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ABSTRACT

BACKGROUND In the care of patients with congenital heart disease, percutaneous interventional treatments have

supplanted many surgical approaches for simple lesions, such as atrial septal defect. By contrast, complex congenital
heart defects continue to require open-heart surgery. In single-ventricle patients, a staged approach is employed, which
requires multiple open-heart surgeries and significant attendant morbidity and mortality. A nonsurgical transcatheter
alternative would be attractive.

OBJECTIVES The authors sought to show the feasibility of catheter-only, closed-chest, large-vessel anastomosis
(superior vena cava and pulmonary artery [PA] or bidirectional Glenn operation equivalent) in a patient.

METHODS In preclinical testing over a decade, the authors developed the techniques and technology needed for
nonsurgical crossing from a donor (superior vena cava) to a recipient (PA) vessel and endovascular stent-based
anastomosis of those blood vessels. The authors undertook this transcatheter approach for an adult with untreated
congenital heart disease with severe cyanosis and significant surgical risk. They rehearsed the procedure step by step
using contrast-enhanced cardiac computed tomography and a patient-specific 3-dimensional printed heart model.

RESULTS The authors describe a first-in-human, fully percutaneous superior cavopulmonary anastomosis (bidirectional
Glenn operation equivalent). The patient, a 35-year-old woman, was homebound due to dyspnea and worsening cyanosis.

any patients with congenital heart disease
are born with 1 main pumping chamber or
a functional single ventricle rather than
the normal 2-ventricle circulation. Infants born with
a single ventricle number about 5 per 10,000 live
births (1). Without multiple palliative open-heart sur-
geries, their prognosis is poor and mortality is high.

She was diagnosed with functional single ventricle and very limited pulmonary blood flow. The heart team believed
surgical palliation conferred high operative risk due to the patient's complete condition. With the percutaneous
procedure, the patient recovered uneventfully and remained improved clinically after 6 months.

CONCLUSIONS This procedure may provide a viable alternative to one of the foundational open-heart surgeries currently
performed to treat single-ventricle congenital heart disease. (J Am Coll Cardiol 2017;70:745-52) © 2017 by the American
College of Cardiology Foundation. Published by Elsevier. All rights reserved.

Occasionally, patients with a single ventricle present
in adulthood (1).

In single-ventricle patients, surgery is often
required in infancy to establish a temporizing source
of pulmonary blood flow (2,3). Thereafter, improved
and stable pulmonary blood flow is established by the

bidirectional Glenn shunt (superior cavopulmonary
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ABBREVIATIONS
AND ACRONYMS

3D = 3-dimensional

BMS = bare-metal stent(s)
CT = computed tomography
PA = pulmonary artery

SVC = superior vena cava
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anastomosis) surgery, which diverts superior
vena cava (SVC) blood flow into the pulmo-
nary arteries (PAs) (4,5). Months or years
later, a passive pulmonary blood flow circuit
is completed with the modified Fontan sur-
gery, which consists of an inferior
cavopulmonary anastomosis (6). This allows
the single ventricle to exclusively support

the systemic circulation.

Multiple open-heart surgeries, each requiring me-
dian sternotomy and cardiopulmonary bypass, come
at the expense of cumulative morbidity and mortality.
The superior cavopulmonary anastomosis has a
morbidity rate close to 20% and mortality approxi-
mately 5% (7). Some post-surgical patients eventually
require heart transplantation (8). Pre-operative atrio-
ventricular valve regurgitation is an independent risk
factor for death or heart transplantation (7,8). Post-
operative morbidity can affect many organ systems,
ranging from chylothorax and diaphragm paralysis to
extracorporeal membrane oxygenation and cardiac
arrest (7,9). Surgery in adults with single-ventricle
congenital heart disease confers additional risk (10).

SEE PAGE 753

For more than 2 decades, our group and others
have been working to develop minimally invasive,
nonsurgical therapy for patients with single-ventricle
physiology (11-13). We describe a novel entirely
transcatheter, nonsurgical, closed-chest procedure,
which is the anatomic equivalent of the contemporary
surgical superior cavopulmonary anastomosis. Our
approach uses transcatheter electro-wire perforation
to cross unoperated or naive intact blood vessel walls
and transcatheter anastomosis using stents to
connect adjacent large blood vessels.

METHODS

Previously, we investigated a percutaneous approach
to cavopulmonary anastomosis using modified mag-
net catheters. Ultimately, we were successful in using
transseptal needle puncture aimed at balloon targets,
followed by covered stent placement in animals to
create a “classic Glenn” or unidirectional cavopulmo-
nary anastomosis (SVC connected exclusively to the
right PA and excluding the left PA) (12). More recently,
we accomplished transcatheter bidirectional cav-
opulmonary anastomosis (SVC blood flow distributed
to both the right and left PA) using real-time cardiac
magnetic resonance imaging guidance in animals (13).

We have tested an x-ray fluoroscopy-guided tech-
nique to cross between nearby blood vessels (inferior
vena cava/abdominal aorta) using an off-the-shelf

JACC VOL. 70, NO. 6, 2017
AUGUST 8, 2017:745-52

guidewire electrified by connecting to an electrosur-
gery pencil or “Bovie” in animals (14). To prepare for
the procedure, we tested this identical vessel-
crossing technique from the SVC into the PA in 6
animals. For the cavopulmonary anastomosis appli-
cation, we positioned a coaxial crossing system
(Figure 1) from the SVC, consisting of a 0.014-inch
Astato XS20 guidewire (Asahi Intecc, Santa Ana, Cal-
ifornia), 0.035-inch PiggyBack wire converter (Tele-
flex Vascular Solutions, Minneapolis, Minnesota),
NAVICROSS microcatheter (Terumo Interventional
Systems, Somerset, New Jersey), and JR4 guiding
catheter (Cordis, Milpitas, California). We aimed the
crossing system toward an Amplatz Gooseneck target
snare (Medtronic, Minneapolis, Minneapolis) in the
PA. The 0.014-inch guidewire was electrified by
attaching the back end to the electrosurgery pencil
(Figure 1) set to pure cutting mode at 50 W before
advancing the wire across donor and recipient vessel
walls. Once across, the guidewire was exchanged for a
stent delivery system. Vessel-to-vessel crossing was
successful in all. In 3 of those animals, we attempted
transcatheter covered-stent implantation to achieve
cavopulmonary anastomosis. All were successful.
Animal procedures were approved by the institu-
tional animal care and use committee, and followed
contemporary National Institutes of Health
guidelines.

PRELIMINARY PREPARATION AND PROCEDURE. We
trained in the electro-wire crossing technique with
experienced operators during clinical transcaval
access for transcatheter aortic valve replacement (15).
We planned the procedure step by step using pre-
procedure contrast-enhanced computed tomography
(CT) (Figure 2) (16). For vessel-to-vessel crossing, we
paid particular attention to an optimal SVC exit point
and PA entry point, fluoroscopic visible landmarks
and projection angles, and avoiding interposed vital
structures. For covered- and bare-metal stent (BMS)
anastomosis, target dimensions and distances were
planned. We simulated the procedure beforehand on
a patient-specific 3-dimensional (3D) printed heart
model (Figure 3) based on the contrast-enhanced
cardiac CT.

The procedure has 3 key steps: 1) the walls of 2
nearby blood vessels to be connected (SVC and right
PA) were traversed by electrifying a small, insulated
commercial 0.014-inch guidewire as described (14,15);
2) after the wire connected the 2 large blood vessels,
we implanted a covered stent (“endograft”) to bridge
the 2 vessels; and 3) BMS anchoring was used as an
SVC end-to-end anastomosis landing zone and to
secure the right PA end-to-side anastomosis. In
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FIGURE 1 Coaxial Wire-Crossing System

(A) A guiding catheter (a) directed the coaxial wire crossing system consisting of a microcatheter (b), 0.035-inch wire converter (c), and
0.014-inch commercial guidewire (d). (B) The guidewire was electrified by connecting the back end to an electrosurgery pencil.

addition, the azygous vein was occluded with a
vascular plug device to complete the flow diversion.

PATIENT DESCRIPTION. A 35-year-old woman first
sought medical attention for resting cyanosis (blood
oxygen saturation levels 60% to 70%) and was
homebound due to dyspnea. She was diagnosed with
functional single ventricle and very limited pulmo-
nary blood flow (dextrocardia, “criss-cross” atrio-
ventricular connections, L-looped ventricles,
hypoplastic tricuspid valve and morphological right
ventricle [moderate], ventricular septal defect [large],
and subvalvar and valvar pulmonary stenosis [se-
vere]). There was moderate left-sided atrioventricular
valve regurgitation and paroxysmal atrial tachy-
cardia. Her dyspnea precluded exercise stress testing.
Diagnostic cardiac catheterization showed a mean PA
pressure of 13 mm Hg, a transpulmonary pressure
gradient of 4 mm Hg, and normal pulmonary vascular
resistance (1.2 Wood units).

After evaluation and deliberation, our multidisci-
plinary heart team (primary cardiology, interventional
cardiology, cardiothoracic surgery, cardiac critical
care, cardiac electrophysiology, adult congenital heart
disease, radiology, and cardiac anesthesia) (17)
concluded that a strategy to augment pulmonary
blood flow with superior cavopulmonary anastomosis
would improve this patient’s oxygen saturation and
relieve her symptoms. The team believed surgical
palliation conferred high operative risk because of
the combination of: atrioventricular valve regurgita-
tion (7,8); longstanding pre-operative cyanosis; pre-
operative arrhythmia; New York Heart Association
(NYHA) functional class IV (18); potential for post-
operative bleeding requiring re-exploration (19);
dilated systemic ventricle (20); potential for post-
operative  acute  kidney injury (21); and

aortopulmonary collateral burden. Pre-procedure
hemoglobin was 19.3 g/dl, hematocrit was 61.9%,
blood urea nitrogen was 12 mg/dl, and creatinine was
0.6 mg/dl. Echocardiogram showed qualitatively
normal left ventricular systolic function. The multi-
disciplinary heart team concluded that a percutaneous
approach with provisional surgical bail-out was an
appropriate management strategy. Detailed informed
consent was obtained from the patient, given the novel
nature of the procedure and the “off-label” use of
medical devices. Per institutional protocol, we ob-
tained consent to publish directly from the patient.

RESULTS

The procedure was performed under general anes-
thesia with right internal jugular (16-F) and bilateral
femoral arterial (4- and 5-F) and venous (7- and 12-F)
vascular access. Image guidance was conventional
x-ray fluoroscopy (Central Illustration), as well as 3D
rotational angiography and overlaid pre-procedure
contrast-enhanced cardiac CT. Transcatheter electro-
wire vessel-to-vessel crossing, proximal end-to-end
SVC anastomosis, and a distal end-to-side pulmo-
nary anastomosis (preserving blood flow to both
branch PAs) were successful. The vessel-to-vessel
crossing procedure was performed as described in
the methods. Anastomotic endografts (CP8Z45 and
CP8Z34, NUMED, Hopkinton, New York) were balloon
dilated to 20 mm. The SVC landing zone Intrastent LD
Max 26-mm BMS (Medtronic) was also balloon dilated
to 20 mm. Right PA end-to-side anastomosis was
secured with an Intrastent LD Max 36-mm BMS
(Medtronic) balloon dilated to 16 mm. We selected
open-cell design anchor stents to allow future access
through side struts if indicated. The azygous vein was
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FIGURE 2 Contrast-Enhanced Cardiac CT

SVC

SVC = superior vena cava.

Pre-procedure contrast-enhanced computed tomography (CT) was used for procedure planning (A, C, and D) 3-dimensional (3D)
reconstructions; (B) sagittal plane and included fluoroscopic visible landmarks (dashed line). CT imaging was used to plan target dimensions
(anastomotic balloon-expandable covered and anchoring bare-metal stent diameters) and understand distance requirements (covered stent
lengths for anastomosis coverage without neighboring vessel occlusion). Purple circle = origin of azygous vein; white arrow = planned point
and angle of exit and entry; white X corresponds to white arrow tip on corresponding alternate views. RPA = right pulmonary artery;

occluded with an Amplatzer Vascular Plug II 10 mm
(St. Jude Medical, Plymouth, Minnesota), but also
covered by the endograft. There were no residual
pressure gradients and no angiographic stenosis or
leak across the cavopulmonary anastomosis.

Guidewire crossing induced brief intraprocedure
runs of supraventricular tachycardia. No other pro-
cedural complications were encountered, including
adjacent tissue (aorta) injury, hemo- or pneumo-
thorax, hemo- or pneumopericardium, vessel dissec-
tion, thrombosis, or sustained dysrhythmia. Chest or
mediastinal tube drainage was not indicated.

Before the intervention, the systemic arterial
saturation with 100% inspired oxygen was 73%.

Afterwards, the systemic arterial saturation without
supplemental inspired oxygen was 82%. Mean central
and branch PA pressure increased from 13 to
14 mm Hg. As expected, SVC pressure increased from
8 mm Hg (pre-intervention) to 14 mm Hg (post-
intervention). Vessel dimensions were similar before
and after intervention (SVC 20 mm; right PA 16 mm).

The patient was extubated within hours and able to
walk without dyspnea on the first post-procedure
day, but kept in the hospital out of caution for
5 days before being discharged home. Follow-up
chest radiography, cardiac CT (Figure 4), and
contrast echocardiography (upper extremity bubble
study) demonstrated the intended bypass was
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FIGURE 3 3D-Printed Heart Model

Ve

’
3D ;;f‘l.ted heart model

Transcatheter electro-wire step

Superior Cavo-Pulmonary Anastomosis

(A) In this 3D-printed heart model based on the contrast-enhanced CT (view from anterior), the SVC is outlined in white and pulmonary artery
in blue. The anchoring SVC stent is in place with the guiding catheter (thin arrow) positioned in the SVC before vessel traversal. Subsequent
key procedural steps seen with x-ray fluoroscopy of the 3D-printed heart model show (B) the transcatheter electro-wire step with electrified
0.014-inch guidewire aimed from the SVC (thin arrow) to the RPA (loop snare catheter; thick arrow); the snare catheter course was
retrograde from the aorta to the single ventricle to the RPA; and (C) end-to-side anastomotic endograft (arrowhead) in place. Ao = aorta;
IVC = inferior vena cava; LPA = left pulmonary artery; RA = right atrium; other abbreviations as in Figure 2.

without endovascular leak or evident complications.
Oxygen saturation (breathing room air) was as
expected after superior cavopulmonary anastomosis
at discharge (81%), after 10 days (87%), 1 month
(82%), 2 months (89%), 4 months (85%), and 6
months (85%). She has been maintained on aspirin
and clopidogrel. The patient reported significant
improvement in her ability to walk multiple blocks
dyspnea-free and carry out activities of daily living
(NYHA functional class I). With improved physical
conditioning, she has been able to exercise for 45 min
daily without cardiopulmonary symptoms.

DISCUSSION

We report the successful creation of a large-vessel
anastomosis (20 mm) and superior cavopulmonary
shunt in an unoperated patient. There was no prior
surgical preparation (22). This was a percutaneous
transcatheter alternative to a fundamental contem-
porary congenital heart surgery. In this patient, the
percutaneous approach avoided the expected high
morbidity of open-heart surgery and cardiopulmo-
nary bypass.

Our group and others have explored numerous
related preclinical approaches to endovascular bypass
over the past decade (12,13,23). The vessel-to-vessel
crossing technique was first described by our group

(14). In preparation for the described clinical case, we
tested this vessel-to-vessel crossing maneuver at
the intended anatomic site and transcatheter cav-
opulmonary anastomosis in animals and in vitro using
patient-specific 3D-printed heart models (Figures 1
to 3). The procedure was guided by standard biplane
x-ray contrast angiography (Central Illustration, Online
Video 1), 3D rotational angiography, and prior cardiac
CT images fused with live x-ray fluoroscopy.
Pre-procedure planning and augmented imaging
guidance facilitated 3 enabling steps. The trajectory
for transcatheter electro-wire traversal across neigh-
boring vessel tissue planes was defined. The anasto-
motic endograft was positioned to provide coverage
for SVC cardiac bypass, ensure bidirectional blood flow
to both branch PAs, and avoid catastrophic miss.
Thesitesin the SVCand in the right PA were defined for
the bare-metal anchoring stents. The caudal aspect of
the right PA was not instrumented and remains
available for a possible future transcatheter or surgical
inferior cavopulmonary anastomosis.

This procedure reflected a technical evolution in
crossing and connecting blood vessels, beginning
with the pioneering vascular anastomosis that
garnered the 1912 Nobel Prize in Physiology or Medi-
cine. In animals, our group and others have used
needle (12) and radiofrequency perforation (23) for
unidirectional “classic” Glenn shunts (SVC solely to
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Contrast X-Ray Angiography

Superior Vena Cava

Ratnayaka, K. et al. J Am Coll Cardiol. 2017;70(6):745-52.

CENTRAL ILLUSTRATION Transcatheter Superior Cavopulmonary Anastomosis:

Pulmonary Artery

FSuperior Cavo-Pulmonary Anastomosis

(A) Pre-intervention superior vena cava (arrow) angiogram was performed with the angiographic catheter introduced from femoral venous access,
whereas (B) pre-intervention pulmonary artery (arrow) angiogram was performed with the angiographic catheter introduced from a femoral
arterial access (retrograde to the single ventricle through the stenotic pulmonary valve). Superior vena cava anchor stent (and post-deployment
balloon, sheath, wire), left innominate marking wire, and pacing catheter introduced from femoral venous access are shown. Angiographic
catheter (introduced from right internal jugular) and deployed azygous vascular plug are also shown. (C) Post-transcatheter superior
cavopulmonary anastomosis (arrow) is seen via simultaneous angiography performed with previously described angiographic catheters
introduced from femoral arterial and right internal jugular access. See Online Video 1 (Transcatheter Superior Cavo-Pulmonary Anastomosis).

the right PA) and more recently the contemporary,
and more technically demanding, bidirectional (both
PAs) version (13). In post-operative Fontan patient
case reports, small pulmonary artery-to-atria fenes-
trations (24) and medium-sized PA reconnections (25)
have been created. In unoperated patients, sharp wire
puncture was used to create a restrictive 7-mm
transcatheter Potts shunt (small descending thoracic

aorta to left PA communication) surrogate in a small
number of adults with end-stage PA hypertension
(26). We employed our new transcatheter electro-wire
crossing technique currently being used to enable
precise crossing from inferior vena cava to aorta for
temporary access prior to tract device closure (14,15).

Diverting upper body systemic venous return to
the PAs is a foundational surgery used to manage

FIGURE 4 Post-Intervention Transcatheter Superior Ca 1

p

Coronal Sagittal

y Anast

The successful transcatheter superior cavopulmonary anastomosis is seen (A) via a 3D-reconstructed image. Solid arrows = anastomotic
covered stent endograft bridging SVC and RPA; dashed arrows = bare-metal locking anchor stents. Traditional oblique (B) coronal and (C)
sagittal planes are shown using contrast-enhanced cardiac CT. Abbreviations as in Figure 2.
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patients with functional single ventricles. This cre-
ates a passive pulmonary circulation. We have re-
ported initial success with the first nonsurgical
alternative. Employing a new percutaneous, closed-
chest, transcatheter technique, we created a large-
vessel, end-to-side anastomosis as a replacement for
surgical superior cavopulmonary anastomosis (bidi-
rectional Glenn operation). Recovery was rapid; oxy-
gen saturation and dyspnea improvement was
immediate. The patient was clinically suitable for
discharge the day following the procedure, but was
kept in hospital out of an abundance of caution.

STUDY LIMITATIONS. Our technique is new; this is
the first-in-human report of a single patient. Current
surgical anastomotic techniques have been built on
decades of experience. Surgical vascular anastomoses
are secured using sutures that create little obstruction
to blood flow. Our approach replaced suture fixation
with intravascular, metallic, open-cell stent anchors
that crossed neighboring vessels. Both achieve he-
mostasis by tight apposition of graft material to the
rents in the donor and recipient blood vessel.
Crossing and connecting blood vessels adds risk of
catastrophic miss (26) or unintended endograft vessel
exclusion (i.e., left PA) to known risks of interven-
tional cardiac catheterization. We attempted to miti-
gate this risk with preclinical testing, CT procedure
planning, 3D-printed anatomic model simulation, and
multimodality image guidance. This early experience
was in an adult patient with large PAs using off-the-
shelf devices. Our initial impression was that our
unpalliated cyanotic adult patient with single-
ventricle congenital heart disease and low pulmo-
nary vascular resistance was a rare entity. However,
similar patients have surfaced at our institution
(including some patients with Ebstein’s anomaly of
the tricuspid valve) who may benefit from this
transcatheter strategy. In general, adult patients in
whom a one-and-a-half ventricle repair is indicated
could be considered. Percutaneous therapy for typical
cavopulmonary anastomosis in small children could
be achieved through smaller purpose-built devices,

Ratnayaka et al.
Percutaneous Superior Cavopulmonary Anastomosis

tailored to overcome the limitations we described of
off-the-shelf devices. We are developing such a
device (13).

CONCLUSIONS

Large-vessel anastomosis, a mainstay of open-heart
surgery, has a long history but carries significant
concomitant morbidity and mortality. We reported
the first-in-human closed chest, large-vessel anas-
tomosis. This was performed in unoperated
anatomy. It was a percutaneous replacement for
open-chest surgical therapy. Future advances in
imaging guidance (i.e., cardiac magnetic resonance)
and purpose-built devices will likely simplify these
procedures.
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PERSPECTIVES

COMPETENCY IN PATIENT CARE AND
nary anastomosis) can be accomplished using a nonsurgical,
percutaneous, closed-chest method that effectively diverts

with single-ventricle congenital heart disease.

TRANSLATIONAL OUTLOOK: Further evolution of the
technology promises to establish viable minimally invasive

this type of complex congenital heart disease.
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