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Abstract To report our experience of coarctation stent
therapy in small children weighing less than 30 kg, with
the low profile dilatable Valeo stent and review the liter-
ature on coarctation stent therapy in this patient population.
Coarctation stent implantation was undertaken in 14 con-
secutive children using the Bard Valeo Stent. Demo-
graphic, angiographic, echocardiographic and clinical data
were reviewed retrospectively. The median age at the time
of procedure was 5.1 (2.6-7.5) years and median weight
was 20.8 (14.7-27) kg. There was improvement in median
coarctation diameter from 4 (1.3-52) to 9.5
(5.8-12.7) mm, p < 0.001; and a reduction in the median
peak pressure gradient across the coarctation from 35
(20-49) to 9 (0-15) mmHg, p < 0.001. Median stent recoil
was 7.9 (0-20)%. There was one case of access related
complication that resolved without sequelae. Follow-up
was a median of 15 (3.0-57.2) months. CT angiogram
performed at a median time of 3.3 (2.6-10.2) months post
procedure showed no aortic wall injury and preserved stent
integrity in all cases. Two children underwent re-inter-
vention for stent dilation and further stent implantation due
to in-stent stenosis and somatic growth after 3 years. Six of
fourteen children remained on a single antihypertensive
agent post-intervention at last follow-up. Implantation of
the dilatable Valeo stent is a feasible treatment strategy in
native or recurrent coarctation in small children, accepting
that additional stent implantation may be necessary with
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somatic growth. Further study is required to determine
longer-term stent efficacy and clinical outcome.
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Introduction

Over the past decade, intravascular stenting has become a
well-accepted alternative to surgical repair for older children
and adults with coarctation of aorta [1, 2]. Stent implantation
is minimally invasive and has consistently proven to provide
superior gradient reduction with less disruption of the aortic
wall compared to balloon angioplasty alone [3—6]. These
advantages are technically difficult to apply to small chil-
dren, as most stents with a potential for further expansion to
accommodate growth have a relatively large profile neces-
sitating high calibre delivery sheaths, with increased risk of
vascular access complications. Indeed, published evidence
on coarctation stenting in small children is limited. Its
application in this patient population is often based on
evolving clinical experience, extrapolation of efficacy from
adult studies and a rational strategy for future management.

When stent therapy is chosen for management of aortic
coarctation in children, staged re-intervention is
inevitable due to somatic growth. In selected high-risk and
younger patients, several procedures for balloon dilation or
further stent implantation are considered to be part of the
trade-off in avoidance of surgery. The Valeo stent was first
used in our centre for a 15 kg child who presented with
acute cerebral haemorrhage and severe hypertension rela-
ted to coarctation of the aorta [7]. Since then, this stent has
been used consecutively in small children considered
appropriate for stenting of native or recurrent coarctation.
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Here, we report our early experience of coarctation stenting
in children weighing less than 30 kg using the Valeo stent
and review the literature in this patient population.

Methods

All patients with a diagnosis of coarctation of the aorta who
underwent implantation of the Bard Valeo stent at a single
tertiary cardiology unit were identified from the depart-
mental cardiology database (HeartSuite™"). Patient demo-
graphic, echocardiographic and clinical data were collected
from medical notes and HeartSuite™. Angiographic and
haemodynamic data including the diameter of the coarcta-
tion and pressure gradients before and after stent implan-
tation were collated from catheterisation reports and
angiograms. The degree of stent recoil was calculated from
the difference between the diameters of the fully inflated
balloon during implantation and that of the expanded stent
after balloon deflation. Stent integrity and aortic wall
complications were evaluated with a contrast-enhanced
computed tomography (CT) routinely performed at
3 months post procedure. An ultrasound study of the
femoral and iliac arteries was also performed to assess for
any evidence of peripheral vessel complications due to
vascular access with the delivery sheath. Data are expressed
as medians, ranges and percentages as appropriate. Com-
parisons before and after stent implantation were performed
using the paired Student’s ¢ test and a p value <0.05 was
considered significant. All statistical analyses were per-
formed using GraphPad InStat version 3.01 and GraphPad
Prism version 6.05 (GraphPad Soft- ware, San Diego, CA).

Stent Description

The Valeo stent has a triple helix design laser cut from a
316-L stainless steel tube. The stent is pre-mounted on a
low profile nylon balloon accepting a 0.035-inch guide wire
and accommodating inflation pressures up to 14 atm. The
stent is available in diameters between 6 and 10 mm and
lengths between 18 and 56 mm. The required sheath size is
6 F for stents mounted on 6—8 mm balloons and 7 F for the
larger stents mounted on 9-10 mm balloons. The open cell
architecture of the stent allows it to be post dilated with
minimal shortening [8, 9]. The 6-8 mm Valeo stents can be
maximally dilated to 13 mm before fracturing. In our case
series, only the 9- and 10- mm Valeo stents are used to take
advantage of its maximal expandability to 20 mm [9].

Implantation Technique

All studies were performed under general anaesthesia. The
femoral artery was accessed with ultrasound guidance and
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a femoral artery angiogram performed through a 5 F sheath
to evaluate the adequacy of vessel diameter to accommo-
date the required delivery sheath. The coarctation was
crossed with a J-tip Terumo glide wire (Terumo Medical
Corporation, New Jersey, USA) and a suitable end-hole
catheter. The catheter was withdrawn across the narrowing
and the pressure gradient across the coarctation recorded.
The coarctation was then re-crossed and angiography per-
formed with a 5 F pigtail catheter using a right anterior
oblique and lateral projection. The stent size was selected
based on the diameter of the distal transverse arch and
descending aorta above the diaphragm at maximum sys-
tolic expansion. The length of the chosen stent was based
on the distance from the left subclavian artery to approxi-
mately 15 mm beyond the site of coarctation. The pre-
mounted Valeo stent was prepared and advanced to the
coarctation site via a 7 F destination sheath (Terumo
Medical Corporation, New Jersey, USA) over a super stiff
Amplatzer wire (St Jude Medical, Minnesota, USA) posi-
tioned in the right subclavian or axillary artery. Optimal
stent positioning was assessed with hand injections of
contrast through the side arm of the destination sheath. The
stent was then dilated gradually to nominal pressure or
until adequate de-waisting was seen on fluoroscopy. Once
the stent was deployed, the balloon was deflated and
removed carefully into the sheath. Repeat angiography and
pullback gradient were performed with a multitrack
catheter over the existing guide wire. The guide wire and
catheter were then retrieved carefully to avoid disruption of
the stent. Haemostasis was achieved by direct pressure to
the entry point.

Results

Fourteen consecutive patients underwent implantation of
the Valeo stent for the treatment of aortic coarctation
between July 2012 and January 2017. The median age at
the time of the procedure was 5.1 (2.6-7.5) years and
median weight was 20.8 (14.7-27) kg. Eleven patients
had isolated coarctation of the aorta; one patient had
William’s syndrome with fracture and re-stenosis of
previous coarctation stent (Genesis PG3110, Cordis Corp,
Miami, FL, USA); two had other cardiac anomalies
(Table 1).

The median diameter of the common femoral artery on
initial angiogram was 4.85 (2.8-6) mm and the
10 mm x 26 mm Valeo stent was delivered via a 7 F
sheath in all cases. One patient required implantation of
two (9 and 10 mm x 26 mm) stents to cover the coarcted
segment and hypoplastic transverse arch. The stents were
readily visible with a fluoroscopy rate of 15 frames per
second and tracked easily to the target site. There was
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significant improvement in median coarctation diameter
from 4 (1.3-5.2) to 9.5 (5.8-12.7) mm and a significant
reduction in the median peak systolic pressure gradient
from 35 (2049) mmHg to 9 (0-15), p < 0.001. Median
percent stent recoil in the middle of the stent was 7.9
(0-20)%. The median procedure time was 52 (36—73) min,
median screening time was 10 (7-22) min and median
radiation exposure was 238 (114-1163) cGy/cm?. Table 1
documents the angiographic and haemodynamic results for
each stent implant. Figure 1 shows the representative
angiograms of two patients in our series before and after
stent implantation.

There were no intra-procedural complications. Acute
loss of peripheral arterial pulse was encountered in one
patient approximately 6 h post procedure, which recovered
completely with low dose systemic tissue plasminogen
activator regimen. Vascular ultrasound performed prior to
discharge and at 3 weeks post procedure showed normal
flow in the femoral and iliac arteries with no evidence of
thrombosis or vessel wall injury. Another patient reported
transient left sided weakness and slurred speech 11 days

Fig. 1 a Lateral retrograde aortogram of patient 14 demonstrating
discrete juxtaductal coarctation of the aorta with significant collat-
eralisation and b the expanded Valeo stent in position with vessel
calibre matching. ¢ Angiogram of patient 5 showing a long segment
coarctation within a previous Genesis stent and d improved calibre of
the distal arch post implantation of the Valeo stent
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post procedure. CT head showed no acute cerebral
infarction or haemorrhage and the patient had no neuro-
logical deficit at the last follow-up.

Follow-up duration was a median of 15 months (range
3 months to 4.8 years) (Table 1). All patients underwent a
contrast-enhanced CT angiogram of the aorta at a median
time of 3.3 (2.6-10.2) months post procedure, which
showed no stent fracture or aortic wall complications.
Adequate radiographic relief of stenosis on CT angiogram,
defined as final percentage minimal stent diameter of
greater than 75% of the descending aorta at diaphragmatic
level was achieved in thirteen cases. In one patient, accu-
rate CT measurement of stent was not possible due to
motion-induced artefacts, however there was good vessel
calibre matching and minimal stent narrowing.

Vascular ultrasound of the common femoral and iliac
arteries was also performed in 11 of the 14 children at a
median time of 4.5 (2.6-43) months post procedure to
assess for access related vascular injury. All studies
showed normal flow in the abdominal aorta to the bifur-
cation of both iliac arteries and the proximal femoral
arteries with no evidence of obstruction, vessel wall dam-
age or collateral formation. One child was unable to attend
the ultrasound appointment but latest clinic follow-up
confirmed good volume femoral pulses. Two patients had
normal angiograms of the femoral artery during subsequent
cardiac catheterization.

Two patients (case 1 and 2) underwent re-intervention
due to a combination of mid stent re-stenosis and somatic
growth. Patient 1 (previously published as a case report)
had a gradual increase in velocity of the descending aorta
up to 3.5 m/s, which led to repeat catheterisation at
13.1 months post procedure. This revealed a gradient of
15 mmHg across the slightly slender transverse arch but
there was no angiographic evidence of stent stenosis or
gradient across the stent (Fig. 2a). Subsequent evaluation
4.2 years later revealed a 5 mmHg gradient across the
transverse arch and mild mid stent stenosis with a gradient
of 10 mmHg. The stent was re-dilated with a 12 x 30 mm
Cristal Balloon, resulting in complete resolution of gradient
across the stent and aortic arch (Fig. 2). In case 2, repeat
cardiac catheterisation after 3.3 years demonstrated mid
stent re-stenosis with a gradient of 30 mmHg and growth of
the rest of the aorta. There was a residual gradient of
14 mmHg post dilation with a 12 mm x 30 mm Cristal
Balloon, hence further implantation of a 39-mm CP stent
on a 14-mm Balloon-in-Balloon (BIB) catheter via an 11 F
Mullins sheath was performed with complete abolishment
of the gradient in the then 39 kg patient (Fig. 3). All
patients were normotensive at the most recent clinic
review. Eleven of fourteen patients were on a single anti-
hypertensive agent pre-intervention; and post-intervention,
six remained on treatment.
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Fig. 2 Serial angiograms of patient 1 (initial angiograms of coarc-
tation and stenting previously published’). a Lateral aortogram
13 months post Valeo stent implantation showed no stent re-stenosis.

Fig. 3 Serial lateral retrograde
aortogram of patient 2 during
the initial coarctation stenting
(upper panel) at 25 kg and at re-
intervention (lower panel)

3.3 years later at 39 kg. The
upper panel shows a severe
discrete coarctation and b good
result post implantation of
Valeo stent ¢ with post dilation
with a 12 x 30 mm Cristal
balloon. The lower panel shows
angiograms 3.3 years later with
d significant in-stent re-stenosis
and growth of the aorta.

e Angiographic result post
dilation with 12 x 30 mm
Cristal balloon and f further
implantation of a 39-mm CP
stent on 14-mm BIB balloon
within the Valeo stent

Discussion

The first reported use of stent therapy for aortic coarctation
was in 1991. Since then, multiple series of coarctation stent
implantation have been reported in tandem with advances
in stent technology [1-4, 10, 11]. The use of endovascular
stents in small children however remains debated due to
challenges associated with relatively large delivery sheaths
and keeping pace with somatic growth. A literature search
revealed relatively few studies that included children less
than 30 kgs and/or between 1 and 10 years of age treated

b, ¢ Lateral and frontal angiograms 4.3 years later showing mild mid
stent stenosis and a slender transverse arch. d Angiographic result
post dilation with a 12 x 30 mm Cristal balloon

with stent implantation for native or recurrent coarctation
of the aorta [12-21]; (Table 2). The majority of the studies
included adolescents and adults and often, data of the
younger children treated were not analysed separately. All
studies reported excellent immediate results with low
complications, however longitudinal data on clinical out-
come and stent performance especially when implanted in
early childhood are lacking. Thanapoulos et al. reported the
longest follow-up of 6 years with 85% of their cohort
achieving normotension without medication and a 4%
incidence of late stent fracture. Importantly, 14 of 74

@ Springer
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patients (aged <S8 years) in their cohort underwent
uncomplicated stent dilation due to growth related stenosis
5-6 years after the initial procedure, although it is unlikely
that the stents were dilated to maximum diameter at that
point [14]. A variety of stents have been used in this weight
group, including the Palmaz stents (Cordis, Warren,
Newlersey); Intrastent (EV3, Plymouth, Minnesota) and
Cheatham-Platinum (CP) stents (Numed, Hopkinton, New
York). The most commonly used Palmaz ‘8’ and’10’ ser-
ies, Genesis XD and Intrastent Mega LD have an
expandable maximal diameter of 18-20 mm but stents
shorten up to 50% [17, 22, 23]. In addition, flaring of the
sharp edges of the stent struts (especially those with closed
cell configuration) at its maximum expanded diameter has
been implicated in aortic wall injury. The CP stent was
specifically developed to treat aortic coarctation, and is
arranged in a zig pattern with the 6 and 8 zig/row config-
urations dilatable up to 18 and 28 mm, respectively. The
latter is a better choice for coarctation but has a larger
profile, limiting its use in small children [23]. The inci-
dence of peripheral vessel injury related to vascular access
appeared to be relatively high but the majority of studies
had small patient number in this weight group and the
delivery sheath size of the variety of stents used was not
clearly defined. Thus, the quest continues for an ideal stent
with a low enough profile to allow introduction in smaller
children, yet dilatable to adult sizes without compromising
performance.

The Bard Valeo stent represents a significant advance in
pre-mounted stent design with favourable characteristics
for use in various vascular lesions associated with con-
genital heart disease in small children. Several studies have
reported excellent short term stent efficacy primarily in the
setting of pulmonary artery stenosis or hypoplasia, and less
commonly for ductal stenting in hypoplastic left heart
syndrome, obstructed modified Blalock Taussig shunt,
restrictive foramen ovale and systemic or pulmonary vein
stenosis [8—10, 24, 25]. The use of Valeo stent in aortic
coarctation has been previously reported in seven cases to
the best of our knowledge [7, 9, 10]. The principle
advantages of the Valeo stent when applied to aortic
coarctation in smaller children are its low profile charac-
teristic and hybrid cell architecture, which has improved
flexibility and long-term serial dilation ability. Technically,
we found the 7 F hydrophilic and kink-resistant destination
sheath to be a good option for stent delivery with a rela-
tively low risk for arterial injury. Other centres have
reported re-mounting of the 9- and 10- mm stents onto
smaller balloons to further reduce the insertion profile, yet
taking advantage of the future dilation potential of the
larger Valeo stent [9]. One of the patients in our series had
probable transient ischaemic attack more that a week post
procedure, which could be related to wire-induced right

subclavian artery injury causing late embolization.
Thrombus formation and embolization from the coarctation
stent appeared unlikely to be the cause, as clot propagation
would be distal to the head vessels. The patient was on
aspirin therapy, which was maintained for 6 months, and
was neurologically intact at last follow-up.

Despite early concerns, the stainless steel frame of the
Valeo stent has been shown to have sufficient radial
strength to overcome most vascular stenoses encountered
in congenital heart lesions [8, 24, 26]. Bench testing has
demonstrated superior radial strength of the Valeo stent
compared to other closed or open cell stents used for
treatment of aortic coarctation in small children such as the
EV3 Intrastent double strut LD and Palmaz P308 stent
[24, 27, 28]. We observed variable stent recoil ranging up
to one-fifth of the anticipated diameter measured at the
waist of the stent overlying the coarctation site. However,
subsequent evaluation with CT angiogram performed at
3 months post procedure showed adequate radiographic
relief of coarctation and preserved stent integrity in all
cases.

The feasibility of in vivo stent re-dilation without
causing significant vessel disruption has been confirmed by
both animal studies and clinical data in older children and
adults [29-32]. The larger Valeo stents (9 and 10 mm) can
be dilated up to 20 mm diameter with minimal shortening
[8, 9]. Uncertainty remains about the radial strength espe-
cially when serial dilation is performed. It appears intuitive
that open cell stents will lose radial strength with increas-
ing diameter. However, Bratincsak et al. recently reported
increased radial strength and stiffness of commonly used
balloon expandable stents (including open cell designs)
when dilated to maximal expansion diameter compared to
the nominal diameter [33]. We believe that maintenance of
radial strength may not be as important in the later stages
when the vessel has remodelled to the extent that it no
longer requires high opposing force. Furthermore, larger
adult size stents could be telescoped inside the Valeo stent
for resistant lesions if required in the future when the use of
a larger delivery system is no longer a limitation (Fig. 3).

In this series, there was a significant reduction in pres-
sure gradient with improvement in the arch morphology
after stent implantation. However, patients with coarctation
repair are known to experience a disproportionate burden
of residual hypertension despite good anatomical result by
stent implantation or surgery [34]. The majority of children
in our group remain on antihypertensive medication at a
median follow-up of 16 months despite a significant
reduction in cuff systolic blood pressure acutely post-in-
tervention. The introduction of stent material in the aorta
which is non-compliant and non-pulsatile has unknown
consequences on long-term blood pressure control in a
growing child especially during exercise or stress [35-37].

@ Springer
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In this respect, development of bioabsorbable stents that
adapt to vessel remodelling is a promising alternative and
has been used in coronary revascularisation. Experience
with use of these stents in congenital heart disease is pre-
sently limited [38, 39].

Based on our experience, we have generally offered
coarctation stenting with the Valeo stent in children more
than 12 kgs; however this is dependant on the size of the
femoral artery and aortic arch anatomy. The CP stent,
which requires at least a 10 F introducer sheath, is con-
sidered in children weighing more than 20 kgs. When the
femoral artery is not of sufficient size to accommodate a
7 F sheath or if the child is under 12 kgs, balloon angio-
plasty of native coarctation is undertaken. It is our obser-
vation that the majority of patients where we have
undertaken balloon angioplasty as the initial procedure
have required stent implantation at a later date. Moreover,
stent implantation has consistently been proven to provide
superior gradient reduction with less aortic wall injury
compared to balloon angioplasty in the medical literature
[1-6]. Therefore, we have considered it reasonable to
extrapolate our large experience with stent implantation in
older children and adults to the younger age group pro-
vided the stent has the potential to be dilated to an adult
size. The pros and cons of both catheter-based options,
however, are fully discussed with the parents before the
procedure. Surgical repair of coarctation remains the first
line treatment for neonates and infants under 12 months in
our institution.

Lifelong surveillance is imperative following interven-
tion for coarctation of aorta. In these young children post
coarctation stenting, we recommend an ultrasound of the
femoral vessels at the initial 6-week follow-up and contrast
CT of the aorta at three to 6 months to assess aortic wall
and stent integrity. Repeat CT is considered at 5-year
intervals, in the absence of intervening clinical or
echocardiographic concerns at annual reviews [40]. Reg-
ular chest X-rays are no longer undertaken as the incidence
of stent fracture is low with the current generation of stents
and stent integrity can be difficult to assess in the open cell
stents on plain X-ray [40].

This study is limited by its retrospective single-centre
design and small patient sample. Longer-term follow-up
will be needed to assess stent efficacy and confirm the
capacity for re-dilation to adult dimensions.

Conclusions
On the basis of bench testing and our limited clinical
experience, we believe that the Valeo stent is a valuable

addition to the armamentarium of the paediatric interven-
tionalist for coarctation stent therapy in children between

@ Springer

15 and 30 kgs. Early results from our case series show that
implantation of the dilatable Valeo stent is a feasible
strategy in native or recurrent coarctation in small children,
accepting that additional stent implantation may be nec-
essary with somatic growth. Further study with follow-up
into adulthood is needed to determine stent efficacy espe-
cially post dilation and clinical outcome in the longer term.
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