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ABSTRACT

Middle aortic syndrome is a rare form of renovascular disease that may present with severe
hypertension during childhood. Narrowing of the abdominal aorta is often associated with
narrowing of the renal and/or other visceral arteries and may be secondary to specific genetic
syndromes. Following the optimization of blood pressure control, significant aortic narrowing
often requires invasive management, including endovascular and surgical intervention. In younger
children, endovascular therapy may be attempted in the first instance to acutely reduce the
pressure gradient across the narrowing; however, a sustained benefit is rare. Once the child has
grown to accommodate a graft of an adequate size, surgical therapy is indicated for patients in
whom medical and/or endovascular management has not resulted in adequate blood pressure
control. It is critical that individuals with middle aortic syndrome be managed by an experienced
multidisciplinary team that includes medical, endovascular, and surgical expertise that can
provide long-term care to monitor for recurrent hypertension and evidence of end-organ damage.
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INTRODUCTION

Middle aortic syndrome (MAS) is a rare condition characterized by segmental or diffuse
narrowing of the abdominal and/or distal descending thoracic aorta, accompanied by
varying degrees of involvement of the renal and visceral arteries*2. This disorder was first
described in 1963 when Sen et al. presented a case series of 16 patients with stenosis

of the middle aorta with an underlying inflammatory process identified on histology3.
MAS is an important and significant cause of renovascular hypertension in children 1.
Awareness of this condition is therefore crucial to identify new cases among hypertensive
children, as interventions are available that may help improve blood pressure control and
reduce the burden of the associated morbidity.

EPIDEMIOLOGY

The term MAS is currently used to describe obstructive lesions of the aorta regardless of
their aetiology. It accounts for 0.5—2% of all aortic narrowing cases*. The clinical features
of MAS often manifest before 18 years of age. Younger children are more likely to have
extensive and severe vessel involvement>. The mean age at diagnosis has reduced

from 14.3 years to 7.1 years over the last two decades as a result of improved diagnostic
capabilities using non-invasive modalities such as computed tomography angiography
(CTA) and magnetic resonance angiography (MRA)“®. Although neither is indicated

in the initial stages of hypertension work-up in children, the 2016 European Society

of Hypertension guidelines for the management of high blood pressure in children
recommend screening with renal Doppler ultrasound, which may detect evidence of
renovascular disease, prompting further assessment with CTA or MRA? .

MAS has a similar incidence in males and females®®. The youngest reported case of
MAS occurred in a preterm male infant born at 27 weeks of gestation who presented
with refractory systemic hypertension?. Published series of children with renovascular
hypertension report a variable incidence of MAS: 2% patients in Turkey®, 12% in the
United States?®, 47% in Canada’®, 18% in Australia®, and 20% in India®®. These data
highlight differences in the referral populations, as most reports originate from specialist
single centers. Cases of MAS have also been reported in the Middle East, North Africa,
South and Far-East Asia, and Central and South America®37_ It remains difficult to
ascertain the true burden of MAS owing to the paucity of population-based national and
international registries.

A Vascular Low-Frequency Disease Consortium project on pediatric MAS is currently
in progress in the US and will hopefully provide important information on the incidence,

prevalence, up-to-date management, and outcomes of this disease®.

AETIOLOGY

The aetiology of MAS in the literature has been defined as idiopathic, congenital, or
acquired. The latter includes both inflammatory and genetic factors. Recent studies have
increasingly identified previously diagnosed idiopathic or even acquired causes of MAS
to be the result of underlying genetic abnormalities®>*7 =2,

A proposed embryological mechanism for congenital MAS has been attributed to
events occurring around day 25 of fetal development. At this time, the two embryonic
dorsal aortas fuse and lose their intervening walls to form a single vessel. Overfusion
of the two dorsal aortas—or their failure to fuse with subsequent obliteration of one of
these vessels—may result in aortic narrowing'®. This theory regarding developmental
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overfusion of the two primitive dorsal aortas is supported by the presence of a single
origin of the lumbar arteries in some patients with decreased aortic diameters?2. Multiple
renal arteries supplying one or both kidneys in nearly half of patients exhibiting supra-
renal and infra-renal abdominal aortic coarctations exceeds the 25—35% observed in

the general population. These observations also support a developmental cause for

the narrowing observed in MAS?3. Interestingly, several reports of MAS presenting in

the neonatal period highlight concomitant premature closure of the ductus arteriosus,
although there are few data to propose a reduced-flow hypothesis for the development
of some cases of early symptomatic MAS2425,

Viral-mediated events may impede the transition of fetal mesenchymal tissue to
vascular smooth muscle or alter its organization and growth in utero and may be a cause
of developmental aortic narrowing. Certain viruses, including rubella, are cytocidal and
inhibit cell replication, with intimal fibroplasia and aortic hypoplasia occurring as well-
recognized sequelae. Fibro-proliferative intimal disorders have been documented in the
aorta, and large elastic arteries are present in 16.5% of patients with congenital rubella
syndrome?627.

MAS can be associated with genetic disorders including neurofibromatosis-1 (NF-1),
Williams syndrome, and Alagille syndrome. Patients with NF-1 exhibit an unusually high
frequency of arterial abnormalities, including aortic coarctation and arterial stenosis
involving the renal, cerebral, visceral, and coronary vessels. Because of the protean
nature of NF-1 and infrequent genetic analyses of patients with abdominal aortic
coarctation, the incidence of MAS among these individuals is unknown. The stenosis in
NF-1 may be attributable to enlarging neurofibromas in large and medium calibre arteries
or spindle cell proliferation in the arterial wall of the small vessels 17. Additionally,
Warejko et al. reported a high proportion of likely causal mutations in vasculopathy
genes in syndromic and nonsyndromic cases of MAS?8,

MAS can also be associated with inflammatory disorders such as Takayasu’s arteritis.
Pan-aortitis with adventitial or periadventitial fibrosis and associated inflammatory cell
infiltrates, suggesting active or chronic aortitis, is a recognized cause of abdominal aortic
coarctation. The proposition that most abdominal aortic coarctations are a variant of
inflammatory aortitis, such as that seen in Takayasu’s arteritis, remains controversial and
is not supported by histological findings. This cause of aortic narrowing is more common
in Asian and South American populations?9:3°,

CLASSIFICATION

MAS is most commonly classified anatomically, based on the site of narrowing of the
most cephalad aortic segment. Possible sites of aortic coarctations and collateral
pathways are presented in Figure 1.

The abdominal aorta is involved in nearly 97% of MAS cases, with the remainder
of cases involving the distal thoracic aorta. Multiple anatomical and morphological
classifications of MAS have been proposed (for example, Hallett’s, Robicsek’s, Graham’s
and Mickley and Fleiter's) based on the relation of aortic narrowing to the renal arteries,
renal involvement, and type of stenosis'. The most common anatomic site of aortic
narrowing is suprarenal (29%—60%) with infra- and juxtarenal stenosis being less
common (8%—15%)*2.

Genetic disorders are often associated with suprarenal aortic stenosis and a high
incidence (70—85%) of extra-aortic vessel involvement, typically involving the renal and
superior mesenteric arteries and the coeliac axis’.
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Figure 1. Classification of MAS. (1) Suprarenal; (2) inter-renal; (3) infra-renal; (4) supra- to infra-renal.

Table1 Most patients with MAS present with hypertension, whereas the second and third most common clinical features vary across
case series. The mean age of the series does not necessarily represent the mean age at presentation/diagnosis of MAS [6,10,18,19,31—34].

Author, year (Ref) Country Mean Most common

age clinical feature

1st 2nd 3rd

Hahn 1998 (31) South Africa 8.4 Hypertension Cardiac failure Bruits
Sethna 2008 (6) USA 14.3 Hypertension Claudication Renal failure
Tummolo 2009 (19) UK 4 Hypertension Cardiac failure Hypertensive encephalopathy
Taketani 2005 (32) Japan 32.6 Hypertension claudication, fatigability, headache Syncope
Stanley 2008 (18) USA 11.9 Hypertension Claudication Intestinal angina
Shroff 2006 (33) UK 8.4 Hypertension Cardiac failure, palpitations, murmur Headache
D’Souza 1997 (10) Canada 85 Hypertension Claudication Headache, respiratory arrest
Tyagi 1999 (34) India 9.78 Hypertension Cardiac failure Claudication

The renal arteries are commonly affected in cases of MAS, with an incidence of
approximately 70%. Of cases with renal artery involvement, approximately 60% have
bilateral disease’. The mesenteric vessels are the second most commonly affected
vessels in MAS. The superior mesenteric artery is affected in approximately 30% of cases,
and the coeliac trunk is involved in 22% of cases with extra-aortic involvement. The
inferior mesenteric artery is rarely involved. lliac, carotid, cerebral and brachial artery
involvement have also been described in the literature®.

Clinical presentation
Hypertension remains the most commonly reported clinical presentation of MAS
regardless of the geographical area and mean age of patients within various case series
(Table 1). Refractory hypertension can manifest as stroke, hypertensive encephalopathy,
and congestive heart failure. Refractory hypertension secondary to MAS was previously
associated with a 45—-55% mortality rate before effective antihypertensive therapies
were readily available>. Despite improvements in mortality, a high degree of renal vessel
involvement is associated with progression to end-stage kidney disease in patients with
severe lesions?.

Other symptoms of MAS may include claudication, dyspnea, headache, failure
to thrive, nausea and/or vomiting, abdominal angina, leg weakness, or intermittent
claudication-like symptoms®®19:313435 |n some cases, the patient’s history may
include fevers, fatigue and joint pain suggestive of an inflammatory pathology such as
Takayasu’s arteritis3°.
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In patients with MAS, further examination following the detection of raised blood
pressure for age may reveal absent or diminished femoral pulses, systolic murmur,
abdominal bruit, and reduced ankle-brachial pressure index>>'-2%37 '|n addition,
enlarged collaterals may be palpable with audible bruits present™. In patients with
associated diseases such as NF-1, additional specific signs may be present on
examination, such as café au lait spots?.

Premature mortality remains high in patients who present in the neonatal period
with hypertension refractory to medical therapy, as their small size makes endovascular
procedures challenging and prohibits surgical management?243839_|n older children,
however, morbidity and mortality rates are reported to be improving. However, care must
be taken when interpreting any results as published series consist of a heterogeneous
collection of patients with renovascular hypertension and patients with MAS undergoing
different invasive and non-invasive treatments at different treatment thresholds and with
different techniques. Even series focusing exclusively on MAS are difficult to compare
as some include patients over several decades with different associated features (e.g.,
genetic syndromes) and different management strategies which may affect outcomes. For
example, Table 2 shows a mortality rate of 12% in the series presented by Taketani et al.,
which includes patients between 1960 and 2004, whereas there is no reported mortality
in any of the reported (albeit smaller) series including patients after 19872%:32:34:39742,

On the other hand, not much is known about the impact of the aetiology of MAS
on subsequent outcomes. Regardless, most studies report improvement or resolution
of hypertension and symptoms of claudication following intervention, as shown in
Table 2520323439742 Saxena et al. reported improved left ventricular function in 8 of

Table 2 Mortality rates and reported improvement of hypertension following intervention for middle aortic syndrome by chronological
order of the included case series [5,18-20,32,34,39-44].

Author, year (reference) Case year Aetiology when known Mortality Hypertension
improved
following
intervention

Taketani 2005 (32) 1960-2004 Takayasu’s arteritis 4/33 14/33
Stanley 2008 (18) 1963-2008 “NF-114; Williams Syndrome 1; Alagille syndrome 1 6/53 46/53
Sumboonanonda 1992 (19) 1975-1988 Williams Syndrome 3 1/8 1/2

Tummolo 2009 (19) 1976-2008 NF-1 7; Williams Syndrome 3; Hypomelanosis 3/36 30/36

of Ito 1; Feuerstein-Mims syndrome 1;
Chromosome 10 abnormality 1

Porras 2013 (5) 1981-2012 Williams Syndrome 23%; Takayasu’s arteritis 15%; 3/53 9/35
NF-1 9%; Alagille syndrome 7%;
Moya-Moya disease 4%

Tyagi 1999 (34) 1987-1999 Unknown 0/38 35/38
Siwik 2003 (20) 1989-2000 NF-1 2; Williams syndrome 2; Takayasu’s arteritis 1; 0/9 “NR
Congenital rubella 1
Saxena 2000 (41) Published 2000 Unknown o/17 14/17
Soumer 2015 (44) 2012-2013 Unknown 0/3 3/3
Hetzer 2013 (39) 2013 Unknown 0/14 12/14
Kim 2018 (42) 2018 NF-1 o/s 4/5
Notes.

*NF-1, Neurofibromatosis-1.
"NR, not reported.
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11 patients with previously significant left ventricular dysfunction, Tyagi et al. reported
improvement in severe congestive heart failure in 21 of 22 patients and Porras et al.
reported resolution of left ventricular dysfunction in all 5 patients>344, On the other
hand, Porras et al. reported kidney dysfunction at presentation in 27% patients and the
presence of chronic kidney disease in 23% of patients at follow up®.

Investigations

Hypertension in children is often an incidental finding and is defined as systolic and/or
diastolic blood pressure persistently equal to, or greater than, the g95th percentile for sex,
age and height measured on at least three separate occasions”44. The 2016 ESH Clinical
Practice Guidelines recommend that all children diagnosed with hypertension should
undergo routine biochemical and radiological investigations including ultrasound of the
urinary tract’. For patients in whom secondary hypertension is suspected, especially

in the context of markedly elevated blood pressure or secondary complications, more
specific testing is indicated. Investigations that may be indicated include peripheral
plasma renin and aldosterone to evaluate for primary hyperaldosteronism; urine and
plasma catecholamines and/or metanephrines to evaluate for phaeochromocytoma;
urinary free cortisol to evaluate for Cushing’s syndrome; thyroid function tests to evaluate
for thyrotoxicosis; plasma deoxycorticosterone and corticosterone to evaluate for
congenital adrenal hyperplasia; urine toxicology screening for amphetamine or ecstasy
use; and genetic studies to evaluate for monogenic causes of hypertension in specific
clinical situations’.

Of the above investigations, renal ultrasound has the greatest potential to capture
MAS as the cause of hypertension. Ultrasound is an ideal first-line imaging tool because
it is safe without using ionising radiation, readily available, and does not require a
general anesthetic. On ultrasound, the aortic stenosis may be directly visualised in thin
and compliant patients. In addition, typical parvus and tardus waveforms and elevated
peak systolic flow may be observed, particularly in the main renal arteries. If ultrasound
is equivocal or if there is a high index of clinical suspicion despite a ‘normal’ ultrasound,
CTA or MRA provides sensitivity and specificity exceeding 80% for diagnosing MAS and
concomitant renal, mesenteric, and iliac vessel involvement4.

Catheter angiography remains the gold standard for diagnosis. However, it is
now mainly used as a precursor in patients undergoing simultaneous endovascular
intervention. The scope of catheter angiography has recently expanded with the more
routine use of DynaCT, intravascular imaging (intravascular ultrasound, optical coherence
tomography), and perfusion assessment (fractional flow reserve and quantitative
digital subtraction angiography). The definite value-added benefits of these additional
modalities have not yet been established. However, they provide exciting potential
scope for more functional assessment beyond the 2-dimensional angiographic
im age2’17’19'36'46'47.

Once MAS is diagnosed, additional laboratory investigations to screen for active
Takayasu’s arteritis include erythrocyte sedimentation rate (ESR), C-reactive protein
(CRP), immunoglobulins, antinuclear antibodies and eosinophil levels should be
performed213648_Given the relatively common presence of genetic disorders in
patients with MAS (15.4% in the systematic review by Rumman et al.), genetic testing
for NF, William’s syndrome and Alagille syndrome may be indicated depending on the
phenotype®.

Investigations for end-organ damage related to hypertension include kidney function
tests and urinary protein quantification to evaluate for acute or chronic kidney
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Possible clinical indicators suggestive of Renovascular disease (including MAS) in child with hypertension
Hypertension requiring 22 antihypertensive agents for optimal control

Malignant hypertension or hypertensive emergency

Evidence of hypertension mediated organ damage (e.g. LVH, retinopathy)

Unprovoked hypokalaemia and metabolic alkalosis secondary to hyperaldosteronism

Unilateral small kidney (21cm size discrepancy)

Elevated plasma renin and aldosterone levels

Acute rise in serum creatinine and potassium on starting ACE-I/ARB therapy

Clinical features of syndrome known to be associated with RVD (e.g. NF1, Alagille, Williams)
Abdominal bruit on auscultation

Further tests to screen
for non-RVD causes of
Further tests to consider in hypertension:
work-up for RVD: ¢ Urinalysis and urine
* Doppler renal ultrasound Yes No microscopy
* CTA or MRA as indicated (haematuria and red
clinically or following cell casts)

A

Doppler renal ultrasound
* Catheter angiography

Complement levels
Autoimmune profile

(gold standard) Thyroid function
* Genetic testing for known Plasma
causes of RVD (variants in metanephrines
NF1, JAG1, NOTCH2, and * Urine catecholamines
7q11.23 deletions) * Serum urate
* Serum cortisol
* Echocardiography and
ECG

* Genetic testing for
monogenic causes of
hypertension

Figure 2. Indicators of renovascular disease (including MAS) in child with hypertension and
suggested investigation pathway.

impairment>>7-21 echocardiography to evaluate left ventricular function and assess
for ventricular hypertrophy>#>4%, and ophthalmoscopy to evaluate for hypertensive
retinopathy>. Investigations that are part of the diagnostic process in MAS are
summarised in Figure 2.

Management of MAS

Medical management

In general, the choice of antihypertensive medication depends upon the clinical
presentation, available medications, and experience of the treating physicians with
different classes of antihypertensive agents. As patients with MAS often present

with markedly elevated BP or hypertensive urgency, initial management requires a
combination of antihypertensives, which may necessitate the need for intravenous
medications. The use of medications may also be guided by the unilateral or bilateral
nature of the associated renal artery stenosis (RAS) seen frequently and by the presence
of associated complications, particularly cardiac or kidney dysfunction.

In a recent review by Rumman et al., patients receiving medical management became
normotensive in 14.4% of cases and improved in 35.8% of cases!. However, 43.6% of
cases remained refractory to treatment. A combination of antihypertensive medications
is frequently required to optimize BP control, with no clear advantage of any one class of
antihypertensive medication over another.

Often, a combination of agents is required to manage BP, including calcium channel
blockers, beta blockers, and alpha blockers. Hydralazine, minoxidil, and angiotensin-
converting enzyme inhibitors/angiotensin Il receptor blockers (ACEi/ARB) may be used
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with specific considerations, as discussed below. The use of diuretics needs particular
consideration, as they may often be avoided in the acute phase, as severe hypertension
is frequently associated with biochemical abnormalities and/or dehydration.

Although ACEi/ARBs are very effective in renovascular disease, expert guidance and
caution are needed to avoid renal ischemia as a result of impairment of the normal
autoregulation of constriction within the post-glomerular (efferent) arteriole. Reduced
angiotensin Il production results in a drop in glomerular perfusion, predisposing patients
to ischemic nephropathy and kidney impairment. Kidney function and serum potassium
levels should be monitored closely when commencing ACEi/ARB therapy, and they may
need to be discontinued if there is a rapid and sustained rise in serum creatinine values
and/or refractory hyperkalemia that does not respond to dietary modification or medical
management.

Patients with idiopathic MAS have higher rates of refractory hypertension despite
medical management compared with MAS owing to other aetiologies®. Medical
management is often only successful in cases with mild-to-moderate stenosis and more
severe disease often requires surgical intervention>2*,

In patients with active aortoarteritis, efforts should be made to control the acute phase
of the disease before surgical reconstruction. Corticosteroids and other
immunosuppressive agents have also been used effectively. The response to therapy
and the level of inflammatory activity are guided by the determination of acute-phase
reactants such as CRP and ESR".

Interventions for MAS
Invasive management of MAS includes endovascular and open surgical options®. At
present there is no consensus regarding indications for invasive management of MAS.
The decision to proceed to invasive management is most often indicated by poor blood
pressure control despite optimal medical management®'7:39:49 or significant/intolerable
side effects of medical therapy>. Other indications for treatment include evidence
of hypertension-mediated end-organ damage, including left ventricular hypertrophy
and hypertensive retinopathy>>7:49, kidney dysfunction, abdominal angina, and leg
claudication®. In the case series by Porras et al., all patients with mid-aortic stenosis of
>60% underwent invasive management for middle aortic syndrome, whereas all patients
with MAS <40% were managed conservatively>.

The aim of intervention is to optimise blood pressure control and reverse end-
organ damage. Open surgical treatment is the mainstay of intervention and the timing
of surgery is determined by the severity of hypertension, degree of related physical
incapacitation and the potential for further growth”. Open surgical treatment is generally
preferred when full adult growth has occurred. The main role of endovascular
interventions in MAS is to supplement medical therapy until a definitive surgical
intervention can be performed. Surgery should be deferred until full growth potential is
reached. In cases of severe refractory hypertension, early surgical intervention can be
offered.

(i) Endovascular

While the gold standard for the treatment of MAS remains open surgical repair,
percutaneous interventional techniques permit critical aortic, renal, and mesenteric
arterial stenoses to be treated in a minimally invasive manner, even in very young
children. Endovascular management of MAS consists of percutaneous transluminal
angioplasty (PTA). Cutting balloon angioplasty has been described for use in resistant
stenoses and re-stenotic lesions>48. Stent insertion is reserved as a salvage manoeuvre
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when an intra-procedural complication has been encountered, such as flow-limiting
dissection or arterial thrombosis2°.

Lesions deemed most suitable for endovascular treatment are short and isolated“?.
Guidelines for aortic coarctation recommend using a balloon diameter of 2—5 times the
stenosis diameter, but limit oversizing compared to the adjacent segment of ‘normal’
aorta®®.

The reported effectiveness of endovascular interventions varies between studies. Most
patients require ongoing medical treatment. In addition, repeated interventions are likely
to be required™>2%47_In a case series by Porras et al., freedom from re-intervention was
58% at 1-year and 33% at 5-years®.

The success rate of PTA in children with RAS varies from 25-94%. Shroff et al. reported
a 55% overall improvement in BP control in 33 children with RAS, but the percentage of
BP improvement in the subgroup (RAS patients with aortic stenosis) was much lower
than that with isolated RAS (33% vs. 85%). The extensive nature of aortic and renal
lesions in MAS generally decreases the PTA success rate compared to that in patients
with isolated RAS33. In a series by Saxena et al., 17 patients underwent endovascular
management of MAS with no mortality and improvement in BP in 14 patients#'. Porras
et al. reported 30 patients who underwent endovascular management of MAS, of which
1 did not require antihypertensive medication, 13 had good BP control with medication,
and g required further surgery for BP control®. In a case series by Tummolo et al., 13
patients underwent endovascular management, 1 was able to discontinue medication,
and 9 had good BP control on antihypertensive medication®. In the series by Tyagi
et al,, 11 out of 38 patients did not require antihypertensive medication following
endovascular management, and 24 had good BP control after intervention with the
help of medication34. In the systematic review by Rumman et al., following endovascular
procedure, 36.4% of patients had their blood pressure controlled with medication, 17.9%
without medication, and 13.3% had uncontrolled blood pressure?. It is important to
note that dependence on antihypertensive medications and the number of medications
needed to control blood pressure following an interventional procedure might change
over time as the child grows>°.

Complications following endovascular management include arterial dissection>2°,
thrombosis, and aneurysm formation>'7-2°, Patients with NF-1 appear to be at a higher
risk of vascular complications from catheter-based interventions, as well as aneurysm
formation. Additionally, when stents are used, they have the potential to migrate or
thrombose>2°.

Owing to the modest clinical response and need for re-interventions, endovascular
intervention is generally indicated in the acute setting to reduce blood pressure or
restore end-organ perfusion and to allow definitive surgical treatment to be deferred until
the child is physically fully grown.

(ii) Surgical

Surgical repair in a patient with MAS is determined primarily by the severity of
hypertension, the degree of related physical incapacitation, and the potential for further
growth?. The timing of surgery depends primarily on the severity of (uncontrolled)
hypertension and the age of the patient. As a general rule, surgery should be deferred
until full growth has been achieved however in cases of severe refractory hypertension
and end organ damage early intervention is advised™>". From 15 to 55% of patients
who require invasive intervention undergo open surgery, with the wide range possibly
reflecting regional differences in expertise as well as anatomical substrate (stenosis site
and length, involvement of other vessels)>5!.
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Surgical interventions include aorto-aortic bypass, patch aortoplasty, and primary
aortic repair after aortic lengthening. In a review of 630 cases of MAS, 55% of patients
who underwent surgical intervention had aorto-aortic bypass (42%), followed by
reconstruction patch graft (23%), and renal autotransplantation (11%)%2. Patch
aortoplasty has been suggested to be the optimal intervention for infants because of
their anticipated growth?®.

Technical details of surgical intervention for MAS

(a) Aortoaortic bypass

MAS, particularly in the presence of diffuse and lengthy stenoses, is best treated by the
construction of an aortoaortic bypass from above to below the stenosis. The level of
aortic anastomosis depends on the exact anatomical distribution of the MAS. The aorta
can be approached by either a midline abdominal incision or a left thoracoabdominal
approach. The latter is indicated if aortic coarctation reaches the diaphragm or extends
proximal to it, and this is guided by the extent of the disease and the length of bypass
being performed.

(b) Patch aortoplasty

Patch aortoplasty of the stenotic aortic segment may be considered in moderate and less
lengthy stenoses using synthetic material or bovine pericardium?. The aortic patch may
be fashioned to extend into the stenotic visceral or renal arteries, and may be used as a
site for reimplantation of the mesenteric arteries or for renal artery bypass.

(c) Renal artery reconstruction

Patients with MAS may also require renal and splanchnic arterial reconstruction). In a
systematic review by Rumman et al., renal artery reimplantation was required in 9.7% and
renal autotransplantation in 11.2% of patients undergoing surgical treatment®. Stanley et
al. favored the use of iliac artery autografts instead of vein grafts in renal reconstructions,
as they are less prone to dilatation over time 18. Visceral artery reconstruction is of
uncertain value in asymptomatic patients, whereas patch angioplasty or aorto-visceral
bypass may be considered in symptomatic patients®>7'8 Renal artery reconstruction
may be performed with aortorenal bypass, splenorenal anastomosis, hepatorenal
bypass, or autotransplantation of the kidney into the pelvis after aortic reconstruction.
Autogenous vein (LSV) or internal iliac artery grafts are indicated for renal artery bypass,
especially in the youngest patients'. Prosthetic renal and visceral bypasses with Dacron
or polytetrafluoroethylene (PTFE) grafts have also been used successfully.

Surgical outcomes

Surgical intervention carries a complication rate of 9% and a mortality rate of 2.9%—

4%. Complications include graft stenosis, bleeding, thrombosis, and iatrogenic tears.
Notably, cases associated with arteritis had the highest complication rate during surgical
intervention 1. Freedom from re-intervention after surgery is reported to be 72% at 10
years®. Importantly, in complex conditions such as MAS, surgery is often not associated
with the need to stop antihypertensive medication but often results in improving the
medical management of hypertension in children. All three patients in the series by
Soumer et al. still required medication to control BP post-operatively43.

In the series by Kim et al., which included five patients, three had their BP controlled
without medication after surgery, and two still required antihypertensive medication42.
The series by Stanley et al. which included 53 patients, showed that hypertension
was controlled in 46 patients post-operatively'®. In Porras’ series, 14 patients in total
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underwent surgical repair on MAS and of those, blood pressure was controlled in three
without, and six with medication>.

In the series by Tummolo et al., 6 of 10 patients did not require antihypertensive
medication after surgery®. Connolly et al. reported that all eight patients in their series
who underwent surgery for MAS achieved long-term correction of their hypertension®*. In
a systematic review by Rumman et al., post-surgical blood pressure was controlled with
antihypertensive medication in 24.7% of cases, without medication in 31.9% of cases, and
remained uncontrolled in 4.6% of cases®.

In patients with Takayasu’s arteritis, surgical management should only be attempted
after the disease has burnt out®. In anatomically suitable defects, patch aortoplasty
can be used as an interim measure in young patients with severe hypertension, before
definitive revascularization is attempted later on when the patient has physically
grown®™>71832 |n the case series by Stanley et al., Dacron was used more commonly in
earlier experience, whereas Teflon grafts predominated in recent experience. They used
8-12 mm grafts in young children, 12-16 mm grafts for early adolescents, and 14-20 mm
grafts in late adolescents and adults to accommodate growth®.

Surgical management was complicated in 7.1%, failed in 14.3%, and resulted in death
in 2.9% cases'. This is in contrast to a report by Taketani et al., which showed a mortality
rate of 12.1% following surgical repairs before 196832. Although Stanley et al. reported a
mortality rate of 11% at follow-up, there were no perioperative deaths'®. Complications
following surgery in patients with middle aortic syndrome include bleeding and graft
thrombosis®. Late reoperation may be required because of the expected outgrowth of the
original graft, inadequately sized patch, and aneurysmal dilatation of the aorta at the site
of aortoplasty or anastomosis'®32. According to a case series by Porras et al., freedom
from reintervention after a surgical procedure was 83% at 1 year and 72% at 10 years>.

Newer surgical technigues in the management of middle aortic syndrome include
primary aortic repair after aortic lengthening® and single-stage aortic bypass using the
meandering mesenteric artery (‘mesenteric artery growth improves circulation’)>.

Challenges and future directions
The wide range of reported outcomes and paucity of information regarding factors
predictive of outcomes are related to the nature of published studies. It is therefore
difficult to develop clear guidelines for the diagnosis and management of MAS in children
as most of the data guiding management are derived from retrospective or prospective
observational studies on relatively small patient numbers over long time periods with
heterogeneity of reported cohorts in terms of aetiology, response to medications, and
vascular involvement as described below.

First, the lack of multicenter studies makes it difficult to ascertain the true
worldwide burden of MAS. Additionally, many studies including larger numbers of
patients report pooled outcomes for patients with renovascular hypertension without
a clear comparison between patients with MAS of different aetiology and other forms
of renovascular hypertension, or without a comparison between conservatively and
surgically/endovascularly managed patients with MAS. Due to the low number of cases,
any difference in prognosis on the basis of anatomical or histopathological features
remains speculative. Furthermore, techniques for invasive management of MAS have
developed over time so that a proportion of outcome data are historical in nature and
may display an era effect.

Although MAS has been associated with significant premature mortality in the past
(with a reported mean survival age of 34 years in one historical systematic review of
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cases), the hope is that modern surgical and endovascular management options will
lead to lower morbidity and mortality®. This seems to be the case in the medium-term
period (5.2% mortality at 4 years of follow-up in a systematic review of cases with a mean
age of 9.1); however, longer follow-up times are needed to assess the impact of earlier
intervention on long-term survival®.

Future directions of investigation should include early consideration for genetic
testing to help guide an understanding of the underlying aetiology and other systemic
manifestations that could be expected. Warejko et al. showed the presence of a genetic
variant in one of the 38 known vasculopathy genes in 42.9% of families with MAS,
although further studies are needed to characterize the genotype-phenotype
correlation®®. In another cohort of 37 children with renovascular hypertension, 20
(54%) of whom had MAS, whole exome sequencing identified five patients (14%) to
have pathogenic variants in genes known to be associated with renovascular disease
(NF-1, ELN, and a chromosome 7q11.23 deletion). Two other patients (5%) were found to
have likely pathogenic variants in genes putatively associated with renovascular disease
(SMAD6 and GLA)>3.

Since its founding in 2015, a European/International Fibromuscular Dysplasia Registry
has enrolled patients from more than 20 countries and has allowed characterisation of
patient profiles, including those complicated by widespread disease, aneurysms and
dissections, which has led to targeted screening, management and follow up of patients
with fibromuscular dysplasia®“. A similar database of patients with MAS would be helpful
in improving our understanding of MAS aetiology, presentation, and outcomes based
on clinical characteristics and management. This is particularly important in view of the
low-volume and high-complexity procedures used to treat MAS.

SUMMARY

MAS is a rare but important cause of hypertension in children and young people that is
associated with stenosis of the renal or visceral arteries and is associated with certain
genetic syndromes. When aortic narrowing exceeds 60%, conservative management

is unlikely to be successful and invasive therapy is indicated. In younger children,
endovascular therapy may be attempted in the first instance to acutely reduce the
pressure gradient across the narrowing; however, a sustained benefit is rare. Once the
child has grown to accommodate a graft of adequate size, surgical therapy is indicated
for patients in whom medical and/or endovascular management has not resulted in
adequate blood pressure control, as well as for those who have significant side effects
from medical therapy and/or suffer from end-organ damage due to longstanding
uncontrolled hypertension. A multidisciplinary approach and regular follow-up are crucial
to monitor for recurrent hypertension and evidence of end-organ damage.
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