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Abstract

Purpose: Patients with suprasystemic idiopathic pulmonary hypertension (S-PAH) have a poor prognosis. Therapeutic
options are limited. Reverse Potts shunt creation modifies physiology transforming patients with PAH into Eisenmenger
physiology with a better outcome. Percutaneous transcatheter stent secured aortopulmonary connection (transcatheter
Potts Shunt, TPS) is a feasible very high-risk procedural option in such patients. We report our experience with patients
undergoing TPS at our institution requiring extracorporeal membrane oxygenation (ECMO) support.

Methods: A prospective observational study of patients with drug-refractory PAH, worsening NYHA class, and right
ventricular failure undergoing TPS. Two patients required rescue ECMO for cardiac arrest during the procedure.
Subsequently, “standby ECMO” was available in all the following cases and elective support was provided in patients
with extremely poor conditions.

Results: Ten pediatric patients, underwent TPS at our institution. Two patients were rescued by ECMO after cardiac
arrest during the shunt creation. This occurred as a result of the acute loading of the left ventricle (LV) after retrograde
aortic arch filling through the Potts shunt. Following this, another two patients underwent elective ECMO after the
uneventful induction of anesthesia. They all died postoperatively despite a successful TPS procedure. The causes of death
were not related to the use of ECMO, but the complication of severe PAH. Six patients with successful TPS did not
require ECMO and survived.

Conclusions: TPS is a pioneering procedure offering the opportunity to treat high-risk idiopathic drug-refractory PAH
patients. Acute LV failure is a complication of TPS in patients with S-PAH. Elective ECMO, an option to avoid circulatory
arrest and acute profound hypoxia secondary to exclusive right-to left shunt systemic perfusion by Potts shunt and
LV dysfunction with resulting pulmonary edema, may be used at the early stage of the learning curve, but it does not
influence the prognosis of these patients which remains poor.
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mal medical treatment some patients fail to show
improvement or even deteriorate. Atrial septostomy is
an alternative treatment to improve left ventricular (LV)
preload achieved at the expense of whole body desatura-
tion.* Lung transplantation is a surgical option; how-
ever, an insufficient donor pool and rejection-related
complications make it quite challenging. As a result, the
overall mortality rate within 5 years of PAH diagnosis is
reported between 25% and 60%. °> Based on the histori-
cal observations of improved survival in Eisenmenger
syndrome patients when compared with patients with
isolated PAH, surgical creation of a connection between
the left pulmonary artery and the descending aorta has
been successfully utilized to achieve RV afterload reduc-
tion via equalization of pulmonary and systemic arterial
pressures. Such a reversed Potts shunt effectively
changes the natural history and improves symptoms
and survival in drug-refractory PAH children to provide
extra time for lung transplantation. Since thoracic sur-
gery in patients with suprasystemic PAH and RV failure
is associated with increased morbidity and mortality,
transcatheter stent secured aortopulmonary connection
(i.e. transcatheter Potts shunt TPS) has been proposed
(Figure 1). This approach is easily performed in the
presence of a tiny patent ductus arteriosus, but in its
absence, the procedure requires the creation of a con-
trolled connection. Following successful animal studies,
two medical centers reported the feasibility of trans-
catheter Potts shunt creation in adult PAH patients.®"?
Based on these observations, a program of TPS in chil-
dren was started at our institution, involving a specific
team of cardiologists, anesthesiologists and cardiac sur-
geons. Here we report the experience with patients
undergoing TPS at our institution, and the use of extra-
corporeal membrane oxygenation (ECMO) for circula-
tory support in this fragile population.'*

Methods

TPS was proposed for cases with suprasystemic PAH
despite maximal medical treatment and worsening
NYHA class, RV failure signs, increasing NT-proBNP
level, decreasing 6-minute walk distance and deteriorat-
ing RV systolic function.'>!® Criteria for inclusion in the
TPS program, as well as procedural aspects are pre-
sented in a previous publication (Boudjemline et al.).’
The study was approved by a local ethics committee.
This manuscript focuses on the subgroup of patients
with pre- or post-procedural ECMO.

The first two procedures were uneventful (Table 1).
The third and fifth procedure were followed by cardiac
arrest during the procedure, and required rescue veno-
arterial ECMO.""?* Based on this experience it was
decided to provide “standby ECMO” for all subsequent
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Figure |. Transcatheter Potts shunt (TPS): connection between
Descending Aorta (DAO) and Left Pulmonary Artery (LPA).

cases. Femoral and iliac vessels were studied before
catheterization by angio-CT. The ECMO circuit com-
prised a centrifugal pump and a polymethylpentene
hollow fiber oxygenator. Arterial and venous cannulae
were inserted in the femoral vessels. The ECMO circuit
was available for rapid setup and priming. All circuits
were heparin-coated and were approved for a use over
5days. Each ECMO system had an integrated battery
pack, as well as a drive and steering units. In case of
ECMO requirement, correct position of the cannulas
was guided by fluoroscopy and by transesophageal
echocardiography: the tip of the arterial cannula (patient
inflow) was positioned in the abdominal aorta, the tip of
the venous cannula (patient outflow) was placed in the
inferior vena cava, close to the right atrium.*?” The
ECMO circuit was primed with a lactate ringer solution
plus 100 UT of heparin per 100ml of priming in eight
cases. Another two patients received blood-primed
ECMO with 100 UT of heparin per 100ml of priming.
The patients received 30 UI/Kg unfractionated heparin
prior to ECMO. The initial activating clotting time
(ACT) target was > 150seconds. The postoprocedural
coagulation monitoring protocol employed antithrom-
bin III levels and anti-factor Xa assays.!%28-%

Another two patients (patients 7 and 9) underwent
elective ECMO after uneventful induction of anesthesia,
and prior to the TPS procedure.

Results

Ten patients had TPS between Ist January 2016 and
Ist February 2017, their characteristics are shown in
Tables 1 and 2, and are detailed in a previous report.'*
Six patients with successful Potts procedures did not
require ECMO and survived (Boudjemline et al.)’.
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Table I. Intra- and postoprocedural characteristics.

Pl P2 P3 P4 P5 P6 P7 P8 P9 P10 Mean %
Duration of anesthesia/ 280/220 140/82 250/134 140/76 270/97 140/71 260/52 200/120 280/93 160/60 212/110
procedure (mn)
Duration of MV (d) I | 3 | 8 | 40 2 | | 5.9
Inotropes (d) 2 | 3 0 8 I 40 2 I | 5.9
LOS in ICU (d) 3 3 3 I 8 2 40 3 5 2 7
ECMO N N Y N Y N Y N Y N 40
Mortality Ist week N N Y N N N N N N N 10
Mortality 30-d N N Y N Y N N N N N 20
In-hospital Mortality N N Y N Y N Y N Y Y 40
NYHA Class after Potts | Il UN. | UN. I UN. 1l UN. Il

d: Day; ICU: Intensive Care Unit; LOS: Length of Stay; MV: Mechanical Ventilation; mn: minutes; N: Not; NYHA Class: New York Heart Association

classification for PAH; P: Patient; UN.: Unavailable; Y: Yes.

Table 2. Baseline characteristics of the study population.

Pl P2 P3 P4 P5 Pé P7 P8 P9 P10 Mean
Age (years) 13.3 17.9 9.6 8.7 5.9 108 143 89 12.5 8.5 10.7
Weight (kg) 34 78 33 37 17 27 45 35 41 25 37.3
Sex w W w M w M M w w M UN.
Age for diagnosis (years) |1 12 0.1 45 0.4 9 139 UN. UN. 8 74
Diagnosis PAH PAH PAH with PAH PAH I-PAH I-PAH PAH with PAH with PAH UN.

BMPR2 BMPR2 wide ASD BMPR2 BMPR2 TGA TGA BMPR2
NYHA Class. 1 I v v M v v 11l 11l v UN.
Sildenafil (mg/kg/d) .76~ 0.77 3.6 .62  3.52 444 089 171 1.46 24 22
Bosentan (mg/d) 3.67 320 3.78 389 376 415 555 1.83 3.05 3.84 37
Prostaglandins type and E T T E T T E E T T UN.
dose (n/kg/mn) 20 20 30 14 31 35 42 40 35 29
Ratio Pr. PA/Ao 1.4 1.1 1.6 1.1 1.3 1.2 1.3 1.2 1.3 1.5 1.3
PVR (Wood/m?) 26.3 12 393 14.1 15 21 UN. 26 15 12 21.2
Cardiac Index (L/mn/m?) 2.9 2.1 25 2.5 34 3.7  UN. 3.14 25 43 3

Ao: Aorta; ASD: Atrial Septal Defect; BMPR2: mutation of gene bone morphogenetic protein receptor type 2; d: day; E: epoprostenol; I-PAH:
idiopathic-PAH; kg: kilograms; L: Liters; M: man; m% square meters; mg: milligrams; mn: minutes; n: nanograms; NYHA Class.: New York Heart
Association classification for PAH; P: patient, PA: Pulmonary Artery; PAH: Pulmonary Artery Hypertension; Pr.: Pressure; PVR: Pulmonary Vascular
Resistance; T: treprostinil; TGA: Transposition of Great Arteries; UN: Unavailable; W: woman.

Patient 3 had a hemodynamic collapse after anes-
thetic induction requiring resuscitations, inotropic sup-
port and cardioversions for atrial tachycardia. An
attempt at stent placement resulted in embolization fol-
lowed by stent retrieval through the vessel wall defects
before the placement of a second stent. This exposed
him to severe bleeding. This patient experienced cardiac
arrest despite a large atrial septal defect with a massive
right-to-left shunt which, unfortunately, did not protect
from LV unloading. We were able to start the ECMO
run about 25 minutes later. After this event, we decided
to prepare and prime an ECMO machine in the cath lab
before all subsequent procedures. Patient 5, the second
patient, experienced cardiac arrest at induction of anes-
thesia, and a persistently low cardiac output state before
TPS despite cardiopulmonary resuscitation and ino-
tropic support. This patient also required multiple per-
cutaneous perforation attempts, and the delivery sheath

had to be exchanged before the successful crossing of
the vascular walls. This consequently delayed the stent
implantation, increased the potential for bleeding, and
resulted in a second cardiac arrest during the procedure.
The patient was rescued by ECMO within 15 minutes of
the second cardiac arrest. Both patients recovered car-
diac function at 48 hours after the procedure. Patient 3
experienced massive cerebral hemorrhage (probably
secondary to prolonged low cardiac output syndrome
and anticoagulation) on day 2 and the ECMO run was
stopped on day 3. Patient 5 was successfully weaned
from ECMO on day 2, however he experienced a multi-
organ failure later on, with signs of brain damage; this
patient died from irreversible brain damage on day 10.
A retrospective analysis of the first cases allowed to see
that echocardiographic features were worse in non-sur-
vivors compared with survivors, including dysfunc-
tional RV and small LV volumes with reduced cardiac
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Table 3. Data of patients on ECMO.

P3 P5 P7 P9 Mean  Range %
W (kg) 33 17.5 45 41.7 343 17.5-45
H (cm) 132 108 168 160 142 108-168
BS (m?) 1.10 0.72 1.45 1.36 I.15  0.72-1.45
A (years) 9.4 5.8 14.3 12.5 10.5 5.8-14.3
1/0O P.D. (inches) 3/8-3/8 1/4-1/4 3/8-3/8 3/8-3/8
Canule Ar. (Fr.) 15 12 15 15
Canule Ven. (Fr.) 17 14 19 19
Priming (C-A/B) B C-A B C-A
Indication Cardiac arrest  Cardiac arrest Clinical status, Echo  Echo
Duration (d) 2 2 40 I
Death before 30 d (Y/N) vy Y N N 50
Death before HD (Y/N) Y Y Y N 75
Cause of death Cerebral MOF, irreversible ARDS Sudden
hemorrhage brain damage death

A: age; Ar.: arterial; ARDS: acute respiratory distress syndrome; B: blood; BS: body surface; C-A: crystalloids-albumin; d: days; Echo:
echocardiography; Fr.: French; H: height; HD: hospital discharge; /O P.D.: Inlet-Outlet Pump Dimension; Ind.: indications; MOF: multiorgan failure;

N: not; P: patient; Ven.: venous; W: weight; Y: yes.

output. Therefore, it was decided to perform the follow-
ing procedures under elective ECMO in case presenting
with such echocardiographic features. Thus, patients 7
and 9, underwent TPS with elective ECMO after une-
ventful induction of anesthesia. Patient 7 died at day 40
following septic shock and acute viral respiratory dis-
tress syndrome, and patient 9 died at day 30 of sudden
death while waiting for heart and lung transplant.
Patients who survived recovered, their echocardio-
graphic scores for biventricular function, and right dias-
tolic function improved.*' At hospital discharge, clinical
conditions were subjectively improved for all. Medical
treatment for PAH was continued in all cases.

Discussion

Here we report our experience with TPS creation in 10
patients, out of whom four either required rescue ECMO
or were placed on elective ECMO before the procedure
(Table 3).

ECMO has been deployed successfully to support
children of all ages, from newborn to adult-sized patients
with CHD requiring cardiac surgery.*> However, in patients
submitted to cardiac procedures, the use of ECMO is
mainly reported postoperatively and is rarely used elec-
tively for circulatory support during procedure.?'*” To
our knowledge, this is the first report of ECMO being
used during TPS procedures. The 100% mortality of
ECMO patients here may question its usefulness, how-
ever, this needs to be considered given the severity of
idiopathic PAH. Nasr et al. reported a strikingly high
mortality rate in a pediatric population with isolated
PAH who required ECMO, suggesting ECMO should
be avoided in PAH patients.?® Other authors, on the

other hand, recommend ECMO in PAH patients and
highlight the need for a more timely implementation of
ECMO, to effect a reduction in the mortality related to
the disease.” TPS creation is a pioneering procedure. It
offers the chance to treat very high-risk patients in
whom the therapeutic options are limited. When the
Potts shunt becomes effective, the LV afterload increases
due to retrograde aortic arch filling through the Potts
shunt, and the LV preload decreases due to a reduction
of pulmonary venous blood flow. Thus, the output of the
off-loaded LV may fall suddenly and result in hypoxia
and cardiac arrest. We believe that elective ECMO,
either provided before the procedure or rapidly in case
of LV failure occurring during the procedure might play
a strategic role and increase the chances of success of
TPS procedures. However, several prerequisite condi-
tions are required: (i) vascular access equipment, as well
as a primed ECMO circuit for rapid setup, need to be
immediately available in the catheterization laboratory;
(ii) a dedicated “standby team” including a cardiac sur-
geon and a perfusionist need to be immediately availa-
ble and functional at the time of stent insertion; (iii)
transoesophageal echography needs to be available for
monitoring of cardiac function, cannula placement and
the assessment of LV function and aortic flow pattern.
In case of acute LV failure and retrograde aortic arch
filling through the Potts shunt, the communication
should be occluded (e.g. by the balloon inflation within
the stent) to re-establish the pre-procedural circulation.
This would allow for appropriate medical treatment and
set up of the extracorporeal support, to avoid profound
hypoxia and cardiac arrest.

Despite our efforts, all ECMO patients died postop-
eratively. However, death was not due to ECMO compli-
cations, but to complications related to PAH. Therefore,
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it is likely that these patients were not appropriate candi-
dates for Potts procedure, whether performed surgically
or percutaneously. Further studies are needed to identify
the pre-procedural factors which could help in identify-
ing the patients who will not tolerate the transcatheter
Potts shunt, in order to provide recommendations.*

Conclusion

TPS is a pioneering procedure that offers the opportu-
nity to treat very high-risk idiopathic drug-refractory
PAH patients. However, acute LV failure is a complica-
tion of TPS in patients with supra-systemic PAH.
Elective ECMO, a potential support option to avoid cir-
culatory arrest and acute profound hypoxia secondary
to exclusive right-to-left shunt systemic perfusion by
Potts shunt and LV dysfunction with resulting pulmo-
nary edema, may be used at the early stage of the learn-
ing curve, but it does not influence the prognosis of
these patients which remains poor.

Main limitations

This is a report from a single pediatric cardiac center,
involving a very small sample of patients. ECMO
patients died of complications unrelated to the use of
ECMO, and, likely, they were not appropriate candidates
for a Potts procedure. This is a potential source of bias in
the interpretation of the usefulness of ECMO in this set-
ting. However, the small sample size did not allow for
the identification of the criteria for patient selection.

Acknowledgements

Thanks to Isabelle Szezepanski for practical support. Thanks
to Paola Burgos, Tiffany Tourneur, Laurent Tourneur, Ilham
Berkia and Antonin Couillec for technical support.

Declaration of Conflicting Interests

The author(s) declared no potential conflicts of interest with
respect to the research, authorship, and/or publication of this
article.

Funding

The author(s) received no financial support for the research,
authorship, and/or publication of this article.

ORCID iD

Cristian Mirabile (/2 https://orcid.org/0000-0001-9372-6406

References

1. Ivy DD, Abman SH, Barst R], et al. Pediatric pulmonary
hypertension. ] Am CollCardiol 2013; 62: D117-D126.

2. Blanc ], Vouhé P, Bonnet D. Potts shunt in patients with
pulmonary hypertension. N Engl ] Med 2004; 350: 623.

10.

11.

12.

13.

14.

15.

16.

17.

18.

Baruteau AE, Serraf A, Lévy M, et al. Potts shunt in chil-
dren with idiopathic pulmonary arterial hypertension:
long-term results. Ann Thorac Surg 2012; 94:817-824.
Potts WJ, Smith S, Gibson S. Anastomosis of the aorta
to a pulmonary artery; certain types in congenital heart
disease. ] Am Med Assoc 1946; 132: 627-631.

Baruteau AE, Belli E, Boudjemline Y, et al. Palliative Potts
shunt for the treatment of children with drug-refractory
pulmonary arterial hypertension: updated data from
the first 24 patients. Eur J Cardiothorac Surg 2015;47:
el05-el10.

Labombarda F, Maragnes P, Dupont-Chauvet P, et al.
Potts anastomosis for children with idiopathic pulmo-
nary hypertension. Pediatr Cardiol 2009; 30: 1143-1145.
Schaellibaum G, Lammers AE, Faro A, et al. Bilateral
lung transplantation for pediatric idiopathic pulmonary
arterial hypertension: a multi-center experience. Pediatr
Pulmonol 2011; 46: 1121-1127.

Micheletti A, Hislop AA, Lammers A, et al. Role of atrial
septostomy in the treatment of children with pulmonary
arterial hypertension. Heart 2006; 92: 969-972.
Boudjemline Y, Sizarov A, Malekzadeh-Milani S, et al.
Safety and feasibility of the transcatheter approach to
create a reverse Potts shunt in children with idiopathic
pulmonary arterial hypertension. Can J Cardiol 2017; 33:
1188-1196.

Barst RJ, McGoon MD, Elliott CG, et al. Survival in child-
hood pulmonary arterial hypertension: insights from the
registry to evaluate early and long-term pulmonary arte-
rial hypertension disease management. Circulation 2012;
125:113-122.

Lammers AE, Adatia I, Cerro MJ, et al. Functional clas-
sification of pulmonary hypertension in children: Report
from the PVRI pediatric taskforce, Panama 2011. Pulm
Circ 2011; 2: 280-285.

Official site of Extracorporeal Life Support Organization,
www.elso.org.

Liveris A, Bello RA, Friedmann P, et al. Anti-factor Xa
assay is a superior correlate of heparin dose than acti-
vated partial thromboplastin time or activated clotting
time in pediatric extracorporeal membrane oxygenation.
Pediatr Crit Care Med. 2014; 15: e72-€79.

Bembea MM, Annich G, Rycus P, et al. Variability in anti-
coagulation management of patients on extracorporeal
membrane oxygenation: an international survey. Pediatr
Crit Care Med. 2013; 14: e77-¢84.

Annich G, Adachi I. Anticoagulation for pediatric
mechanical circulatory support. Pediatr Crit Care Med.
2013; 14: S37-S42.

Sulkowski JP, Preston TJ, Cooper JN, et al. Comparison
of routine laboratory measures of heparin anticoagula-
tion for neonates on extracorporeal membrane oxygena-
tion. ] Extra Corpor Technol 2014; 46: 69-76.

Twite MD, Friesen RH. The anesthetic management of
children with pulmonary hypertension in the cardiac
catheterization laboratory. Amnesthesiol Clin 2014; 32:
157-173.

Radosevich MA, Brown DR. Anesthetic management of
the adult patient with concomitant cardiac and pulmo-
nary disease. Anesthesiol Clin 2016; 34: 633-643.


https://orcid.org/0000-0001-9372-6406
www.elso.org

Perfusion 00(0)

19.

20.

21.

22.

23.

24,

25.

Odegard KC, Vincent R, Baijal R, et al. SCAI/CCAS/SPA
expert consensus statement for anesthesia and sedation
practice: recommendations for patients undergoing diag-
nostic and therapeutic procedures in the pediatric and
congenital cardiac catheterization laboratory. Catheter
Cardiovasc Interv 2016; 88: 912-922.

Ortega R, Song M, Hansen CJ, et al. Videos in clinical
medicine. Ultrasound-guided internal jugular vein can-
nulation. N Engl ] Med 2010; 363: 796.

Lammers AE, Haworth SG, Riley G, et al. Value of tis-
sue Doppler echocardiography in children with pul-
monary hypertension. ] Am Soc Echocardiogr 2012; 25:
504-510.

Bautista-Hernandez V, Thiagarajan RR, Fynn-Thompson
F, et al. Preoperative extracorporeal membrane oxy-
genation as a bridge to cardiac surgery in children with
congenital heart disease. Ann Thorac Surg 2009; 88:
1306-1311.

Chopski  SG, Moskowitz WB, Stevens RM, et al
Mechanical circulatory support devices for pediatric
patients with congenital heart disease. Artif Organs 2017;
4: E1-E14.

Shin HJ, Song S, Park HK, et al. Results of extracorpor-
eal cardiopulmonary resuscitation in children. Korean |
ThoracCardiovasc Surg 2016; 49: 151-156.

Odegard KC, Bergersen L, Thiagarajan R, et al. The
frequency of cardiac arrests in patients with congenital
heart disease undergoing cardiac catheterization. Anesth
Analg2014; 118: 175-182.

26.

27.

28.

29.

30.

31.

32.

Wolf MJ, Kanter KR, Kirshbom PM, et al. Extracorporeal
cardiopulmonary resuscitation for pediatric cardiac
patients. Ann Thorac Surg 2012; 94:874-879.

Alsoufi B, Awan A, Manlhiot C, et al. Results of rapid-
response extracorporeal cardiopulmonary resuscitation
in children with refractory cardiac arrest following car-
diac surgery. Eur ] Cardiothorac Surg 2014; 45: 268-275.
Nasr VG, Faraoni D, DiNardo JA, et al. Adverse outcomes
in neonates and children with pulmonary artery hyperten-
sion supported with ECMO. ASAIO ] 2016; 62: 728-731.
Wearden PD, Maul TM. Adversity in neonates and chil-
dren with pulmonary artery hypertension: the role of
ECMO, invited commentary. ASAIO ] 2016; 62: 637-638.
Authors/Task Force M. 2015 ESC/ERS guidelines for the
diagnosis and treatment of pulmonary hypertension: the
joint task force for the diagnosis and treatment of pulmo-
nary hypertension of the European Society of Cardiology
(ESC) and the European Respiratory Society (ERS)
endorsed by: Association for European Paediatric and
Congenital Cardiology (AEPC), International Society
for Heart and Lung Transplantation (ISHLT). Eur Heart ]
2016; 37: 67-119.

DAlonzo GE, Barst R], Ayres SM, et al. Survival in
patients with primary pulmonary hypertension. Results
from a national prospective registry. Ann Intern Med.
1991; 115: 343-349.

Rosenzweig EB, Abman SH, Adatia I, et al. Paediatric
pulmonary arterial hypertension: updates on definition,
classification, diagnostics and management. Eur Respir |
2019; 53: 1801916.





