patients requiring an emergency procedure. The following
risk factors predicted major complications: (1) emergency
surgery, (2) RAP > 7 mm Hg, (3) 6MWD < 399 meters,
and (4) perioperative vasopressor use.

In addition to the general perioperative recommendations
outlined earlier, certain surgical procedures present addi-
tional challenges for PH patients. This section provides an
overview of the perioperative implications for patients with
PH undergoing specific non-cardiac surgery procedures.
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increase PVR and RV afterload. Data also suggests that the
increase in PA pressures during laparoscopy may not reverse
immediately or completely when the pneumoperitoneum is
relieved.'”'”” Delayed hypercapnia, often seen postopera-
tively from the carbon dioxide absorbed from subcutaneous
emphysema occurring during laparoscopic procedures may
also adversely influence cardiac function.

Another consideration with laparoscopic surgery is the
effect of positioning. Laparoscopic surgery is often per-
formed in head-up or head-down position to allow intraab-
dominal organs to fall away from the surgical field. These
positions can affect RV loading conditions and cardiovascu-
lar function. Head-up position (reverse Trendelenburg) leads
to venous pooling, can reduce venous return to the heart and
can result in hypotension, especially in hypovolemic
patients.'>'”®  Head-down  position  (Trendelenburg)
increases venous return and cardiac filling pressures.'”’
CVP, mPAP, and pulmonary capillary wedge pressure
(PCWP) increase 2-to-3-fold, and mean systolic blood pres-
sure by ~1/3, without changes in CO, heart rate, or SV.
Although these filling pressures usually normalize upon
repositioning the changes in venous return may be poorly
tolerated by patients with PH. Thus, the benefits of laparo-
scopic surgery (i.e., less bleeding and pain) may be out-
weighed by its risks, and open laparotomy should be
considered in patients with PAH and RV dysfunction. Some
centers advocate for open laparotomy and avoidance of lap-
aroscopy in all patients with PAH, and in other centers, lapa-
roscopic surgery may be planned with early conversion to
open laparotomy in the occurrence of any adverse intraoper-
ative hemodynamic changes during laparoscopy.

Orthopedic surgery

Orthopedic surgery offers the option to consider procedures
under regional anesthesia. However, it also offers specific
challenges, such as high risk for intraoperative cement or
fat embolizing to the already compromised pulmonary cir-
culation,''”""'? in addition to postoperative risk of pulmo-
nary thromboembolism, which increases the risk for
patients with PH. In a large case matched, retrospective
study, patients with PH undergoing THA experienced an
approximately 4-fold increased risk adjusted mortality
(2.4% vs 0.6%), and those undergoing TKA had a 4.5-fold
increased adjusted risk of mortality (0.9% vs 0.2%) com-
pared with patients without PH in the matched sample (p <
0.001 for each comparison).”’

The risk of fat embolism may be reduced with newer
surgical approaches, such as early fracture stabilization in
trauma, or alternative cementation techniques.1 2 however
we recommend that patients with moderate to severe PH
and significant RV dysfunction not undergo elective total
joint replacement, with few exceptions. Patients with PH
who do undergo joint replacement surgery should receive
the usual prophylactic drugs (low-molecular weight hepa-
rin, direct anticoagulants).I 13

Obstetric surgery

Pregnancy is a particularly vulnerable time for patients with
PH. Generally, the pulmonary vasculature is maximally
dilated and recruited in patients with PH, thus the increase
in CO that normally occurs in pregnancy cannot be accom-
modated by these normal physiologic mechanisms and right
heart failure, may be precipitated or exacerbated, if already
present.

Pregnancy outcomes in patients with PAH have been
poor for both the mother and the fetus.''*"'” and recent lit-
erature has suggested a potentially elevated mortality
among patients with other PH etiologies.'*"'** In the era of
PAH-directed therapy a multinational report of 20 pregnan-
cies reported 4 deaths.'”” However, a more recent prospec-
tive cohort of 16 patients and 25 pregnancies where an
individualized, risk-based approach with shared decision
making and a multiprofessional team experienced in man-
aging PAH and pregnancy was used, reported no maternal
deaths during pregnancy and no maternal or fetal deaths in
all of the 13 patients and 18 offspring.'** However, 8 preg-
nancies ended in abortion, 2 patients required ECMO as
bridge to lung transplantation, and 6 patients showed signs
of clinical worsening within 9 to 22 months after successful
delivery.

There is a general consensus that pregnancy should be
avoided in patients with PAH, and likely PH more
broadly.125 However, for cultural or personal reasons,
patients may desire to conceive or continue a pregnancy
regardless of risk to themselves or the fetus. Recognizing
that there is scant literature to guide recommendations
about obstetric surgery in PAH patients and even less for
patients with other etiologies of PH, the following summa-
rizes consensus recommendations from experts in the
field.'”> In addition to these recommendations, there is a
strong recommendation for care to occur at a center expert
in care of pregnant PH patients and for involvement of a
multi-disciplinary team to plan delivery including high risk
obstetrics, anesthesia with experience in PH and neonatol-
ogy. A risk based approach to counseling and managing
patients has been proposed. Ideally this should involve
maximizing medical treatments inclusive of the involve-
ment of an interprofessional team before a woman elects to
become pregnant.

Caesarean section is typically recommended as the pre-
ferred mode of delivery in the context of PH and preg-
nancy.'®” In general, it is felt that vaginal delivery carries
more relative risks including Valsalva maneuver, which
decreases venous return and may compromise CO, vasova-
gal syncope, sympathetic nervous stimulation, acid-base
changes that may worsen PH and autotransfusion of blood
after delivery of fetus that can precipitate acute RVF. Elec-
tive Caesarean section potentially allows for avoiding most
of these risks, and also facilitates ready availability of the
multidisciplinary team to assist in the delivery. Regional
anesthesia is generally recommended to avoid risks associ-
ated with GA, which is supported by data from Bedard et al
showing higher mortality with GA in delivery of the
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pregnant PH patient.'*® Recent publications support epidu-
ral, spinal and combine spinal-epidural anesthesia in preg-
nant PH patients, suggesting that the experience of the
anesthesiologist should play a key role in selection of
method."”” In a recent prospective cohort, all 13 patients
successfully delivered 17 offspring via Caesarean section
without any perioperative deaths, however 1 patient
required ECMO support within a few hours after
delivery.'**

There are several considerations with regard to anesthe-
sia during the delivery. Continuous monitoring of ECG,
pulse oximetry, CVP and intraarterial blood pressure is rec-
ommended universally.'”” The use of PAC during delivery
is not considered mandatory and CVP monitoring with
echocardiography is an alternative hemodynamic monitor-
ing route that some centers prefer. Patients should be euvo-
lemic to optimize RV function and IV fluids administered
judiciously to avoid worsening RV function. Inotropes and
vasopressors may be required to support RV function and
should thus be available at the bedside. Finally, in patients
with significant RV dysfunction, the multidisciplinary team
may consider use of ECMO or ensuring it’s availability as a
reserve measure.

Therapy for PAH, in particular, should be optimized pre-
delivery to the extent possible. As prostacyclins (epoproste-
nol, treprostinil, iloprost), calcium channel blockers (for those
patients that have demonstrable acute vasodilatory response),
and PDESIs are the only medications generally considered
safe in pregnancy, the choices are limited.'”” In patients with
significant RV dysfunction, prostacyclin therapy is indicated.
Some institutions have used inhaled prostacyclins more fre-
quently, while others generally prefer parenteral prostacy-
clins. At the time of delivery, inhaled and/or parenteral
prostacyclins should be available, if not already in use.

The post-partum period is a high risk period for PAH
patients, with the majority of mortality in some reports
occurring in the month following delivery."'” Monitoring in
the ICU for at least 48 hours post-partum to manage fluid
shifts with efforts to ensure that the patient is kept in a net
negative daily fluid balance to mitigate the adverse influence
of the mobilization of the extravascular fluid into the intra-
vascular space on RV function.'?” This is especially relevant
for high-risk patients. Routine obstetric care, including pro-
phylactic anticoagulation, is also recommended.

Gynecologic non-obstetric surgery (GNOS)

There is a paucity of data regarding operative and perioper-
ative management of patients with PH undergoing GNOS
with most literature limited to case reports'**'*” and small
case series.”'*”* A contemporary international survey of
outcomes in patients with PAH undergoing non-cardiac sur-
gery showed an overall 3.5% mortality and 6.1% morbidity
rate; this study included 16% (n = 18) gynecologic proce-
dures which had lower mortality (0%) but comparable mor-
bidity (5.5%) rates.'”

Many gynecologic procedures are considered low (cone
biopsy) to intermediate (hysterectomy) risk. Procedures

with potential for large-volume blood loss (hysterectomy of
large fibroid uterus) and extensive fluid shifts (laparotomy
for ovarian cancer with malignant ascites) are high-risk pro-
cedures for patients with PH.

Lithotomy is the most commonly used position in GNOS
and has the effect of redistributing blood volume from the
legs centrally and increasing venous return. Vaginal hyster-
ectomy often requires exaggerated “head-down” lithotomy
which has been showed to increase PAP and PCWP and
decrease CO in PH."*' Laparoscopy is frequently used in
GNOS due to faster recovery and lower incidence of post-
operative ileus'*” but is not without problems in patients
with PH as described in the section on abdominal surgery.

Existing data support the use of regional anesthesia over
GA as with other types of general surgery.'**'** Epidural
anesthesia is generally preferred to spinal anesthesia
because of more gradual onset and relatively less risk of
systemic hypotension as discussed in the intraoperative
management section. Recent studies have highlighted the
benefits of combined low-dose spinal-epidural anesthesia
(better sensory block with fewer blood pressure-lowering
effects) in peripartum management of PAH'**'** and can
be used in GNOS. Central hemodynamic monitoring is indi-
cated for patients with severe PH or those undergoing high-
risk procedures.

Epidural analgesia offers superior analgesia and decreased
risk of hypercarbia due to opioid-related respiratory depres-
sion for pain control. Transversus abdominus plane blocks
offers short term pain relief and reduces IV opioid use post
hysterectomy'%; the successful use of a transversus abdomi-
nus plane block has been described in PH.

Sterilization

Due to poor maternal and fetal outcomes with pregnancy and
the teratogenic effects of endothelin-receptor antagonists, all
female patients of child-bearing age should be counseled on
effective contraception (sterilization or 2 methods of birth
control). Hysteroscopic sterilization has been shown to be
well-tolerated in a case series of 4 patients with relatively
advanced PAH” and a case series of 18 patients with high-
risk cardiac disease including secondary PH'?’ Intrauterine-
devices are safe and effective though care should be taken to
avoid vasovagal reactions to insertion; a benefit of levonor-
gestrel-releasing devices is decreased menstrual blood
loss'*® and a lower risk of iron deficiency anemia, especially
in patients on anticoagulation.

Head and neck surgery

Head and neck surgery often requires GA, however the risk
of significant fluid shifts is usually minimal and these sur-
geries are considered low cardiovascular risk. Moreover,
reports of patients with PH due to hypoxemic and/or hyper-
carbic respiratory failure related to ENT conditions such as
nasal polyposis and enlarged tonsils have shown an
improvement in PAP after surgery. In most cases, PH
patients do well with surgery, however because it requires
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GA, PH treating physicians should discuss the anesthetic
management principles, including avoidance of systemic
hypotension and hypoxemia/hypercarbia, with the anesthe-
siologist prior to the procedure as well as the postoperative
plan. Patients with advanced PAH and RVF are at greater
risk with GA, and in these patients, the relative risk vs bene-
fit of surgery should be carefully considered and an
advanced multidisciplinary perioperative plan developed
prior to surgery.

Ophthalmologic surgery

Ophthalmologic surgeries are low risk, even for patients
with severe PAH. Recommendations to the surgeon for pro-
cedures should include minimization of sedation and moni-
toring of blood pressure and oxygenation for patients with
severe PH and respiratory failure. Cataract surgery is done
with local anesthesia and is very low risk such that special
precautions are typically unnecessary.

Dental procedures

Dental procedures often involve anesthetic injection with
epinephrine to minimize gum bleeding, which often gets
into the systemic circulation and can cause an increase in
heart rate, blood pressure, and risk of tachyarrhythmia.
Therefore, among patients with RVF and PH, avoidance or
minimization of epinephrine use is prudent. Additionally,
systemic analgesia/sedation may be used for more extensive
procedures. In patients with PH and respiratory failure, it
recommended to minimize or avoid sedation when possible,
and to monitor vital signs closely when sedation is adminis-
tered. Additionally, patients with indwelling catheters for
infused prostacyclin therapies should receive antibiotic pro-
phylaxis before dental procedures. These recommendations
should be given by the PH treating physician to the dentist
when “clearance” is requested.

Key Points

1. The risks of laparoscopic surgery often outweigh the benefits
in patients with PAH and RV dysfunction. We recommend
consideration of open laparotomy for these patients,
although planned laparoscopy with early conversion to open
procedure may be reasonable in select cases.

2. Thoracic surgeries are high risk for PH patients. Single lung
ventilation (e.g., thoracic surgical techniques involving
video assistance lung biopsy, lobectomy) should be avoided
in patients with moderate-to-severe pre-capillary PH, espe-
cially with significant underlying lung disease.

3. Elective orthopedic surgeries, such as elective total joint
replacement, should only be undertaken when a joint deci-
sion by patient and surgeon conclude that the potential
benefits outweigh the increased risk of mortality.

4. It is strongly recommended that care and delivery for a preg-
nant patient with PH occur at an expert center, and for
involvement of a multi-disciplinary team to plan delivery

including PH specialist, high risk obstetrics, anesthesia with
experience in PH, and neonatology.

5. Ophthalmologic, Dental, and Maxillofacial Surgeries are gen-
erally low risk but may necessitate specific recommendations
for high risk PAH patients when GA, local epinephrine injec-
tion, or oral/IV sedation are being considered.

Cardiac surgery procedures in patients with PH
and/or RV failure

PH due to left heart disease (PH-LHD), e.g., WHO Group 2
PH, is the most common cause of PH and is associated with
negative impact on prognosis, both in regards to morbidity
and mortality."*” LHD may be related to either aortic and/or
mitral valvular disease, but is most commonly due to HF
with reduced ejection fraction or preserved ejection fraction
(HFpEF), and an intermediate group characterized by mid-
range EF (HFmrEF).l” 140 PH-LHD results from elevated
left-sided filling pressures (specifically, elevated left atrial
pressure) leading to increased pulmonary venous pressure
and concomitant pulmonary vascular congestion, "%
defined as isolated post-capillary PH. Chronic passive con-
gestion with associated neurohormonal, cytokine, endothelin
and other mediators, as well as altered gene expression leads
to active pulmonary arterial vasoconstriction, pulmonary
arterial and venous remodeling. This may result in combined
pre- and post-capillary PH characterized by increased PVR.

The presence of PH adds significant challenge to the pre-
, intra-, and postoperative management of patients undergo-
ing cardiac surgery and interventional procedures. Despite
its consistent association with worse outcomes, targeting
PH directly has either yielded disappointing results or
remains unexplored. However, strategies to assess the
severity of PH and RV dysfunction, optimize their hemody-
namic status when needed preoperatively, and vigilantly
monitor for and treat PH with ADRVF postoperative may
improve postoperative management and outcomes in these
patients. Future studies are needed to define preoperative
diagnostic, risk stratification, and optimization strategies as
well as postoperative management.

PH due to left heart valve disease

Multiple studies have shown that PH is a risk factor for
increased perioperative mortality in patients undergoing
cardiac surgery, including one large retrospective study of
patients undergoing cardiopulmonary bypass that found PH
to be the only baseline variable independently predictive of
perioperative mortality with an odds ratio of 2:1.'*" More-
over, while the Society of Thoracic Surgeons does not
include PH in their perioperative risk model, the presence
of PH is a risk variable included in the European models
(EuroSCORE 1 and II)."**'** PH frequently complicates
left-sided valvular heart disease (VHD) and is more fre-
quent among symptomatic patients. The prevalence of PH-
VHD based on RHC is described in Figure 9,'* where mild
PH is defined as mPAP > 35 mm Hg, moderate PH is
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mPAP > 35 mm Hg, and severe PH is mPAP > 45 mm Hg.
PH is associated with poorer outcomes among patients with
VHD whether they are managed conservatively, undergo
valve intervention, or if it persists following successful cor-
rective procedures. Figure 10 outlines a suggested diagnos-
tic approach and hemodynamic assessment pre- and post-
valve intervention for patients with PH due to left-sided val-
vular disease.'*

Preoperative assessment and management

When assessing the perioperative risk in patients with PH
and heart disease with planned intervention, especially
heart valve disease being considered for valve surgery, if a
preoperative echocardiogram suggests severe PH (sPAP >
60 mm Hg) or moderate to severely elevated sPAP >
50 mm Hg with a disproportionately enlarged and dysfunc-
tional RV, a full hemodynamic assessment by RHC is often
clinically helpful to assess the severity of PH and RV dys-
function as an indicator of perioperative risk for RVF and
mortality. However, pulmonary vascular hemodynamic
assessment in a patient who is overtly fluid overloaded is
less helpful to risk stratify, as the PA pressure and PVR are
often high and can improve along with RV size/function
with achievement of euvolemia via diuresis (or mechanical
fluid removal), in addition to optimal guideline directed
medical therapy for heart failure. A practical approach to
patients with severe heart and/or heart valve disease and
severe PH with RV dysfunction who are at elevated risk
and marginal candidates for cardiovascular surgery are to
consider optimizing the patient’s fluid status to achieve

Prevalence and severity of PH due to left-sided valvular disease. Reprinted with permission from Magne J et al. JACC Cardio-

euvolemia and then reassessing with RHC and/or echocar-
diography. In patients with persistently elevated filling
pressures and PH on RHC, some centers will retain the PA
line for hemodynamically guided optimization days prior to
valve intervention before planned valve surgery.

Selective pulmonary vasodilators (including PDESI)
should generally not be used in patients with WHO Group 2
PH, nor should they (e.g., iNO) be used to assess pulmonary
vasoreactivity due to the risk of increasing the PCWP/LV
filling pressure. On the other hand, hemodynamic assess-
ment of reversibility of PH and mitral valve operability
with infusion of intravenous nitroprusside, a direct arterial
vasodilator, may be useful in select cases of severe PH and
elevated PCWP.'*® In the unlikely scenario that the patient
has severe pre-capillary PH, a PDESI and/or other guideline
directed therapies should be considered preoperatively to
improve the patient’s condition.

Influence of PH with mitral and aortic valve
interventions

Mitral stenosis. In patients with mitral stenosis that require
surgery, 20% to 40% of patients will have moderate to
severe PH (sPAP > 50-60 mm Hg by echo and/or mPAP >
35 mm Hg by RHC)."**'*” Presence of PH alone is not an
absolute surgical contraindication, but the severity of PH
and presence of significant RVF increase the risk. When
PA pressures reach supra-systemic levels, mortality
becomes exponential.'*® A recent retrospective study exam-
ined the association of PH severity with short (30 day) and
long term (12-year) mortality after surgical intervention for
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Figure 10 Diagnostic approach and hemodynamic assessment pre- and post-valve intervention for patients with PH due to left-sided
valvular disease Adapted from Tichelbacker T, Dumitrescu D, Gerhardt F, et al. Pulmonary hypertension and valvular heart disease. Herz.
2019;44:491-501.'* a: Targeted PH therapies are not approved to treat PH due to left heart disease including left-sided valvular heart dis-
ease. However, if pre-capillary PH or CpcPH are present after valve repair, pulmonary vascular disease may be present, representing a
potential treatment target. Such patients should be evaluated is specialized centers, and clinical trials are needed.

mitral stenosis. Using data from both RHC and echo, severe PH group and 1% in the mild group.'*’ At 12 years,
patients were classified as none (n = 30, sPAP <35 mm mortality of patients with moderate-severe PH was 49%
Hg), mild (n = 64; sPAP 35-44 mm Hg), moderate (n = 94; compared with 21% in the none-mild group (risk adjusted
sPAP 45-59 mm Hg) or severe PH (n = 128; sPAP 3 60 mm HR 2.98; 95% CI, 1.55-5.75; p=0.001). As one would
Hg). The severe PH group were more likely to undergo expect, isolated post-capillary PH resolves quickly after
mitral valve replacement (81%), have severe TR (31%), mitral valve intervention; however, in patients with com-
RVF (17%) and undergo concomitant tricuspid valve proce- bined post- and pre-capillary PH (CpcPH), resolution of the

dures (46%). At 30 days, operative mortality was 9% in the pre-capillary component is variable and no clear-cut risk
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factors for persistent PH after surgery have been
identified." """

Mitral regurgitation. Mitral regurgitation (MR) is the most
common cardiac valve disease. The association of PH with
MR was initially described only in those with concomitant
mitral stenosis, but future observations confirmed its associ-
ation with isolated mitral regurgitation.'”* PH with a sPAP
> 50 mm Hg is an adverse prognostic indicator, and even if
asymptomatic, guidelines recommend intervention on pri-
mary mitral valve regurgitation.'>” The presence of * 3+ tri-
cuspid regurgitation and elevated right atrial area index
have been associated with increased mortality with sur-
gery,””" thus suggesting that preoperative hemodynamic
optimization with improvement in these secondary issues
may help outcomes with MV surgery for MR. It has been
recommended that patients with primary mitral valve regur-
gitation and PH should be referred to centers experienced
in repair.'>”

Transcatheter options for addressing mitral regurgitation
in patients at increased risk with surgical intervention have
shown promising results. The most widely used device is
the MitraClip System (Abbott Vascular, Santa Clara, CA)
which allows for mitral valve edge-to-edge repair.'”®
Importantly, the COAPT study of functional MR excluded
patients with severe PH (estimated PASP >70 mm Hg with-
out hemodynamic reversibility in the catheterization labora-
tory) and those with moderate or severe RV dysfunction on
echocardiogram. A recent retrospective cohort study ana-
lyzed 4,071 patients who underwent THV repair with the
MitraClip system and found that the presence of PH was
associated with increased mortality and readmission for
heart failure.'”’ The newer PASCAL transcatheter heart
valve system is being studied in a pivotal trial against the
MitraClip System for both degenerative and functional MR
in the CLASP IID/IIF Trial without regard to the presence
of PH or RVF.

Aortic stenosis. PH is highly prevalent in patients with
severe aortic valve stenosis (AS) and is associated with
increased mortality irrespective of surgery, functional sta-
tus, or comorbidities.'”®'”” The most frequent features of
PH-AS are LV diastolic dysfunction w/increased LV end-
diastolic pressure and concomitant MR. The degree of PH
is mainly reflective of the diastolic filling pressure, LA size,
and pulmonary artery compliance. There is a weak correla-
tion to the extent of LV systolic function and PH does not
correlate well to the severity of AS. Studies demonstrating
that PH is independently associated with higher in-hospital
mortality among patients undergoing aortic valve replace-
ment (AVR) led the ESC to give a class Ila indication for
AVR for patients with asymptomatic AS and an estimated
sPAP > 60 mm Hg.'°”'°" Not surprisingly, patients with
more severe PH and/or CpcPH have worse
survival.'??'%%1%* The sPAP often improves immediately
after surgical AVR (SAVR) or transcatheter AVR (TAVR),
however in many patients the PH persists and is associated
with higher 1-year mortality.'®*'® The sPAP can also
decrease with balloon aortic valvuloplasty, but the

improvement is not sustained over months.'®> Findings by
the German Federal Bureau of Statistics on 107,057 patients
undergoing isolated TAVR or SAVR between 2007 and
2014 revealed that the number of SAVR procedures
declined by 20% in AS patients with PH.'°® In addition,
patients with PH receiving SAVR treatment were at the
highest operative risk and exhibited a prolonged time to
post-surgery extubation. The actual in-hospital mortality
was twice as high compared to PH patients receiving
TAVR.'® Overall, these findings have important implica-
tions in terms of choice of therapeutic approach and point
in favor of TAVR as the elective technique for treating AS
patients with severe PH, especially the elderly.

Aortic regurgitation. PH has been less studied in aortic
valve regurgitation (AR), but appears to be relatively com-
mon in severe AR. A single-center retrospective study of
506 patients with severe AR demonstrated that severe PH
(sPAP > 60 mm Hg) was present in approximately 16% of
patients and was associated with LV enlargement and dys-
function and higher grades of MR.'®” Severe PH was asso-
ciated with a 3% operative mortality rate, and the sPAP
dropped to near normal values in the vast majority of
patients who underwent AVR. Moreover, the 1-and 5-year
survival rates were much better for the patients with severe
PH who underwent AVR compared to those who were man-
aged conservatively.

Post-operative management of PH with left heart
valve intervention

Systemic hypotension, rapid fluid shifts, acid-base and ven-
tilatory fluctuations are all common conditions during car-
diac surgery that can exacerbate PH and RVF, potentially
leading to life threatening hemodynamic instability. Thus,
many cardiac surgery centers use off-label inhaled vasodila-
tors intraoperatively with iNO being the most commonly
used agent for patients with severe PH and RV dysfunction
despite the lack of randomized controlled trials (RCTs).
Potential options for aerosolized vasodilators include the
more selective pulmonary vasodilators iNO, iloprost, and
epoprostenol, and less selective vasodilators milrinone, lev-
osimendan, and nitroglycerin. As stated previously, isolated
pulmonary vasodilators are particularly attractive to help
“unload” the RV when needed, especially in situations
where the systemic blood pressure runs low, as is often the
case with cardiac surgery. A caveat to using inhaled pulmo-
nary vasodilators in patients with left heart disease is the
potential to raise LV filling pressure, worsen PAP and RV
dysfunction especially when the upstream left atrial pressure
is already high. However, cardiac surgery cases are typically
performed with an invasive PAC continued postoperatively,
thus permitting serial assessment of right vs left ventricular
filling pressures, PAP, CO, and calculated PVR to guide
decision making and monitoring of a response to a trial of
inhaled pulmonary vasodilator therapy.

Studies of persistent PH after surgical or percutaneous
left heart valve intervention have not demonstrated a benefit
of targeted PH therapy to date. The largest, SIOVAC
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study,'®® was a randomized, multi-center trial investigating

the role of sildenafil (40 mg 3 times a day) in patients with
persistent PH (defined as a mean PAP *30 mm Hg) at least
1 year after valvular intervention. More than 90% of
patients had undergone mitral intervention, and 57% had a
PVR >3 Wood units. Two hundred patients were included
for analysis and the primary endpoint was the composite
clinical score combining death, hospital admission for heart
failure, change in functional class and patient global self-
assessment at 6 months. Fewer patients in the sildenafil
group improved their clinical score and a more worsened
their score compared to placebo. Interestingly, patients had
a short-term improvement in hemodynamics, a finding seen
in other short-term studies. This improvement however did
not translate to longer term improvement in outcomes and
functional capacity. This data confirms the recommendation
of the current guidelines against use of PAH therapies in
patients with WHO group 2 PH.' """

Key Points

1. Patients with severe PH and RVF associated with left heart
valve disease being considered for valve intervention should
be referred to expert centers.

2. Preoperative RHC should be considered for risk assessment
and to guide medical optimization prior to left heart valve
intervention when non-invasive imaging suggests severe PH
and RV dysfunction.

3. Current data do not support the long-term use of selective
pulmonary vasodilators after left heart valve intervention in
patients with PH.

Gaps in Knowledge

1. Further studies need to clarify the role, if any, of selective
pulmonary vasodilator therapies for treating PH before, dur-
ing, or after left heart valve interventions.

2. Studies are needed to determine what threshold, if any, of
PH and/or RV dysfunction severity should prohibit left heart
valve surgery.

3. Whether aortic balloon valvuloplasty as a bridge to definitive
therapy may be appropriate in patient with PH and/or severe
RVF is unknown.

Tricuspid valve repair or replacement in the setting
of PH

PH commonly occurs in patients undergoing tricuspid valve
procedures and is associated with high early mortality and
poor long-term outcomes after tricuspid valve repair and/or
replacement.'’"'’® Nearly half of the patients who undergo
tricuspid valve repair during left heart procedure have resid-
ual PH, which has also been associated with increased long-
term adverse events.' ' It is clear that both RV r dysfunc-
tion and PH have independent and additive prognostic
impact in patients undergoing tricuspid valve procedures
concomitant to mitral valve procedures.'”’

Perioperative considerations and management

Tricuspid valve repair or replacement is not recommended
in patients with severe RV dysfunction or severe PH.'”*'*
However, there is no clear consensus on the threshold crite-
ria for the severity of RV dysfunction or PH that is prohibi-
tive of tricuspid valve intervention. The sudden increase in
the afterload to the right ventricle after tricuspid valve
repair or replacement can lead to acute RVF and cardio-
genic shock, especially in patients with coexisting PH and/
or RV dysfunction. Figure 11 outlines a suggested approach
to the diagnosis, hemodynamic assessment, and patient
selection for surgical or interventional therapies in patients
with tricuspid regurgitation.'*’

Perioperatively, patients undergoing tricuspid valve
repair or replacement who have coexisting PH and/or RV
function may respond favorably to iNO during the immedi-
ate postoperative period in order to reduce RV afterload. A
CVP of less than 15 mm Hg should be targeted, in order to
minimize ventricular interdependence and impaired LV
preload. Inotropes and/or temporary mechanical support
should be used as needed to support RV function. There is
no data to guide the use of selective pulmonary vasodilator
therapy during the perioperative period in patients undergo-
ing tricuspid valve repair or replacement, however inhaled
pulmonary vasodilators may be useful to decrease RV after-
load improve LV filling in the perioperative period, at least
until pressors are no longer needed.

Key Points

1. Patients requiring tricuspid valve repair/replacement should
undergo a thorough evaluation to characterize RV function
and pulmonary hemodynamics.

2. Tricuspid valve repair/replacement in the presence of PH
and/or RV dysfunction should be referred to expert centers.

3. Routine preoperative use of pulmonary specific vasodilators
in patients with PH-LHD who undergo tricuspid valve repair/
replacement is not recommended.

4. Patients undergoing tricuspid valve repair/replacement in
the presence of PH and/or RV dysfunction should be moni-
tored closely in the postoperative period for RV failure and
cardiogenic shock.

Gaps in Knowledge

1. No clear consensus exists on the threshold criteria for the
severity of RV dysfunction and/or PH that is prohibitive of
tricuspid valve repair or replacement.

2. The safety and efficacy of preoperative use of pulmonary
specific vasodilators in patients with PH who undergo tricus-
pid valve repair/replacement is unclear.

3. The clinical benefit of early postoperative use of pulmonary
specific vasodilators in patients undergoing tricuspid valve
repair/replacement has not been studied systematically.
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Cardiac surgery in the setting of advanced HF with
preserved EF and PH

PH is common in patients with HFpEF (PH-HFpEF) and is
associated with RVF and high mortality when present.'”®
The severity of PH is greater in patients with advanced dia-
stolic dysfunction. Advanced diastolic dysfunction can be

seen patients with coronary artery disease or severe AS,
and it is a common feature of idiopathic or acquired restric-
tive cardiomyopathies (RCM), including amyloidosis,
hemochromatosis, sarcoidosis, connective tissue disease,
and radiation myocardial fibrosis. Sometimes more than
one mechanism for HFpEF can be present. For example,
there is increasing recognition of wild type transthyretin
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cardiac amyloid in patients undergoing TAVR.'""""*! Like-
wise, if significant radiation myocardial fibrosis is present,
restrictive physiology will persist despite revascularization,
pericardial striping and/or valve replacement. Echocardio-
graphic and hemodynamic signs of underlying restrictive
cardiomyopathy may be present preoperatively.'®” Thus, a
thorough evaluation of the HFpEF phenotype and clinical

status should be done preoperatively.

Data in patients with HFpEF undergoing CABG show a
high risk of perioperative adverse outcomes and postopera-
tive mortality.'®'** In one study of 491 patients who
underwent CABG, preoperative left atrial pressure eleva-
tion by echocardiogram predicted higher longer term mor-
tality. In this same study, patients who had evidence of PH
by echo (sPAP > 36 mm Hg) or RV dysfunction (TAPSE <
16 mm) had higher odds of 30 day perioperative adverse
outcomes after CABG.'™

For non-emergent surgery, it is recommended that heart
failure is stabilized prior to surgery. This recommendation
is based on poorer outcomes in patients who are classified
as decompensated at the time of surgery.'® In addition,
high filling pressures are directly linked to clinical pulmo-
nary edema and increased RV afterload, 186-190 therefore the
risk for perioperative pulmonary edema and RVF should be
reduced by preoperative optimization for elective cases. If
cardiac surgery is emergent due to myocardial ischemia or
unstable critical valve disease, waiting to improve volume
status is not recommended.

Perioperative management

Hemodynamic considerations. For patients with RCM and
low CO state, the stroke volume is often fixed, and a higher
heart rate can improve CO. This can be achieved by
decreasing/discontinuing inhibitors of the sinus node,
increasing pacing rates in patients with permanently
implanted pacemakers, or by administering an inotropic
agent with chronotropic effect. These maneuvers may be
especially helpful for patients with cardiorenal syndrome.
Additionally, in addition to diuresis to reduce post-capillary
PH as much as is renally tolerated by a relatively preload
dependent restrictive LV, inotrope support for the RV may
be needed if it becomes decompensated during the perioper-
ative period.

Other management principles for patients with HFpEF-
PH include good blood pressure and rhythm control. Vigi-
lant monitoring and early management of atrial arrhythmias
are particularly important for patients with RCM as they
may acutely decompensate with loss of the atrial kick.

Pulmonary vasodilators. PAH specific therapies have not
demonstrated a mortality benefit in patients with Group 2
PH and can raise pulmonary capillary wedge pressure
acutely,'”" likely even more so in patients with advanced
diastolic dysfunction. As discussed previously, different
inhaled pulmonary vasodilators have been used with vary-
ing results in patients undergoing cardiac surgery, although

patients with HFpEF including advanced diastolic dysfunc-
tion were not studied in particular.

Key Points

1. A thorough evaluation of HFpEF - PH phenotype and clinical
status should be performed in the preoperative phase of car-
diac surgery.

2. Diuretics should be adjusted to achieve euvolemia as much
as possible prior to cardiac surgery in patients with
advanced diastolic dysfunction.

3. The use of pre- and chronic postoperative oral pulmonary
vasodilators is not recommended.

Gaps in Knowledge

1. Better classification of HFpEF phenotypes is needed to
enhance perioperative risk prediction and to test periopera-
tive management strategies.

2. Cardiothoracic surgery databases would benefit from the col-
lection of preoperative invasive hemodynamic data, when
available. This data would help inform risk prediction in
HFpEF modeling.

3. Proper assessment of RV function in the setting of HFpEF-PH
and associated risk remains suboptimal.

Management of PH and/or RV failure after LVAD
implantation

RVF following LVAD implantation is a common yet highly
morbid problem. The incidence of acute RVF ranges from
20% to 50% depending on the study definition,'”* and pre-
diction of risk is imperfect,'”*"'”° Unexpected perioperative
difficulties may precipitate RVF even when preoperative
risk seemed acceptable.'””

Hemodynamic optimization

In order to reduce the risks of acute RVF post-LVAD, espe-
cially in the presence of PH, preoperative optimization of
left and right heart filling pressures and renal function is
highly recommended. Factors contributing to RVF post-
LVAD implantation and mitigating approaches are shown
in Table 12.

Pulmonary vasodilators

Pulmonary vasodilators including iNO, inhaled prostanoids,
PDES5-inhibitors, and ERAs have all been utilized in post-
LVAD patients to help unload the right ventricle, although
data are primarily based on case series.'”’ "’ Patients with
RVF after LVAD implantation are often hypotensive in the
perioperative setting and therefore inhaled vasodilators,
when used, are continued until the patient is no longer
requiring pressor support.
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Table 12

Contributors and Approaches to RV Failure with LVAD Implantation

Factors contributing to RV failure

Possible mitigating strategies

Patient selection

Volume overload, renal failure
Tricuspid regurgitation
Inadequate LV unloading

PH due to elevated PVR

RV contractile failure

Use of RV failure prediction tools

Aggressive volume management: Diuretics, CVVHD in select cases

Proactive tricuspid repair at LVAD implant

Pump speed and afterload optimization

Nitric oxide, inhaled prostanoids, milrinone, sildenafil, endothelin receptor
antagonists

Milrinone, other inotropes, RVADs, less invasive strategies

A large, retrospective study of the INTERMACS
Registry suggested preimplant use of sildenafil actually
resulted in higher rates of RVF as well as higher bleed-
ing rates.”’’ The use of PDES inhibitors (generally sil-
denafil, given shorter half-life than tadalafil, allowing
easier dose titration) in post-LVAD patients with pulmo-
nary vascular disease is common, although the evidence
supporting their use is limited”’**** and do not include
RCTs. Interestingly, a recent large, retrospective obser-
vational study of the INTERMACS Registry that
included 13,722 patients who received a LVAD showed
that the post-LVAD use of PDE 5 inhibitors was associ-
ated with a lower rate of thrombotic events (ischemic
stroke and pump thrombosis) and improved all-cause
mortality, presumably due to the nitric oxide/cGMP
anti-platelet/antithrombotic effects.””* PDE 5 inhibitors
were used in 36% of LVAD recipients and their use was
more common among patients with a history of PH and/
or RHF, however postop outcomes related to PH and
RHF were not assessed in this study.

The rationale for post-LVAD pulmonary vasodilators
rests on the concept that patients with elevated PVR after
LVAD implant who have satisfactory left heart filling pres-
sures have converted to a hemodynamic state that mimics
that of WHO Group I PAH that should therefore be respon-
sive to such therapy. However, significant elevation of PVR
following LVAD implant is relatively uncommon,”” and
without careful measurement of PAWP it may not even be
clear whether the PVR is elevated. Accordingly, it is critical
to obtain the necessary measurements either at the bedside,
or if doubt about accuracy, by return to the hemodynamic
catheterization laboratory for formal measurements and
hemodynamic optimization of LVAD parameters to fully
understand the physiology.

In settings where the LV is adequately unloaded, and
residual pre-capillary PH and RV dysfunction exist imme-
diately post-LVAD, iNO/prostacyclins with transition to
PDES5 inhibitor therapy may be a reasonable approach,
especially for potential heart transplant candidates with pro-
hibitive pulmonary hemodynamics and/or significant RHF
due to residual pressure overload. Remodeling of the lung
vasculature may result in improvement or normalization of
the PVR, and the RV may improve in function, such that
ongoing therapy may not be necessary.

ERA have also been utilized,>’° and initial results of the
first randomized, multicenter, controlled trial of pulmonary
vasodilators in the early post-LVAD population, the Clini-
cal Study to Assess the Efficacy and Safety of Macitentan
in Patients With PH After Left Ventricular Assist Device
(SOPRANO) study, were recently presented and showed
that macitentan significantly reduced PVR and was well tol-
erated.””® Additional research including RCTs regarding
acute and chronic use of pulmonary vasodilators is clearly
important for advancing the field.

Right ventricular assist devices for perioperative
right heart failure

If right heart failure (RHF) is allowed to persist to the point
of multi-organ failure, mortality is high. Decisions regard-
ing implantation of temporary RVAD systems or moving to
extracorporeal membrane oxygenation (ECMO) should be
made expeditiously either in the operating room at time of
LVAD implant, or as soon as it becomes evident that non
mechanical approaches are failing. Nonetheless need for
implantation of an RVAD at time of the LVAD implant is
associated with approximately 4-fold increase in mortal-
ity.””” Options for mechanical support have recently been
reviewed.”"® The Impella RP device (Abiomed, Danvers,
CT) can be placed percutaneously through the femoral vein
and provides up to 4 liter/min of flow; feasibility and
acceptable safety with encouraging outcome was seen in
the 18 patient LVAD cohort in the nonrandomized
RECOVER RIGHT study.””” The Protek Duo system (Car-
diac Assist, Inc., Pittsburgh, PA) utilizes a cannula that can
be placed percutaneously in the right internal jugular vein
and is attached to an extracorporeal circulatory pump,
allowing full patient mobilization and percutaneous
removal.”'” An excellent review of contemporary ECMO
strategies and management has recently been published.”"’
When such systems are required in the bridge to transplant
setting, patient priority for transplant becomes high, facili-
tating timely transplantation in critically ill patients.

In addition to acute RVF, there is an increasingly recog-
nized phenomenon of late right heart failure >30 days after
LVAD implantation, with incident rates of 8% to
11%.7'>*"3 The pathophysiology of late RVF remains
poorly elucidated.
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Key Points

1. Preoperative optimization of right and left heart filling pres-
sures and renal function in patients undergoing LVAD
implantation is recommended.

2. At this time, pre-LVAD use of sildenafil appears to be associ-
ated with higher rates of RVF and bleeding, and cannot be
recommended.

3. The use of PDE5 inhibitors following LVAD is common, and
appears to be associated with reduced thrombotic event
rates and improved survival; however their use for PH should
be re-evaluated 3 to 6 months post implantation.

Gaps in Knowledge

1. The safety and efficacy of pre-, intra- and postoperative pul-
monary vasodilators need to be systematically evaluated.

2. Current risk stratification tools to predict RVF perform only
modestly in external validation cohorts and require
refinement.

3. Less invasive strategies and RV sparing techniques for LVAD
implantation requires further study.

Transplant surgery in patients with PH and/or
RV failure

Lung transplantation

WHO Group 1 PAH or Group 3 PH related to advanced
lung disease (ALD) is associated with high early post-trans-
plant mortality. In contrast, the long-term conditional sur-
vival for the first 3 months for PAH or PH due to ALD is
one of the best or no different than transplant for other etiol-
ogies, respectively.”'*?'® Consequently, the efforts to
improve mortality concentrate on improving perioperative
outcomes in this high-risk cohort.

Intraoperative management during transplantation

Anesthetic considerations. Induction is a critical time for
patients with severe PH. Anesthetic agents, positive pres-
sure ventilation, hypoxemia, hypercarbia are all factors that
can lead to severe hypotension and RV collapse. The anes-
thesiologist should identify patients at risk of cardiopulmo-
nary collapse ahead of time.”'’”'® Despite etomidate’s
better hemodynamic profile, the overwhelming majority of
centers worldwide use propofol as the drug of choice for
induction.”*'>** Pulmonary vasodilators such as inhaled
nitric oxide or inhaled prostacyclin, maximal inspired oxy-
gen, and vasopressor infusion may mitigate elevation in
pulmonary artery pressure (PAP) and reduce RV afterload
resulting from the induction agents and conditions.”'"-**'
The surgical and perfusion teams should be present in the
operating room at the time of induction in the event of
emergent need for ECMO or full cardiopulmonary bypass
(CPB) support. Emergency CPB support either via

peripheral or central approach has been described or insti-
tuted successfully in some, but not all cases of cardiopul-
monary collapse on induction. On occasion, preinduction
awake peripheral femoral veno-arterial extracorporeal
membrane oxygenation (VA ECMO) in local anesthesia is
necessary in those with severe PH on high flow oxygen,
hypercapnia, on inhaled NO, or inotropic support for the
heart, 222223

Cardiopulmonary monitoring and management. While
practice varies from center to center, intraoperative monitor-
ing consists of radial artery cannulation, occasionally femoral
arterial line, central venous access with or without PAC
before or after induction depending on patients ability to tol-
erate supine positioning, and/or TEE.”'®*'*. TEE has
been remarkably helpful not only for intraoperative monitor-
ing of the RV but also in assisting in making the decision to
whether or not support the RV postoperatively with inotropy
and/or ECMO/extracorporeal life support (ECLS).”** Further-
more, TEE can help evaluate the patency and flows at the
pulmonary arterial and venous anastomoses.

Intraoperative fluid management is of paramount impor-
tance in patients with PH and RVF undergoing lung trans-
plantation to prevent graft edema upon reperfusion while
maintaining optimal cardiac output both during surgery and
after.

Surgical management. Lung transplantation for PAH
patients these days requires the use of an extracorporeal cir-
cuit. The debate between full CPB vs ECMO has been
largely settled. Several centers in Europe and North Amer-
ica and some in Asia now preferentially deploy VA ECMO
over full CPB for intraoperative cardiopulmonary support
during lung transplantation.””> >’ Though there are no
RCTs, a recent meta-analysis comparing ECMO vs CPB
during lung transplantation showed superior clinical out-
comes for ECMO with no difference in operative and ische-
mic times observed.””” While both CPB and VA ECMO
offer hemodynamic stability, controlled reperfusion of the
first allograft during implantation of the second and protec-
tive ventilation strategies, VA ECMO offers additional ben-
efits such as, lower/no heparinization, bleeding risk,
transfusion requirement, and closed system with minimal
activation of platelets etc. CPB, however, remains a viable
option for cases where excessive bleeding is anticipated
and in cases of combined cardiac defects.

Primary graft dysfunction (PGD)

PGD contributes significantly to morbidity and mortality
after lung transplantation. Especially patients with PH are
known to develop PGD.”*"**** A number of donor, recipi-
ent, and procedural characteristics were identified to be
associated with the occurrence of PGD in PH patients.”””
Most importantly, left ventricular diastolic dysfunction was
recently reported to be an independent prognostic risk fac-
tor for PGD in patients with PH and may be associated with
worse long term outcomes.*****
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Postoperative left ventricular dysfunction

The management of patients undergoing lung transplantation
for PAH demands a focus on postoperative left ventricular
cardiac function.””*** Patients with end stage PAH present
with a chronically underfilled LV of reduced dimensions
leading to reduced stroke volume. There is septal bowing to
the left (echocardiographic ‘banana shaped’ LV). Lung trans-
plantation ideally resets the PVR to physiologic conditions
which results in improved LV filling and consequent increase
in cardiac output. Not infrequently, the situation arises that
the untrained LV cannot handle this sudden increase of vol-
ume load, which can lead to temporary LV failure and pul-
monary edema”””*** and lower 1-year survival.*

There is a clear chronological difference between the
occurrence of classical PGD and left ventricular failure.
PGD occurs within the first 24 hours after lung transplanta-
tion whereas temporary left ventricular failure occurs at a
later time, usually during weaning from mechanical respira-
tory support when the reduction of positive pressure venti-
lation leads to an increase of cardiac inflow to the LV.

Several therapeutic strategies are important in the man-
agement of such patients postoperatively which help to
overcome or avoid the deleterious complications of PGD
and LV failure. Among them are optimization of fluid bal-
ance, inotropic support, providing hemodynamic stability
and more importantly avoiding rapid LV loading at a time
when the LV has yet to adapt to the new physiologic
conditions.

Fluid management

The routine use of diuretics is central to reverse the effects
of fluid retention in PH patients post-transplantation. Given
the chronic congestive renal impairment, the sole use of
diuretics may not be sufficient leading to liberal use of tem-
porary hemofiltration in some patients.””’ Up to 45% of
patients undergoing lung transplantation for PAH need tem-
porary hemofiltration but without long term sequalae such a
permanent hemodialysis or renal transplantation.”’ Careful
attention has to be paid to maintain serum protein and
hemoglobin concentrations over the whole time. Echocardi-
ography is a valid tool to monitor cardiac performance in
response to fluid administration in critically ill
patients.”””** It is important to delay extubation or wean-
ing from ECMO until the patient’s fluid status has been
normalized.

Post-operative ECMO prolongation

Measures to optimize the patients fluid overload, such as
forced diuresis or hemofiltration, pharmacologic inotropic
support and delayed extubation alone are sometimes not
sufficient to provide stable postoperative conditions.

A particular benefit of ECMO (over CPB) lies in the pos-
sibility to prolong it into the postoperative period to guaran-
tee hemodynamic stability.”****"*** Prolonged VA ECMO
reduces blood flow through the lungs, gives the heart and
lungs the necessary time for slower adaptation to the new

. 228,237,238
conditions.”*%37:

controlled reperfusion of the lung allografts.

In addition, the prophylactic extension of ECMO postop-
eratively offers the possibility for lung protective mechani-
cal ventilation such as low tidal volumes (TV) and plateau
pressures thereby avoiding stretch injury associated with
higher TV that would otherwise be required without ECMO
to support ventilation.

Routine prophylactic postoperative use of VA
ECMO™"-*#**? results in excellent outcome and is particu-
larly recommended in patients with PAH.?” Recently it has
been suggested to make its use dependent on specific func-
tional criteria: p,0,/FiO; < 100, PAPcan/SAPnean > 2/3,
or a clear trend of worsening at the end of the operation.”"*

and in this way provides optimally
241

Right ventricular outflow tract (RVOT) obstruction

There is one specific exception from the typical hemody-
namic pattern after lung transplantation in patients with PH.
This is RVOT obstruction which can occur in cases with
pronounced RV muscular hypertrophy. In this situation,
unguided reduction of circulatory volume can exacerbate
RVOT obstruction. The correct treatment in this situation
consists of augmented volume status and consideration of
beta-blockers (case reports:******). Repeated echocardio-
graphic monitoring is mandatory to identify this condition.

Key Points

1. Double lung transplantation is now the procedure of choice
for most patients with WHO Group 1 PAH.

2. VA ECMO and not CPB is recommended for intraoperative car-
diopulmonary support during lung transplantation.

3. We recommend gradually weaning sedation, mechanical ven-
tilation and/or ECLS to avoid rapid LV loading at a time
when the LV has yet to adapt to the new physiologic
conditions.

4. Prophylactic postoperative ECMO should be considered for
patients with PAH and severe RV dysfunction.

Gaps in Knowledge

1. Determination of the optimal extracorporeal support config-
uration is needed.

2. Data regarding who would benefit from postoperative ECMO
support are lacking.

Heart transplantation
PH and RV dysfunction in advanced heart failure

As discussed previously, PH is common among patients
with left heart disease (LHD), including patients with
advanced heart failure (AHF). Increased PVR, unresponsive
to acute vasodilatation, may impose a contraindication to
heart transplantation (HT), due to the risk of postoperative



McGlothlin et al.

ISHLT consensus statement: Perioperative management of patients 1167

acute RVF and early death following HT,"*** if not

reversed by LVAD treatment. Additionally, long-standing
advanced HF may itself result in remodeling of the right
ventricle (RV), with concomitant RVF, worsening progno-
sis."* Such an impaired RV function may also impose a
contraindication for treatment with LVAD prior to HT.

Pretransplant considerations in PH due to AHF

As previously summarized,”*® several studies have evalu-
ated the impact of preoperative PH on outcome after
HT.”*”*° Which hemodynamic parameter that best pre-
dicts outcome is, however, complicated by different cut-off
values that have been used to characterize PH severity in
among studies.”*’*® There are also diverging findings with
regards to the influence of PH after HT, specifically when
evaluating preoperative PH.*”’

Prior to HT, RHC is mandatory in candidate evaluation.
Repeated RHC’s should also be performed with intervals of
3 to 6 months, especially when HF is worsening. Relative
contraindications for HT have previously been defined as:
PVR > 4 to 5 WU, PVR index (PVRI) > 6 WUem ™ * and/or
TPG > 15 mm Hg.”™® Acute vasoreactivity testing (AVT) is
recommended during RHC in PH-AHF patients during trans-
plant evaluation who exhibit a SPAP > 50 mm Hg and either
TPG > 15 mm Hg or PVR > 3 WU. A SAP > 85 mm Hg
should be maintained during AVT in order to be predictive.
However, with current treatment options, such as LVAD, a
patient previously considered ineligible for HT due to hemo-
dynamic impairment, may today become eligible, due to off-
loading of the LV with normalization of PAWP and MPAP,
as well as attenuation of the elevated PVR.**

PH 1 year after heart transplantation seems indeed to be
a prognostic marker for long-term outcome.””’ Moreover,
PH at repeated evaluations during the first year after HT
have stronger impact than PH at a single measurement.””’
Thus, just as PH in LHD prior to HT is a negative prognos-
tic marker of morbidity and mortality,'*” persistent PH after
HT also impairs prognosis. Careful treatment of left heart
failure (LHF) before as well as after HT is therefore of great
importance to diminish the effect of sustained LA pressure
to the evolution of PH.

Pre- and post-operative management of PH due to
AHF

Management of PH in AHF remains challenging.25 9292 As
CpcPH may be characterized by superimposed arterial
vasoconstriction £ vascular arterial and venous remodel-
ling above and beyond venous congestion, it has been sug-
gested that pulmonary vasodilator therapy utilized for PAH,
might be of value in PH due to LHD including LHF.

As discussed in the previous section on cardiac surgery
in patients with PH, several randomized control trials have
been performed with PAH therapy in patients with LHD,
with the majority being negative or detrimental.”***’* PAH
therapy has therefore not received approval for PH due to
LHD. However, it is occasionally and selectively used
intermittently in the intensive care setting for

predominately pre-capillary PH and RV dysfunction, along
with careful hemodynamic monitoring and the use of IV
diuretics, perioperatively in HT patients. The aim is then to
decrease PVR and attenuate the load on the right ventricle.
The general recommendation at present is to optimize treat-
ment of the underlying LHD condition, including LHF.>”
The use of LVAD as a bridge to transplantation in patients
with PH has been discussed previously.

Intra- and post-operative PH considerations and
management

Many patients with PH-LHD prior to HT are treated with a
LVAD to unload the LV and normalize pulmonary pressures
before transplant listing due to increased mortality with trans-
plantation in the setting of high PVR.”’**’® Nevertheless,
there are patients who did not exhibit PH prior to HT and
show a profound elevation of PVR at the time of HT. More-
over, a small but growing patient population with AHF and
associated PH are not characterized by LV dilatation and
hypokinesis, including restrictive-, hypertrophic-, and infiltra-
tive cardiomyopathies, as well as some forms of congenital
heart disease (e.g., Fontan circulation). Many of these patients
may not be eligible for mechanical assist devices.”*

There are also a number of factors that may increase PH
during and right after HT. The release of vasoactive sub-
stances during bypass, volume overload and stress during
awakening from anesthesia, can all be causes for intra- and
postoperative PH.”’ "’

Even in those patients who do not have exclusionary PH
pretransplantation, during and early after HT may develop
RVF due to the fact that the donor heart is not adapted to
elevated pulmonary pressures and may be impaired in its
function by ischemia and reperfusion injury.”’”** Hemo-
dynamic and echocardiographic definition of isolated RVF
and PH after HT has been previously been described.”®"**>

During HT, patients need to be continuously monitored
for right heart dysfunction via RHC, TEE, and direct visual-
ization of the graft. Right sided graft dysfunction can be
either defined as PGD (due to ischemic and reperfusion
injury) or secondary graft dysfunction (due to PH). In most
cases, however, it is a mixture of both. In most HT recipi-
ents, low-grade right-sided dysfunction can be documented.
In a consensus document, right-sided PGD (PGD-RV) was
defined as RAP >15 mm Hg, PCWP <15 mm Hg, CI < 2.0
liter/min/m2 and/or TPG <15 mm Hg + sys PAP <50 mm
Hg and/or the need for mechanical support.”®’

Intraoperative management for PH-AHF patients follow
principals discussed in earlier sections. Additionally, venti-
lator treatment of atelectasis needs to be performed before
weaning from cardiopulmonary bypass, to prevent patients
from high pressure ventilation, at a later stage. Moreover,
pleural effusions need to be treated to allow ventilation that
won’t harm the right ventricle.

Optimal filling pressures are essential and a CVP of 12 to
14 mm Hg should be the upper limit in most cases. Echo-
cardiographic monitoring of the tricuspid valve is important
to detect sudden severe tricuspid valve insufficiency associ-
ated with RV dysfunction and /or volume overload. Sudden
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volume overload can be counteracted via a reverse Trende-
lenburg position of the patient. if mean PAP pressure
>25 mm Hg and/or SysPAP >45 mm Hg, associated with
any degree of RV dysfunction immediate initiation of
inhaled vasodilators is important. The surgeon also needs to
closely monitor the RA and RV while weaning from CPB
to avoid volume overload.

After weaning from CBP the use of protamine, to antag-
onize heparin, can lead to sudden increase of pulmonary
pressures and acute RVF. Immediate therapy with steroids
and histamine receptor antagonists can be used for treat-
ment of this side effect. Protamine can rarely also lead to
anaphylactic reactions that can cause cardiovascular col-
lapse, requiring immediate treatment.

Therapeutic options for intra- and post-HT PH and
RV dysfunction

Judicious use of perioperative vasoactive and inotropic
agents has been proposed and found to be efficacious, as
described previously for other patients with PH and RV
dysfunction. Mechanical circulatory support (MCS) therapy
is the final option to treat RVF due to PH and RVF after HT.
Historically, this cohort of patients had severely decreased
survival and most patients could not be weaned from
MCS.”® The use of ECMO showed significant improve-
ment in weaning from support and survival.”**>%>

There are also data with other devices (centrifugal flow:
Levitronix CentriMag, Tandem Heart; axial flow: RP
Impella) for temporary RV support.”**** However, most
of the data is based on RVF after LVAD implantation and
there is still a lack of data in RVF after HT.?"*-*""

Impella is an axial flow device that can be implanted per-
cutaneously to support the failing RV. Several studies have
examined the use of Impella Recover RD and the new
Impella RP. The biggest series with the newer Impella RP
device, consisted of 29 patients (7 of them transplant
patients) pooled from the RECOVER RIGHT study and
post marketing studies (PAS, CAP). Overall 30 day-sur-
vival was 72% and 62% at 6 months. Patients were sup-
ported for a median time of 3.1 days.”””

Key Points

1. Vasodilator testing is recommended during RHC for patients
with PH being considered for AHF therapies when the SPAP is
> 50 mm Hg and if the TPG > 15 mm Hg or PVR > 3 WU. A sys-
tolic blood pressure >85 mm Hg should be maintained for the
test to be predictive.

2. The use of pulmonary vasodilator therapies in patients with
AHF being considered for transplant or LVAD therapies with
prohibitive PH hemodynamics should be done with caution
and in coordination with PH experts.

3. We recommend careful treatment of left heart failure before as
well as after HT to diminish the effect of sustained LA pressure
to the evolution of PH.

Gaps in Knowledge

1. How the new PH definition, proposed at the WSPH in Nice
2018,%° will influence treatment decisions and eligibility
criteria for HT remains to be solved.

2. Further studies are needed to better identify patients with PH
and AHF who are at risk for post-transplant acute RVF and
early mortality.

3. Data is needed to evaluate new therapeutic approaches in
relation to the new PH definition to minimize the impact of
right heart failure following HT.

Liver transplantation in patients with pulmonary
hypertension

Liver transplantation: Preoperative considerations
and management

Portopulmonary hypertension (POPH) is defined as the
presence of PAH associated with portal hypertension.””” It
is a common form of PAH, accounting for 5% to 10% of all
PAH.””" In patients undergoing evaluation for liver trans-
plantation, the estimated prevalence is 5%, with risk factors
including female gender and autoimmune hepatitis.””> >’
Similar to other PAH subtypes, the newest WSPH hemody-
namic criteria are as follows: mPAP > 20 mm Hg, PVR > 3
WU, and PCWP < 15 mm Hg."*”® Although, as end-stage
liver disease (ESLD) is often accompanied by other risk
factors for elevated pressures and pulmonary venous con-
gestion, the diagnosis is frequently one of exclusion.”””-*"
In 33% of patients awaiting liver transplantation, elevations
in mPAP are related to causes other than PVR.”"' Further-
more, a patient with a high CO or volume overload may
have an elevated mPAP despite a normal pulmonary capil-
lary bed.

Candidate assessment. As it relates to liver transplantation,
the presence of severe and uncontrolled POPH is associated
with increased risk of perioperative mortality (approaching
100% if mPAP > 50 mm Hg), prolonged mechanical venti-
lation, and longer length of stay.”** "> All transplant candi-
dates with portal hypertension should undergo screening
for POPH.”"~%" Initial screening should be performed with
TTE, with a low threshold for RHC.’°' The American
Association for the Study of Liver Disease and the Ameri-
can Heart Association recommend RHC if estimated PASP
> 45 mm Hg.*"”*'” Based on the available data and clinical
experience, our recommendation is to consider RHC in can-
didates for liver transplantation when the echo-Doppler
estimated PA systolic pressure is > 50 mm Hg or 40 mm
Hg with secondary evidence of RV pressure overload on
echo (RV enlargement/dysfunction, interventricular septal
flattening, “notching” of the RVOT VTI).

Prior to transplantation, efforts should focus on reduc-
tion of mPAP to < 35 mm Hg because there is no increased
risk of perioperative mortality below this threshold.”"”"’
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In the United States and much of Europe, liver transplant
allocation occurs through the Model For End-Stage Liver
Disease (MELD) score.’'??1* Given the increased risk of
morality with POPH, the United Network for Organ Shar-
ing grants a standardized MELD exception in moderate
POPH (baseline mPAP > 35 mm Hg), provided that PAH-
specific therapy reduces mPAP to < 35 mm Hg and PVR
< 400 dynes/second per cm>.*'%?13315:319 The Interna-
tional Liver Transplant Society also recommends consider-
ation of MELD exceptions if unable to reduce the mPAP to
< 35 mm Hg, provided that PVR and RV function normal-
ize (e.g., mPAP 40 mm Hg with PVR < 3 WU and normal
RV function).”'” Most centers consider mPAP > 50 mm Hg
an absolute contraindication to transplantation due to an
observed mortality rate of nearly 100%.”">*'® Unlike in
hepatopulmonary syndrome, resolution of lung disease in
POPH is not uniform after liver transplantation, and patients
commonly require continued PAH-specific therapy.’'® "'
For this reason, POPH in isolation is not considered an indi-
cation for transplantation.™””

Pre-liver transplant management and vasodilator therapy.
Despite being a form of PAH, randomized clinical trials of
PAH-specific therapy historically excluded patients with
POPH,*' and treatment with PAH-specific therapies should
be at the direction and monitored by a PH expert. Non-ran-
domized studies do demonstrate efficacy of PAH-specific
therapy in this population.””””* Parenteral and inhaled
prostacyclin analogues improve functional capacity and
hemodynamics.323’329’3 44340 1t should be noted, however,
that these agents require caution given the risk of thrombo-
cytopenia and splenomegaly.”~*’ Phosphodiesterase-5
inhibitors (PDE-5I) are generally well tolerated, and small
studies demonstrate improved functional capacity and
hemodynamics.*”**?"*¥* Use of ERA are also effective.’””"
3 Although, caution should also be taken given the
increased risk of fluid retention and hepatotoxicity.”** >
For this reason, the United States Food and Drug Adminis-
tration recommends to avoid ERAs in moderate to severe
liver dysfunction. Notably, early results from a multicenter
placebo controlled trial using the nonselective ERA, maci-
tentan, in portopulmonary hypertension are promising.”’
Evidence for the use and safety of newer agents such as the
non-prostanoid IP receptor agonist, selexipag, and the solu-
able guanylate cyclase stimulator, riociguat, is more lim-
ited,” and it is recommended to reduce the administration
of selexipag to once daily in patients with moderate liver
impairment (Child-Pugh Class B) and avoid in patients
with severe liver impairment (Child-Pugh Class C).

In patients with refractory ascites or variceal bleeding,
transjugular intrahepatic portosystemic shunt (TIPS)
improves survival without extending waiting times or
increasing surgical complications.”**>* Unfortunately, it
has the unintended consequence of increasing RV loading
and cardiac output.”’> As such, patients with POPH should
undergo TIPS with extreme caution. Furthermore, it is con-
traindicated if mPAP > 45 mm Hg.>°

In addition to PAH-specific therapy, the principal com-
ponent of management in POPH is to improve RV function,

even normalize RV function for transplant eligible patients.
Diuretics are necessary to mitigate risks of volume over-
load. Spironolactone is appealing given its effect on pulmo-
nary vascular remodeling; however, caution should be used
given the risk for hyperkalemia from renal dysfunction
associated with end-stage liver disease (ESLD).357

Waiting list management. While wait-listed, routine screen-
ing should occur to ensure that patients do not develop wors-
ening PH and RV dysfunction. The timing of repeat
screening is center-dependent, with most centers repeating
echocardiogram screening every 3 to 6 months for those
with a prior diagnosis of POPH, and every twelve months in
those without prior POPH.”""~*"*%° Despite the high fre-
quency of echocardiogram screening, there are no accepted
guidelines for when to pursue a RHC on the waitlist. Some
centers use estimated PASP, others use Doppler derived vari-
ables including estimates of PVR.*>**~? Ultimately, the
goal is to ensure that patients have enough RV reserve to tol-
erate liver transplantation, so there is a low threshold to per-
form a repeat RHC if evidence of RV dysfunction is
present.””® Some centers even advocate for serial RHC every
3 months given the risks associated with undertreated POPH.

Preoperative assessment. Having fully assessed and opti-
mized the POPH patient prior to liver transplantation
does not obviate the need for a focused preoperative
assessment by the attending anesthesiologist. The focus
should be on the recent changes in medication or acute
changes in exercise tolerance, shortness of breath or
oxygen requirements. Finding no recent changes in
health status, the primary objective in the intraoperative
period is to avoid management that might exacerbate
the PH and RVF."

Intra-operative management. For liver transplantation,
the intraoperative period is described by dramatic fluctu-
ations in hemodynamics; preload, cardiac output (CO),
and SVR. The optimized POPH patient is defined by a
reduction in pulmonary pressures and improvement in
RV function. For the intraoperative management of
these patients, it must be understood that they their clin-
ical stability is extremely tenuous, and can change
quickly from stable hemodynamics to and profound
decompensated cardiac failure, specifically right heart
failure. The objectives in the operating room can be
managed in many different, potentially additive ways,
but essential is the maintenance of SVR, maintaining or
lowering PVR and supporting cardiac contractility.

Arterial pressure monitoring is routinely monitored in
liver transplant surgery. However, when the transplant can-
didate comes to the operating room with POPH the use of
central arterial line (e.g., femoral) access should be consid-
ered. The requirement for significant vasopressors can
result in an underestimation of central pressure when using
peripherally placed arterial cannulas.”*

While the use of the PAC in liver transplantation is
waning, its use in patients with suspected or presumed
POPH should be encourage as a real-time tool to assess
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CO or cardiac function.”®*** Preoperative subjective
patient optimization based of functional capacity prior to
surgery does not always correlate with hemodynamic mon-
itoring and the placement of a PAC allows for a final
assessment of patient status prior to committing to liver
transplantation, that is, resection of the inferior vena cava
(IVCQ). In addition, the PAC can be used to assess the ther-
apeutic effectiveness of veno-venobypass, piggyback sur-
gery with partial caval cross-clamping, and preoperative
PAH therapies.”** More importantly, continuous monitor-
ing of RAPs and mPAP will help to identify those at risk
of acute RVFE.”®

The use of TEE to diagnose and manage PH has been
documented in case reports,’%5 and TEE is an excellent
monitor to access RV filling and function. The presence of
grade III esophageal varices or recently banded varices may
increase the risk of esophageal bleeding, but the use of TEE
in liver transplantation is considered safe.’®® With the
implementation of fractional area change to assess RV and
LV size, the use of mid-esophageal views may minimize
the need for gastric access.

Surgical management. While optimizing ventilation, fluid
therapy, and inotropes can allow for successful transplanta-
tion in POPH, it is important to determine if these measures
are sufficient to tolerate the complete cross-clamp of the
IVC. If blood pressure cannot be maintained with a tempo-
rary IVC cross-clamp then an alternative surgical strategy
should be considered. The options include placing a tempo-
rary portosytstem shunt, veno-veno bypass, ECMO, and the
use of a partial cross clamp of the IVC with preservation of
the posterior vena cava and maintenance to cardiac return.
As with other transplant surgery in patients with PH and
severe acute RVF, intraoperative ECMO should be consid-
ered during liver transplantation.

Cancelling surgery. The mortality associated with liver
transplantation in patients with poorly managed, severe
POPH approaches 100%, and cancelling surgery after
line placement and full TEE evaluation should always
be reserved as an appropriate option.’”'*0>321-367 If the
mean mPAP is > 35 mm Hg after adjusting for periop-
erative aggravating factors and there are signs of RV
dysfunction, then pursuing liver transplantation may not
be justified.’®®

Key Points

1. We recommend RHC for PH in ESLD patients when the
screening echo-Doppler estimated RVSP is > 40 mm Hg with
secondary evidence of RV pressure overload on echo.

2. Treatment of POPH should focus PAH-specific therapy to
achieve a mPAP < 35 mm Hg and PVR < 400 dynes/second
per cm ™ ° to become transplant eligible.

Gaps in Knowledge

1. The role of pulmonary vasodilators in improving eligibility
for liver transplant, outcome and long-term survival in
patients with POPH needs to be systematically evaluated.

2. The benefits of temporary veno-venous bypass to control
venous return to a marginalized RV during surgery needs to
be evaluated.

Kidney transplantation in patients with pulmonary
hypertension

Pre-operative considerations and management

The presence of PH in end-stage renal disease (ESRD) is
important yet under recognized. The pathogenesis of this
often mild to moderate PH is not well understood, but likely
involves several cardiovascular changes associated with
ESRD such as increased cardiac output as a result of vol-
ume overload, anemia, arteriovenous fistulas, and
hemodialysis.”*”*’" A reduced vascular compliance of the
pulmonary venous system due to a disturbance in endoge-
nous vasoactive metabolite may also be contributory.””'*"*

Epidemiology. A meta-analysis of 16 studies estimated that
prevalence of PH by echocardiography in chronic kidney
disease (CKD) is 23%.°"° Tts presence was associated with
increased mortality and cardiovascular events, with the
highest risk in the group receiving dialysis. While notable,
none of the included studies used RHC for diagnosis. The
associated chronic volume overload, systemic vasoconstric-
tion, diastolic dysfunction, and an increased CO from arte-
riovenous fistulas make a diagnosis of PH by
echocardiography challenging because of the inability to
differentiate pre- and post-capillary disease.”’* An elevated
PASP may be driven by high CO or systemic vasoconstric-
tion, so many patients may not actually have pulmonary
vascular disease. The largest study with invasive hemody-
namics in CKD comes from a retrospective cohort who
underwent RHC for reasons other than CKD.”’* In the sub-
set with CKD and PH, the predominant phenotype (76%)
was post-capillary disease. Interestingly, prevalence of
post-capillary PH rose with increasing stage of CKD, while
prevalence of pre-capillary PH decreased; indicating that
early stage CKD may be the consequence of pre-capillary
PH, whereas co-morbidities associated with CKD may be
the culprit in post-capillary PH.

Candidate assessment. In renal transplantation, most litera-
ture investigating the association of PH with post-transplant
outcomes uses echocardiography. An estimated PASP >
35 mm Hg is associated with increased risk of early graft
dysfunction in deceased-donor recipients.”’® Others found
an association between pretransplant PASP > 50 mm Hg
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and decreased survival after transplantation.”’’ Interest-
ingly, there was no association in models adjusted for LV
ejection fraction (LVEF), indicating that the results were
likely driven by left heart disease. Another retrospective
study enriched for a lower LVEF did not find any associa-
tion between elevated PASP and survival.>’® To date, there
is only one study, a retrospective cohort study, investigating
the association of measured PA pressures with outcomes.””’
In this study, RHC was routinely performed at induction for
transplant surgery, and patients were dichotomized by
PASP > 35 mm Hg. The presence of elevated PASP was
associated with longer time on dialysis, diabetes, delayed
graft function, and an attenuation of survival. While novel
in characterizing the risk of measured PASP, the results are
similar to the non-invasive association studies because it
lacked the PCWP measurements necessary for differentia-
tion between types of PH.

The association between PH and post-transplant graft
function and survival may be valid, however, the predomi-
nant phenotype in ESRD is post-capillary PH, likely driven
by the co-morbidities of CKD. As such, the survival out-
come is probably driven by co-morbidities rather than true
pulmonary vascular disease. Careful attention in the periop-
erative period should focus on management of co-morbid
conditions, attaining euvolemia, and control of blood pres-
sure. Alternatively, if there is a concern about the presence
of PAH, a RHC should be performed at euvolemia and nor-
motension to ensure the accuracy of the PCWP. If unable to
achieve a normal PCWP, assessment of the pulmonary-to-
systemic vascular resistance ratio can help alleviate
concerns.

For patients with true pre-capillary PAH, the goal is to
mitigate its risk in transplantation by reduction of mPAP
and optimization of RV function. Patients should be treated
with pulmonary vasodilators appropriate to their diagnosis
in the setting of true PAH.**" In addition, management of
volume overload with diuretics and dialysis is beneficial to
optimize cardiac function.”®' In patients with a high output
state from arteriovenous fistulas, closure of the fistula can
reduce CO and improve mPAP.

Key Points

1. In ESRD patients being considered for kidney transplantation
with non-invasive evidence of PH, RHC should be performed
at euvolemia and normotension to assess the hemodynamic
phenotype and guide management.

2. ESRD patients should be treated with pulmonary vasodilators
appropriate to their diagnosis in the setting of true PAH. The
goal of PAH specific therapies in these patients is to mitigate
its risk with kidney transplantation by reduction of mPAP and
optimization of RV function.

3. Management of volume overload with diuretics and dialysis is
beneficial to optimize cardiac function before kidney
transplantation.

Gaps in Knowledge

1. A better understanding of the true prevalence of PAH and
therapeutic options are necessary in patients with ESRD.

2. Hemodynamic criteria for patients with ESRD and PH being
considered for kidney transplantation should be established.

Surgery for acute and chronic pulmonary
embolism

Pulmonary thromboendarterectomy

Pulmonary thromboendoarterectomy (PTE) or pulmonary
endarterectomy (PEA) is the definitive treatment for suit-
able CTEPH patients, offering excellent long-term
outcomes.”**** When performed successfully at an experi-
enced center, PEA significantly improves PH, RV dysfunc-
tion, tricuspid regurgitation and perfusion of the ventilated
lung. Although the procedure can be technically challeng-
ing and requires cardiopulmonary bypass with periods of
profound hypothermic circulatory arrest, it allows complete
resection of the thromboembolic material into the distal
segmental and subsegmental branches in a bloodless
field 385387

This procedure can be done concomitantly with cardiac
surgery such that patients with CTEPH suitable for treat-
ment with PEA needing CABG, valve replacement, PFO/
ASD closure, etc. should be considered for PEA at the same
time. Additionally, PEA should be considered as first line
therapy to alleviate PH in patients prepared for curative sur-
gery for malignancies (e.g., early stages of renal or breast
cancer, etc.).

Preoperative management

The key goal of preoperative management should focus on
expedited surgery in operable patients. Although there is no
‘upper limit’ of PAP, or degree of RV dysfunction that
excludes patients from an operation, severe RV dysfunction
and PVR over 1500 dynes/sec/ cm-5 have been shown to
correlate with postoperatively mortality.””****3% preop-
eratively optimization of RV function and fluid balance is
helpful in patients with decompensated RVF. This can usu-
ally be achieved by low dose inotropic support (e.g., Dopa-
mine at 1-3 mcg/kg/min) and intravenous diuretics for a
few days prior to surgery. Although all patients do require
baseline RHC, continuous monitoring using a PAC and
ICU admission prior to surgery is rarely required. Due to
the obstructive nature of this disease, pre- or intraoperative
use of inhaled agents, such as iNO or inhaled prostacyclin,
is not beneficial, unless the patient has a significant compo-
nent of non-obstructive vasculopathy.*”'~*"?

Although the preoperative use of PH directed medical
therapy can potentially decrease the surgical risks and
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improve postoperative outcomes there is currently no data
on the efficacy of these therapies preoperatively.””* "’ The
potential benefit of medical therapy preoperatively may be
offset by the delay in offering such patients timely surgery.
Any theoretical benefit offered by medical therapy also
needs to be balanced against the potential side-effects,
financial burden and the unknown effect of such therapies
on the pulmonary vasculature. Hence, “bridging therapy”
with PH directed medication needs further evaluation
through a randomized clinical trial. A randomized, con-
trolled clinical trial of riociguat prior to PEA in operable
patients was recently terminated due to slower than
expected related in part due to the COVID-19 pandemic
(ClinicalTrials.gov Identifier: NCT03273257. For patients
undergoing PTE, bridging PH targeted therapies are typi-
cally discontinued at the time of surgery.

Intraoperative management

With deep hypothermia and circulatory arrest during PEA,
a central-peripheral blood pressure gradient is common in
the post bypass period resulting in the radial arterial line
underestimating the systemic pressure.””® Central blood
pressure monitoring (usually the femoral artery) should be
used in the immediate postoperative period until this gradi-
ent resolves and peripheral blood pressure approaches cen-
tral measurements. Sinus bradycardia and junctional
rhythms are quite common in the immediate postoperative
period and for this reason, temporary epicardial atrial and
ventricular pacing wires are often placed at the time of sur-
gery. The cardiac conduction system remains functional
and the vast majority of patients can maintain an adequate
CO with an atrial pacing rate of 80 to 100 beats/min until
normal sinus rhythm is restored, usually within 24 to
48 hours after surgery.’””

If other cardiac procedures are required, such as clo-
sure of patent foramen ovale/atrial septal defect, coro-
nary artery bypass grafting, mitral, or aortic valve
surgery, these are usually performed during the systemic
rewarming period. Although tricuspid valve regurgitation
(TR) is invariable in these patients and is often moder-
ate to severe, tricuspid valve repair is not necessary
unless there is an anatomic abnormality with the valve
leaflets, chords, or overall structure. TR secondary to
annular dilation is typically left alone as RV remodeling
occurs within a few days, with the return of tricuspid
competence. However, in cases with severe annular dila-
tion, with annular measurement of over 4 to 4.5cm, it
may be advisable to proceed with tricuspid annuloplasty
to prevent potential recurrence in the future.

Although extracorporeal circularity support (ECMO),
has been used for postoperative management of patients
with severe residual PH, severe reperfusion injury with pul-
monary edema, and/or significant airway bleeding, its use
in the preop setting is extremely rare. These patients typi-
cally present with an acute exacerbation of their RV dys-
function which may be related to an acute episode of
embolic disease over the existing chronic component, or an
acute exacerbation due to other causes. In most patients,

urgent or emergency surgery is indicated, however if this is
not possible, then peripheral extracorporeal support should
be considered while the patient awaits surgery or transfer to
an expert center.

Postoperative medical management

Following PEA, the acute changes in RV afterload and
redistribution of pulmonary blood flow are the 2 unique
physiologic changes that must be understood when optimiz-
ing care.”” The hemodynamic improvement can be appre-
ciated immediately with echocardiography upon separation
from cardiopulmonary bypass and hemodynamics obtained
by PAC also confirm a reduction in PAP, PVR and an
improved cardiac output.’’'*%* The in-hospital mortality
ranges between 2.2% and 11%. Common PEA related com-
plications include reperfusion edema, need for ECLS,
severe airway hemorrhage, and residual PH.

ICU care is typically focused on providing adequate RV
preload, inotropic support as needed to support cardiac out-
put following prolonged cardiopulmonary bypass times and
deep hypothermic circulatory arrest, and vasopressors to
raise blood pressure to ensure adequate coronary artery per-
fusion in the presence of a low SVR. A high CI (> 3.0 liter/
min/m?2) is purposely avoided to limit the risk of reperfu-
sion lung injury.””” Patients are routinely diuresed in the
early postoperative period as long as there is no adverse
effect on CO. In the absence postoperative complications,
patients are typically extubated and weaned off inotropic
support within the first 24 hours.

Postoperative residual/ persistent PH is associated
with an increased perioperative mortality and may be
due to inadequate endarterectomy, small vessel arterio-
pathy, or reversible factors such as hypercarbia, hypox-
emia and/or reperfusion edema. Modest residual PH is
not uncommon following PEA surgery, but the majority
of these patients experience significant functional and
symptomatic improvement with no apparent adverse
effect on medium-term survival.****> Exceptions would
include those who clearly did not experience any signifi-
cant hemodynamic improvement following surgery and
those with ongoing RVF. A single center study showed
that patients with a residual PVR of > 500 dynes/sec/
cm-5 experienced a mortality of 10.3% compared to a
mortality of 0.9% in those with a postoperative PVR <
500 dynes/sec/cm-5.7%

Treatment of persistent PH in the immediate periopera-
tive period focuses on minimizing oxygen consumption,
reversing hypoxemia and hypercarbia, optimizing RV pre-
load and inotropic support. Systemic pulmonary artery vas-
odilators are typically avoided in the early postop operative
period due to their potential to contribute to systemic hypo-
tension and exacerbate ventilation-perfusion matching and
hypoxemia.”” Reduction in PVR and/or improvement in
oxygenation can be accomplished in some patients with
iNO or iloprost without an associated decrease in blood
pressure.””*"**"7 Extracorporeal support may be required
in severe cases as a bridge to transplant or support during
recovery.
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Hypoxemia is particularly profound in patients who expe-
rience reperfusion edema (RPE). This is a high permeability
edema that occurs in areas that have been reperfused follow-
ing PEA surgery.”*"” This complication occurs in 10% to
30% of postop PEA patients, depending on the definition
used and the study cohort.”**' It is an early postoperative
complication that typically manifests in the first 48 hours after
surgery.”® Severity of preoperative PH and the presence of
residual PH are associated with an increased risk of RPE.*"'
Several studies have attempted to identify interventions that
might reduce the incidence of RPE. The treatment of RPE
remains primarily supportive with diuresis to reduce lung
water and avoidance of high cardiac output. RPE is typically
self-limited, but is a major cause of postoperative mortality.

In rare cases of severe postoperative complications
related to massive hemoptysis, severe reperfusion injury
and pulmonary edema, and/or residual PH and RVF, extra-
corporeal circulation can be used as an adjunct to other
therapies. Institutional practices vary in the indications and
type of ECMO employed (veno-venous or veno-arterial)
with survival reported to be 30% to 57% in the post-PEA
population.*'**'* Although survival was about the same in
patients with pulmonary hemorrhage and severe reperfusion
injury, the patient with severe residual PH/RVF postopera-
tively did not survive. In patients who only have pulmonary
complications and can tolerate VV ECMO, there seems to
be a survival benefit over VA ECMO.

Key Points

1. Central blood pressure monitoring should be used in the
immediate postoperative period after pulmonary thromboen-
darterectomy until peripheral blood pressure approaches
central measurements.

2. CI (<3.0 liter/min/m2) should be targeted to reduce the risk
of reperfusion lung injury.

3. Routine diuresis in the early postoperative period is recom-
mended in most patients following PEA surgery.

4. Persistent PH in the immediate perioperative period should
prompt methods to reduce oxygen consumption (e.g., seda-
tion), reversing hypoxemia and hypercarbia, and optimizing
RV preload and inotropic support.

5. Reperfusion pulmonary edema should be managed by diure-
sis and restriction of CO.

6. ECMO may be required to reduce perfusion mediated lung
injury and improve oxygenation.

Gaps in Knowledge

1. The role of “bridging therapy” with pulmonary vasodilators
needs further evaluation through ongoing randomized clini-
cal trials.

2. Role of pulmonary vasodilators in RPE needs to be systemati-
cally evaluated.

Surgical embolectomy for acute PE and RV failure
Indications and other preoperative consideration

Massive or high-risk acute pulmonary embolism (PE) can
result in circulatory collapse due to the development of
acute, severe RVF.*'” The goal of surgical embolectomy
(SE) is to expeditiously relieve RV afterload and hence
reverse acute RVF. Recently, though, there has been a
resurgence of interest in SE as treatment for massive PE
due to the lower mortality rates reported, which are often
equivalent to the mortality rates of treating massive PE
with thrombolysis. Interest in the use of extracorporeal
life support (ECLS) either before or after SE has also been
growing, as centers gain more experience with ECLS and
extracorporeal cardiopulmonary resuscitation (eCPR).*'°
In a meta-analysis, 18 studies of 621 patients found that
27.2% of SE were performed after preoperative initiation
of ECLS. There is an increased use of ECMO to provide
hemodynamic support in patients undergoing thromboly-
sis, which has allowed SE not to be used for highly unsta-
ble patients, hence lowering the burden of associated
mortality.*'” The indications and contraindications of SE
in acute PE are summarized in Table 13.

Preoperative management

Once the decision for surgical pulmonary embolectomy has
been made, there should not be a significant delay in trans-
ferring the patient to the operating room (OR). A close col-
laboration between anesthesiologist and surgeon is of
utmost importance. Although restoration of systemic pres-
sure is necessary for end-organ perfusion, only small vol-
umes (i.e., 500 ml) of fluid should be perfused to avoid
deleterious compensatory overstretch responses that may
further compromise RV function. In combination, inotropes
and vasopressors such as vasopressin and epinephrine are
good choices to restore systemic blood pressure, while add-
ing dobutamine can restore CO and RV-PA
coupling. Before anesthetic induction, the patient should be
prepped and draped, CPB lines secured, including both
groins in case of the need of ECMO. As anesthetic induc-
tion may induce systemic hypotension, the patient should
be fully monitored. Positive intrathoracic pressure from
intubation may worsen venous return; tidal volume not
exceeding the 6—8 cc/kg lean body weight range may pre-
serve the fragile preload-sensitive hemodynamics of RVF.
After induction of anesthesia and intubation, an intraopera-
tive TEE probe should be inserted to monitor the cardiac
filling, rule out presence of thrombus in the right chambers
or a patent foramen ovale (PFO), or a paradoxical embolus
in transit. If the patient remains hemodynamically unstable
despite the use of inotropic support escalation, or is post
CPR, the patient should be expeditiously transferred to the
OR, and preferably, a VA-ECMO support is inserted under
local anesthesia through the femoral vessels prior to transfer
to the OR.
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Table 13  Indications for Surgical Embolectomy in Acute Pul-
monary Embolism

Absolute indications

e Circulatory collapse

® Contraindication to thrombolysis

® Failure of thrombolysis

® Embolus in right atrium or ventricle

® Impending paradoxical embolism (embolus across PFQ)
Relative indications

® Prolonged cardiopulmonary resuscitation (>30 minutes)

® Sub-massive pulmonary embolism

® Contraindications

® Acute on chronic pulmonary embolism

® Qut of hospital cardiac arrest

® Extensive comorbidities

Intraoperative management

Following careful extraction of the pulmonary thromboem-
boli with a combination of gallbladder stone forceps or
sponge holder and suction under direct vision, removal of
more distal clots are preferentially achieved by a large suc-
tion tube, followed by atriotomy if needed to remove any
suspected clots in the right heart chambers, and if present, a
PFO is closed. A pulmonary artery catheter is inserted
through the internal jugular vein allowing monitoring of
PAP and cardiac output. Depending on the SGC and the
SvO2 monitoring, the patient is progressively weaned from
CPB. In patients with very severe RV dysfunction prevent-
ing safe CPB weaning, transient central or peripheral VA-
ECMO support may be used.

Post-operative management

The postoperative course of these patients needs focus on the
several issues: First, persistent RVF, which can be due to per-
sistent PH (for example if it was a misdiagnosis of an acute
PE in a patient with a CTEPH). In that case, removal of the
fresh clots is insufficient to decrease the RV afterload. It can
also be due to RV ischemia in massive acute PE requiring
cardiopulmonary resuscitation with prolonged cardiac mas-
sage and high level of inotropic support. Second, other vital
organ failure: brain, kidney or intestinal ischemia or necrosis
due to prolonged preoperative low flow. Postoperatively,
organ failure may contribute to further bleeding by dissemi-
nated intravascular coagulation or hemodynamic instability.
Postoperative circulatory support is therefore often required.
The use of ECLS devices postoperatively should be adapted
to the postoperative complications. As previously mentioned,
in RVF preventing CPB weaning, a VA-ECMO is preferably
used through either central or peripheral cannulation sites, as
a bridge to recovery (usually obtained after a few days). In
patients developing respiratory failure (i.e., ARDS secondary
to reperfusion edema or to pneumonia) usually in ICU after
the first postoperative 6 hours, a VV-ECMO is indicated to
improve ventilation conditions.

Postoperatively, anticoagulation is prolonged for at least
a 6-month period. Inferior vena cava filter is indicated in
patients with contraindication for effective anticoagulation
or recurrent PE despite efficient anticoagulation. In conclu-
sion, SE is a good option for patients with massive PE in
the presence of hemodynamic instability or a clot in transit,
with lower mortality rates in the modern era and often near-
complete recovery of RV function postoperatively.

Key Points

1. Surgical embolectomy is a viable option for some patients
with massive PE in the presence of hemodynamic instability
or a clot in transit.

2. Once the decision for surgical pulmonary embolectomy has
been made, there should not be a significant delay in trans-
ferring the patient to the operating room.

Surgery and anesthesia in children with PAH or
patients with PH associated with congenital
heart disease

Children with PAH or PH associated with CHD undergoing
surgery, including cardiac catheterization, are at increased
risk of major adverse perioperative events including periop-
erative cardiac arrest and death.”'®** In the absence of evi-
dence-based guidelines, multidisciplinary providers who
manage these patients would benefit from expert consensus
recommendations in order to minimize these risks. The spe-
cific management including anesthetic approaches and the
use of mechanical support for pediatric patients undergoing
cardiac and non-cardiac surgery and cardiac catheterization
will be discussed as well as the perioperative management
of children and adults in the presence of PH and CHD, pre
and post transplantation and also specifically in the univen-
tricular heart. These recommendations aim to improve the
care of PH patients knowing that these procedures may
decompensate a very fragile balance.

Numerous studies have documented the increased risk of
morbidity and mortality that PH carries for both cardiac
and non-cardiac surgeries and across age groups.’*'##¢
The incidence of major adverse perioperative events
reported in pediatric PH patients undergoing non-cardiac
surgery are also substantially higher than reported for the
general pediatric population, including the incidence of
perioperative cardiac arrest (0.014%-0.033%) and perioper-
ative mortality (0.0036%-0.011%)"*"*** and higher than
the risk of cardiac arrest for all children with heart disease
undergoing cardiac catheterization (0.5%-0.96%)""**
The majority of published data on pediatric PH patients
undergoing non-cardiac surgery including cardiac catheteri-
zation comes from retrospective, single center studies. The
reported risk of perioperative cardiac arrest for these
patients varies between 0% to 5.7% with a perioperative
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mortality rate ranging from 0% to 1.4%."'******> A recent
multicenter registry of 6339 procedures in 4,401 pediatric
patients from 38 centers reported that 3.5% of patients with
PH required rescue ECMO support within 1 day of cardiac
catheterization.*’' However, this analysis did not exclude
patients having interventional procedures and included a
large number of post-capillary PH patients. While major
and emergent procedures, whether cardiac or non-cardiac,
carry higher mortality rates, minor and/or minimally inva-
sive procedures are also not without significant risk. Fur-
thermore, non-emergent procedures seem to be rising in
frequency, as pediatric PH patients seem to be living
longer. Careful assessment, preparation and coordination
between disciplines before during and after surgery are
essential to reduce these risks and optimize outcomes.
At the most basic level, preparation and a healthy
respect and understanding of the risks involved for the
pediatric PH and CHD population is critical. In both
children and adults, guidelines include recommendations
that “elective” surgery in patients with PH should be
performed at hospitals with expertise in PH, and in con-
sultation with a multi-disciplinary group of PH
experts.” """ When urgent/emergent surgery at a cen-
ter without PH expertise is required, phone or telehealth
should be considered, and if at all feasible, transfer to a
PH center undertaken as soon as safely as possible.

Cardiac catheterization procedures in PAH-CHD and
other forms of PH in children

As in adults, a comprehensive standardized diagnostic (ini-
tial) cardiac catheterization (including acute vasoreactivity
testing in appropriate candidates) should be performed in
nearly all pediatric patients prior to the initiation of PAH-
targeted therapy.*>** Exceptions to this recommendation
may apply to premature infants at high risk and/or very low
body weight, children with systemic vasculopathies, or
patients with an infection and/or hemodynamic instabil-
ity. "% The complexity of childhood PVD often requires
an individualized approach. In general, cardiopulmonary
hemodynamics and physiology differ substantially between
patients whose PAH is either idiopathic or primarily due to
CHD (e.g., PH-CHD with large left—to-right shunts such
as ASD, VSD, PDA) or multivessel disease (e.g., TOF/pul-
monary atresia/MAPCAs, peripheral pulmonary stenoses,
complex pulmonary vein stenosis). The recommended tech-
nical approach for diagnostic hemodynamic assessment of
PH in children without structural heart disease (e.g., IPAH/
HPAH) in the existing guidelines differ slightly regarding
whether or not a routine LHC should be done along with
the RHC,433’435 and is therefore left to individual expert
opinion. In the absence of LHC, experts may still continu-
ously monitor systemic blood pressure invasively via a fem-
oral or radial arterial line. Similar to adults, acute
vasoreactivity testing (AVT) is indicated in IPAH/HPAH
and drug-induced PAH to determine eligibility for CCB

Analgesia/Anesthesia during cardiac
catheterization for children with PH

In general, diagnostic cardiac catheterization in a child with
PH and near-systemic PAP or greater (mPAP > 75% of
mSAP), is a diagnostic procedure with increased risk for
pulmonary vascular crisis and biventricular failure. In these
cases, emergency medication (atropine, epinephrine, cal-
cium) should be drawn up in syringes on the sterile table
and VA-ECMO support should be available in the hospital.
These higher risk PAH patients can be monitored in an ICU
or step down, intermediate care unit, after cardiac catheteri-
zation. In most instances, patients with PAH and RVF
should be treated first in the ICU before considering diagnos-
tic cardiac catheterization. The complication rate for cardiac
catheterization with or without anesthesia is higher in PAH
children™”**” than in adults with PAH"""*** (children: 5.9%
morbidity: pulmonary hypertensive crisis, need for inotropic
support and/or cardiac arrest; 0.55% mortality™’; adults:
1.1% morbidity, 0.06% mortality44l’442). Nevertheless, car-
diac catheterization with AVT remains an essential part of
the comprehensive PH work-up at diagnosis and follow
up™*** and can be performed with a satisfactory risk-bene-
fit ratio in specialized children’s hospitals.*****%*¢

In children with suspected or confirmed PH, ideally car-
diac catheterization should be performed in spontaneously
breathing patients (either awake or moderately sedated), if
there is no contraindication.”***** Exceptions may rarely
apply to patients with very small, obstructive and/or reac-
tive airways (e.g., trisomy 21, asthma, OSA, prematurity,
underlying parenchymal/interstitial lung disease or dia-
phragm/chest wall abnormalities), who may develop hyper-
capnia and do better with mechanical ventilation. A
spontaneously breathing child with optimized upper airway
positioning but hypercapnic respiratory acidosis on the first
arterial blood gas analysis (PaCO, > 50 mm Hg, pH <
7.35) should be intubated before proceeding in most instan-
ces—secondary intubation is very rarely needed with opti-
mal preparation. In cases where anesthesia with GA for
catheterization is used, avoidance of acidosis, agitation
while intubated and hypoxia are essential.

Key Points

1. Diagnostic catheterization in a child with near-systemic PAH
or greater (mPAP > 75% of mSAP) should be performed with
emergency medications (atropine, epinephrine, calcium) at
the ready. Patients should be monitored in an ICU or inter-
mediate care unit after the procedure.

2. In children with suspected or confirmed PH, cardiac cathe-
terization should generally be performed in spontaneously
breathing patients (either awake or moderately sedated), if
there is no contraindication, and in the absence of hyper-
capnic respiratory acidosis on preprocedure blood gas
analysis.

3. Cardiac catheterization in children with severe PH should be
perfomed in expert centers with inhaled nitric oxide and V-A
ECMO available.
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Gaps in Knowledge

e Studies are needed to develop and validate non-invasive
testing in order to hopefully replace cardiac catheterization
in children.

Preoperative risk assessment and management

Successful and safe perioperative care of these patients
requires thorough preoperative evaluation, risk stratification
and preoperative hemodynamic optimization, as in adults.
The preoperative assessment should include identification

Table 14
Adverse Peri-Operative Events*

of risk factors which may place patients in the high-risk
group (including hemodynamic, patient related, surgical
and anesthetic risk factors), and gauge medical optimization
and procedural preparedness. Three risk factors commonly
identified as predictive of increased perioperative morbidity
in children are supra-systemic PH, age < 1 year and
complexity/increased duration of procedure/anesthesia.
Numerous other factors that identify patients with PH at
high risk of perioperative morbidity are outlined in
Table 14.**

Wherever possible, adjustments should be made to the
perioperative plan in order to mitigate risks. Non-urgent
procedures should be performed at centers with intraopera-
tive and postoperative expertise in managing pediatric PH.

Summary of Patient, Procedural, and Anesthetic Factors to Identify Pediatric Patients with PH Who are at High Risk for

Hemodynamic factors
e Cardiac Index < 2.5 liter/min/m2

® mean PAP/mean SAP ratio or systolic PAP/ systolic SAP ratio >0.75

® Mean right atrial pressure > 10-15 mm Hg
® Indexed pulmonary vascular resistance > 15 WU/m2

® ECHO: Severe right ventricular enlargement, dysfunction, or failure

® ECHO: TAPSE < 10 mm (> 1 year old)
® ECHO: Systolic: Diastolic ratio > 1.4 (TR jet)
® ECHO: Pericardial effusion

Patient factors

® Treatment naive or recent progression/exacerbation of disease

® Younger age, especially < 1 year of age

e History of syncope

o (linical evidence of right ventricular failure
® Failure to thrive

® WHO functional class III or IV

o Elevated BNP, NT-pro BNP level

e Comorbidities: obesity, significant sleep disordered breathing, reactive airway disease, chronic aspiration, neuromuscular dysfunc-
tion, sickle cell disease, coronary anomalies, congenital / acquired cardiac disease, or other major organ dysfunction

® Chronic lung disease
® Abrupt withdrawal of PH—specific therapy

o Intercurrent illness (e.g., acute lung injury, infection/sepsis)

Surgical/procedural factors
® Emergent surgery

® Major surgery associated with major fluid shifts or bleeding (including delivery and the postpartum), significant systemic inflamma-
tory response, extreme sympathetic tone, compromise of lung vessels, risk of embolization of surgical materials
® Increased risk secondary to age or potential cardiopulmonary compromise (Airway, abdominal, cardiac, or interventional cardiac

catheterization surgery/procedures)
® | ong procedural duration

e Systemic inflammatory response, reperfusion injury, excessive pain

e Potential for airway compression or compromise, airway bleeding/tracheal secretions

Anesthetic factors
® Use of general anesthesia
® ASA status > III

® Unstable hemodynamic or respiratory intraoperative course: arrhythmias, intraoperative vasoactive agent use; oxygenation or venti-

lation difficulties
o Difficult airway

e Difficult postoperative pain management; Increased requirement for long-acting opioids
® Prolonged postoperative recovery +/- escalated cardiopulmonary support

ASA, American Society of Anesthesiologists; BNP, brain natriuretic peptide; CI, cardiac index; NT-pro BNP,N-terminal pro-BNP; PAP, pulmonary artery
pressure; SAP, systemic arterial pressure, TAPSE, tricuspid annular plane systolic excursion; WHO, World Health Organization.
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Collaboration should occur between the anesthesiologist
and patient’s cardiologist to ensure PH has been optimized
prior to surgery as well as the risk/benefit of the procedure.

When assessing patients for an upcoming surgery,
remotely performed diagnostic testing may not accurately
represent the current status at the time of surgery. In addition
to the preoperative bloodwork specific to the given diagnosis
and procedure, tests should include assessment of end-organ
function (BUN/Creatinine, CBC with hemoglobin and plate-
let count, liver function and coagulation profile, natriuretic
peptides, and if time permits, thyroid studies). If not per-
formed within 6 months, or if the clinical status has changed,
a chest x-ray, ECG and a TTE should be performed prior to
the procedure to provide specific anatomic details, and an
assessment of the degree of PH and ventricular health. For
some patients with unclear hemodynamic phenotype, for
example, mixed pre and post capillary PH, a cardiac catheteri-
zation in an experienced center may provide additional infor-
mation to assist with perioperative planning. However, this
comes with its own set of inherent risks and should be under-
taken after a careful assessment of whether the information
obtained would potentially help to minimize perioperative
risk of acute decompensation and/or change the management
of the PH or the planned procedure.

Preoperative management of patients with PH, espe-
cially in the setting of CHD, should focus not only on opti-
mization of the PH itself, but also other comorbidities. All

Table 15 Preoperative Logistic Analysis

attempts should be made to optimize any underlying sys-
temic etiologies when possible. For example, medical man-
agement of inflammatory status in patients with
rheumatologic diseases, respiratory status in patients with
pulmonary etiologies, and coagulation status in patients
with liver disease should be undertaken to minimize their
impact on the patient’s PH. Pharmacologic control of
arrhythmias is generally warranted if associated risks are
reasonable. Beta-blockers or calcium channel blockers
should generally be avoided in the setting of RV dysfunc-
tion. Iron deficiency is common in children with idiopathic
PH and in patients with cyanotic CHD and should be treated
prior to elective procedures. Anticoagulation merits specific
discussion, whether continuation of the thromboprophy-
laxis, or initiation of it during the periprocedural period. In
the absence of renal dysfunction, low molecular weight
heparin adjusted to the patient’s weight should usually suf-
fice once stable to transition off heparin infusion. Availabil-
ity of essential equipment/therapy (i.e., iNO) needs to be in
place, and back-up options, such as V-A ECMO, should be
discussed prior to the procedure and provided if necessary.
The overarching logistical considerations are summarized
in Table 15.

Further studies are required as to whether preprocedural
pulmonary vasodilators modify the risk or confer an advan-
tage during the perioperative period given the conflicting
evidence, 420421431

Go/No go assessment

e Ts the procedure necessary? (i.e., do the risks outweigh the benefits). Are there alternative therapeutic options to consider?
® Are additional consultations required to prepare for the procedure?
® Would a scheduled, multi-disciplinary meeting improve communication among providers and allow for logistic optimization? To

be encouraged, if time allows.
® Have all preoperative assessments been completed?

e If the procedure is to be done, where is the safest location (i.e., should a procedure routinely performed in an outpatient surgi-

cal-center or provider office be moved to a hospital location)?

Medication assessment

e If the patient is not on medication, should PH-specific therapy be initiated?
e If the patient is on PH-specific therapy, has the dosing been stable for a reasonable amount of time or is further optimization

required?

e Will the patient receive their medications (PH-specific and others) preop?
e If on anti-coagulation, when should it be stopped and/or how should it be bridged?

® How will the medications be delivered intraop and postop?

Procedure and postprocedure assessment

e What (additional) staffing is required to perform the procedure in the safest manner?

® Are sub-specialty cardiac anesthesiologists required?

e Are multiple anesthesiologists or surgeons required to optimize safety and procedure time?

Is a pharmacy consultation indicated?
® Should the procedure be modified in the setting of PH?
e Are there special considerations for the postop period?

e Where should the patient recover, and should the final disposition be an inpatient or outpatient setting?

e Is the patient an ECMO candidate?

o If the patient is to be admitted, should they have a general care or ICU bed?
® How long should the patient stay in intensive care unit/high dependency unit?

® What early follow-up arrangements are in place?
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Key Points

1. Preoperative risk assessment should include identification of
hemodynamic, patient related, surgical and anesthetic risk
factors.

2. All attempts should be made to optimize the patient’s hemo-
dynamic status and any underlying systemic conditions
before surgery.

3. In some cases with unclear hemodynamic phenotype, for
example, CpcPH, a preoperative cardiac catheterization at an
experienced center may provide additional information to
assist with perioperative planning and optimization, taking
into account the risks of the procedure.

4. Non-urgent procedures should be performed at centers with
intraoperative and postoperative expertise in managing
pediatric PH patients.

Gaps in Knowledge

1. Studies to determine the best anesthetic technique in pedi-
atric patients with PAH should be developed.

2. Studies should be developed to address which targeted PH
therapies and inopressors are best utilized in pediatric PH
patients undergoing surgery or cardiac catheterization.

3. Further studies are required as to whether preprocedural pul-
monary vasodilators modify the risk or confer an advantage
during the perioperative period given the conflicting
evidence.

Perioperative considerations for cardiac and non-
cardiac surgery in pediatric PH patients

Induction of GA and emergence from GA are 2 critical
periods, because they may invoke an increased risk of
PH related adverse events. As discussed in previous
chapters, PVR, myocardial contractility, and systemic
blood pressure are affected by the effects of anesthetic
agents and mechanical ventilation. For these reasons,
the use of local/regional anesthesia over GA should be
considered for the older child whenever possible. There
is currently no consensus regarding best anesthesia tech-
nique or ideal anesthetic agent for pediatric patients
with PH. The overall goals involve avoidance of a PH
crisis and RVF/ischemia and maintenance of the
patient’s hemodynamics close to their baseline, preoper-
ative state. The chosen anesthesia technique/agents
should:

(i) avoid conditions that increase PVR such as hypoxia,
hypercarbia, acidosis, and noxious stimuli,

(i1) avoid decreases in SVR such as hypovolemia and sys-
temic vasodilatation and

(iii) avoid arrhythmias and RV coronary ischemia.

To this end, oral or IV midazolam premedication is
often administered. Midazolam, fentanyl, a small dose
of propofol and/or a low concentration of sevoflurane
may be used for induction of anesthesia. Anesthesia
may be maintained with intermittent fentanyl doses and
isoflurane or sevoflurane. Some anesthesiologists include
ketamine for induction and maintenance. When paralysis
is required, neuromuscular blocking agents with minimal
hemodynamic effects are preferable (e.g., rocuronium
and vecuronium).**

Patients who fall into the high-risk group should be
considered for preoperative hospital admission and over-
night IV maintenance hydration to avoid the potentially
detrimental effects of fasting and volatile induction of
GA on RV preload. Airway and ventilation management
are similar to adults with PH. Intraoperative delivery of
iNO or an inhaled prostanoid should be readily available
in the event of PH crisis and should be considered for
prophylactic use in high-risk cases. Invasive arterial
pressure monitoring should be considered for high-risk
PH cases. TEE can be used for ongoing assessment of
ventricular function but is usually limited to cardiac sur-
geries. Use of an invasive PA catheter is typically lim-
ited to cases in which there is a need for continuous
pressure monitoring.

Vigilant perioperative monitoring for changes in heart rate,
thythm, pulse oximetry and blood pressure is necessary in
order to institute prompt treatment of impending RVF or PH
crisis. Treatment of PH crisis/impending PH crisis should be
prompt and includes pulmonary vasodilation with 100% oxy-
gen, hyperventilation and iNO or an inhaled prostanoid and
support of the RV with inotropes such as dopamine/epineph-
rine, and systemic vasoconstrictors such as vasopressin.
Potential underlying causes should be addressed, for exam-
ple,noxious stimulus, hypotension, hypovolemia etc. Mechan-
ical cardio-pulmonary support with veno-arterial ECMO
should be considered early for refractory PH crisis.

Postoperative disposition of the patient after surgery/car-
diac catheterization should take into account risk factors for
postoperative adverse events and should include intensive
care level monitoring for high risk cases.”””**® A recent
single center study reported a 7-day postoperative cardiac
arrest rate of 4.7%.">

Key Points

1. Perioperative management principles for the pediatric PH
patient are similar to adults, as described in the previous
chapter.

2. Local/regional anesthesia should be considered favorable over
GA in older children to avoid GA, if possible, however this
should not be done at the expense of increased patient
agitation, anxiety, and pain.
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Gaps in Knowledge

1. Studies to determine the best anesthetic technique in pedi-
atric patients with PAH are needed.

2. Studies are needed to address which targeted PH therapies
and inopressors may be best utilized in pediatric PH patients
undergoing surgery or cardiac catheterization.

Post-operative considerations for pediatric
patients undergoing cardiac surgery

PH may be anticipated during the immediate or subsequent
postop period when children undergo cardiac surgeries due
either to its preoperative presence, late timing of repaired
palliated state, or its known association with certain forms
of CHD. Such situations include obstructed total anomalous
pulmonary venous return, truncus arteriosus, transposition
of the great arteries, and mitral stenosis; or in the setting of
various forms of acquired heart disease, most commonly
cardiomyopathies. In some cases, PH may complicate car-
diac surgery in both congenital and acquired heart disease
without forewarning,447 and on occasion, a patient with a
seemingly straight-forward left-sided lesion (e.g., mitral
stenosis) may have transient residual and quite reactive PH
following repair.

In the cardiac surgery patient, PH and associated physi-
ology, may be due purely to increased (1) PVR (i.e., pre-
capillary), (2) pulmonary venous hypertension from left
heart pressure elevation (post-capillary), (3) CO as seen in
portal hypertension or severe anemia, or (4) a combination
of the 3.

Regardless of etiology, the 2 main principles of perioper-
ative management of PH are the prevention of systemic
hypotension and the prevention of acute elevations in
PAP.*** When present, RVF and the associated impaired
left ventricular filling, each contribute to the decreased sys-
temic CO, decreased coronary perfusion and myocardial
ischemia. Initial measures to prevent and/or treat PH
include maintenance of adequate oxygenation, ventilation,
sedation, acid base equilibrium, perfusion, volume status,
and excessive systemic or pulmonary afterload. Table 16.

Table 16

In cases where PH is expected or anticipated, surgical
placement of monitoring lines including invasive central
venous and systemic arterial pressure monitoring is stan-
dard of care for perioperative management. While place-
ment of a left atrial catheter may assist in delineating pre-
and post-capillary causes of PH in the presence of left heart
disease or mixed pre- and post-capillary disease, it is not
without added risk and our recommendations are against
the use for most patients unless it will directly impact man-
agement. PA catheter monitoring is also generally not bene-
ficial if one has a good understanding of the preop
hemodynamics and physiology, though in select circum-
stances may provide necessary additional information.
When monitoring lines are not in place, diagnosis of PH,
especially when intermittent may be difficult. The clinician
then needs to be vigilant about recognizing the clinical
signs of a classic PH crisis evidenced by tachycardia, hypo-
tension, and poor perfusion. A strong suspicion and use of
additional diagnostic tests such as TTE, ABG analysis or
serial NT-pro BNP measurements to assist in fluid manage-
ment may prove useful. General recommendations for opti-
mal volume status target a CVP of 8-15 mm Hg, allowing
for sufficient preload for the RV with dysfunction while
preventing the morbidities associated with fluid overload.
Patients may display greater evidence of PH and the hemo-
dynamic consequences as the effects of anesthesia wear off,
and it must be managed expediently as discussed
previously.

The use of inhaled agents, such as iNO, iloprost, milri-
none, and epoprostenol, have demonstrated significant
effects on perioperative pulmonary pressures/vascular resis-
tance in pediatric post-cardiac surgery patients with PH as
in adults, and similarly they are generally preferable to sys-
temic agents, as the inhaled agents have less effect on SVR
and blood pressure, with nitric oxide being the most studied
and utilized.

In the setting of systemic hypotension, norepinephrine or
vasopressin are typically used as first line therapies for
patients with refractory shock,**’ as they are in adults with
PH (see previous section). An additional benefit of systemic
vasoconstriction in the postoperative setting is improving
the ventricular septum’s contribution to both the right and
left heart’s performance by pushing the interventricular

Overview of General Postoperative Considerations in Pediatric Patients with PH

Encourage

Avoid

e Anatomic investigations

e Opportunities for right to left shunt as pop off
e Sedation/Anesthesia

e Moderate hyperventilation

® Moderate alkalosis

® Adequate inspired oxygen

¢ Normal lung volumes

e Optimal hematocrit

® Inotropic support

® Pulmonary vasodilators

® Residual anatomic disease

e Intact atrial septum in right heart failure
e Agitation/ pain

® Respiratory acidosis

® Metabolic acidosis

® Alveolar hypoxia

e Atelectasis or over-distention

® Excessive hematocrit

® Low output and low coronary perfusion

e Systemic vasodilators/low SVR
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septum off the LV and enabling more filling. Epinephrine
and dopamine may be less advantageous as they increase
myocardial oxygen consumption. For patients who have
been treated with targeted PAH therapy prior to surgery, for
example a PDE-5I, the agent is usually not initiated in the
immediate postoperative period until there is no longer a
pressor requirement. IV prostanoid therapy may require
dose adjustment if the patient is requiring high dose
pressors.

Key Points

1. While perioperative placement of a left atrial catheter may
assist in delineating pre- and post-capillary causes of PH in
the presence of left heart disease or mixed pre- and post-
capillary disease, it is not without added risk and our recom-
mendations are against the use for most patients unless it
will directly impact management.

2. General recommendations for optimal volume status target a
CVP of 8 to 15 mm Hg, allowing for sufficient pre-load for the
RV with dysfunction while preventing the morbidities asso-
ciated with fluid overload.

3. Inhaled pulmonary vasodilators are the preferred agents to
treat postoperative PH in pediatric PH and PH-ACHD patients
because of their limited systemic effects on blood pressure.

Gaps in Knowledge

1. Data are lacking to form a consensus regarding the risk vs
benefit of pulmonary arterial and left atrial catheters in the
immediate postoperative course of patients with PH.

Peri-operative management in patients with single
ventricle physiology and PH

Complex CHD with single ventricle physiology typically
requires multiple palliative cardiac surgeries. Single ven-
tricular physiology includes heart disease where there is
one functional ventricle (i.e., tricuspid valve atresia, pulmo-
nary valve atresia, hypoplastic left heart syndrome). The
goals of the first palliative procedure are to establish secure
pulmonary blood flow, systemic blood flow, or both. The
second stage palliative procedure is an anastomosis of the
SVC to the PA, commonly known as a bidirectional Glenn
shunt or bi-directional cavopulmonary (BCPA). The third
stage of palliation is an anastomosis of the IVC to the PA; a
total cavopulmonary anastomoses (TCPA).*"*>>

PAH has been shown to increase mortality after BCPA/
TCPA."**" An understanding of the potential periopera-
tive risks for these single ventricle patients is essential as
more high-risk patients survive stage 1 palliative proce-
dures and go on to complete palliation with BCPA and
TCPA with elevated PAPs.

Pulmonary vasodilators may be useful in treatment of
PH after BCPA/TCPA either early after surgical palliation
(acute therapy) or as long-term chronic therapy. Short-term
goals of therapy include: (1) treatment of RV dysfunction

after surgery and (2) lowering PAP. From clinical experi-
ence, however, it seems that iNO is the most appropriate
treatment in the acute setting early after BCPA and/or
TCPA.*>>*° Other inhaled prostanoids may be preferred
over systemic prostanoids given the lack of systemic effects
on the blood pressure and data on the use of sildenafil in the
immediate postoperative period is emerging. Further study
is warranted to determine whether utilization of targeted
PH therapies for single ventricle patients in between staged
surgeries leads to less perioperative risk and better out-
comes including enabling a patient with borderline PVR to
become heart transplant eligible. In the interim, the use of
these agents should be monitored in coordination with a PH
specialist.

Key Points

1. iNO is the preferred pulmonary vasodilatory for the acute
setting early after BCPA and/or TCPA. Other inhaled prosta-
noids may be preferred over systemic prostanoids given the
lack of systemic effects on the blood pressure.

2. All secondary causes or contributors of PH in patients with
single ventricle physiology should be identified and treated.

Gaps in Knowledge

1. Further studies to determine whether utilization of targeted
PH therapies for single ventricle patients in between staged
surgeries leads to less perioperative risk and better out-
comes, including enabling a patient with borderline PVR to
become heart transplant eligible, are warranted.

Heart transplantation in children with pulmonary
hypertension

While primary graft failure (PGF) remains the leading
cause of mortality within the first 30 days following pediat-
ric orthotopic heart transplantation (OHT),””’” RV dysfunc-
tion due to underlying PVD plays a significant role, as it
does in adults, and can lead to death in up to 15% of pediat-
ric patients and is a major cause of early morbidity as
well.®%*°! Recipient elevated PVR is a cause for early
post-transplant RV dysfunction.””” *°' Pediatric patients
with cardiomyopathies and with CHD may develop high
PVR due to exposure of the pulmonary vasculature to
chronically elevated LAP. Ideally, transplant should occur
early in the disease process to avoid fixed PVR, unfortu-
nately patients commonly present further along in the pro-
cess and with advanced changes. In order to achieve
optimal outcomes a thorough evaluation of hemodynamics
including assessment of any shunt, PVR, and pulmonary
vascular reactivity by AVT is required.

In patients in whom PH is evident on echocardiogram,
performance of a cardiac catheterization with calculation of
PVR, indexed to body surface area (PVRI), is of paramount
importance prior to listing for heart transplant. This is most
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commonly true in patients with restrictive cardiomyopathy,
but often in patients with dilated cardiomyopathy and forms
of CHD as well. Historical literature suggests that PVRI >
6 Wood units (WU) x m? is considered a contraindication
to transplant due to the risk of postoperative RVE.*%4¢!
Assessment of pulmonary vascular reactivity with AVT can
help identify patients who have modifiable pulmonary vas-
cular disease that may be more suitable for transplant. Sev-
eral investigators have shown that post-transplant RVF is
unlikely in recipients whose PVRI decreases with AVT to a
value of 4 WU x m?.*%#°1%°2 Newer data indicate a thresh-
old of 9 WU x m? delineates high-risk status when control-
ling for recipient age and era of transplant, and define a
positive response to vasoreactivity testing as 6 WU x
2 463.464

Traditionally, AVT has been done with initiation of
100% oxygen challenge. If no change occurs, vasodilator
administration with an intravenous agent such as nitroprus-
side is often used, especially when the left ventricular filling
pressure is elevated.’®*® The use of iNO for assessment
of pulmonary vasoreactivity should be done with caution
due to the risk of pulmonary edema in patients elevated
LAP (majority of cases with advanced left heart disease),
and the administration of iNO may lead to acute rises in
LAP and the development of pulmonary edema. However,
given the rapid onset/offset of action with iNO, in select
cases and with careful management, it may be used in com-
bination with an IV vasodilator to potentially assess maxi-
mized pulmonary vascular reactivity.

It is important that decisions not be made solely based on
PVRI and vasoreactivity response. Hemodynamics such as
PASP and TPG, as well as patient age, diagnosis and addi-
tional co-morbidities should all be taken into account when
determining transplant candidacy and listing considerations
should be undertaken only at centers with expertise to man-
age this highly complex patient population.

Much of the data regarding hemodynamics, AVT and
transplant candidacy was gathered in the early days of pedi-
atric heart transplantation. More recent reports occur in an
era in which afterload-reducing inotropic agents such as
milrinone and dobutamine are available for pretransplant
patient management, and pulmonary vasodilators such as
iNO and oral/intravenous sildenafil are now available post-
transplant.

In pediatrics, heart transplantation is increasingly a treat-
ment option for CHD and AHF. In these patients, abnormal
pulmonary blood flow resulting in vascular remodeling
may result in increased PVR.**® CHD patients inherently
have increased risk of post-transplant morbidity and mortal-
ity, and therefore accurate assessment of PVR pretransplant
in these patients carries added importance. However, PVR
assessment in palliated single ventricle patients and patients
with other forms of complex CHD may be difficult or even
impossible due to anomalies of the pulmonary vasculature,
branch pulmonary artery stenosis, dual supplies of pulmo-
nary blood flow including additional sources of flow from
aortopulmonary collaterals, the presence of recruitable
veno-venous vessels, and discrepant blood flow to lung seg-
ments may contribute to inaccurate assessment of the PVR.

In addition, one group demonstrated post-transplant eleva-
tion of PVR and TPG in recipients transplanted for Fontan
failure, concluding that this reflected an advanced element
of PVR that was unmasked with the introduction of normal
pulmonary blood flow post-transplant.****¢’

For patients with elevated PVR and inadequate response
to AVT, a longer course of afterload reduction can be
employed with agents such as IV milrinone and/or dobut-
amine, and re-testing by catheterization should be per-
formed after several weeks of therapy. In some cases,
improvements in hemodynamics may allow for heart trans-
plant listing. In patients that are refractory to medical ther-
apy, use of LVAD should be considered. In these cases,
LVAD may lead to decreased filling pressures, and by
unloading the left heart, allow for aggressive treatment of
elevated PVR with pulmonary vasodilators in an attempt to
achieve transplant candidacy.****"°

In high PVR transplant recipients, the thin-walled donor
RV must contend with high afterload due to the elevated
recipient PVR and weaning from cardiopulmonary bypass
might be challenging. Intensive care therapies to reduce PH
in the postoperative period are similar to those employed
after CHD repair, and include prolonged sedation, avoid-
ance of hypercapnia, hypoxia and acidosis, and the preser-
vation of a sufficient coronary perfusion pressure. Inotropic
support for the RV as well as dilation of the pulmonary arte-
rioles should be employed as well. Inhaled NO has
improved outcomes for patients with RVF following pediat-
ric heart transplant,”® but is very costly and not suitable for
long-term use. Newer reports have shown benefits of the
use of sildenafil in the reduction of PVR post-transplant.**’

Key Points

1. A PVR threshold of 9 WU x m? delineates high donor heart
recipient risk status when controlling for recipient age and
era of transplant, and a positive response to vasoreactivity
testing is defined as a drop in PVRI to 6 WU x m?.

2. The use of iNO for assessment of pre-cardiac transplant AVT
should be done with caution in cardiomyopathy patients due
to the risk of pulmonary edema in patients elevated left
atrial pressure. IV nitroprusside is recommended for AVT in
these cases.

Gaps in Knowledge

1. Further studies are needed to determine the best pulmonary
vascular hemodynamic determinants that predict recovery of
PH after heart transplantation.

2. Studies are needed to define the role of pulmonary vasodila-
tors for pre-heart transplant preparation

Summary

PH has an adverse influence on patient outcomes. The pre-
operative assessment of a patient with PH must include
input from the surgical team, anesthesiology, cardiologist/
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pulmonologist expert in the care of patients with PH or the
patient’s primary PH team. RV function is central to the
assessment and mitigation of risks. Every effort should be
made to optimize patients prior to any planned surgery
—even in the setting of emergent surgery. Perioperative and
intraoperative management must allow for regular assess-
ment of RV function and adequacy of tissue perfusion. The
nuances of the type of surgery, surgical approach, merits of
different anesthetic strategies must be balanced against the
reserve of the RV. The tenants of management center upon
maintenance of systemic pressure, optimization of RV pre-
load and strategies to improve RV afterload. RV afterload
may be modified by inhaled or systemic pulmonary vasodi-
lators. Metabolic acidosis, hypercapnia, hypoxemia, atelec-
tasis and high airway pressures may have a deleterious
effect on the marginalized RV. Agents that cause direct
myocardial depression need to be identified and avoided.
Extracoporeal support may be required in patients who fail
medical support or as a bridge to destination therapies.
Although the inta-operative period is a high risk phase, the
postoperative period is more commonly associated with
decompensation of the patient with PH. Therefore the post-
operative management plan must consider ongoing
vigilance.
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