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Abstract Several different lysosomal storage diseases,
mainly mucopolysaccharidosis (MPS) type I, II, and VI,
are complicated by severe obstruction of the upper airways,
tracheobronchial malacia, and/or stenosis of the lower
airways. Although enzyme replacement therapies (ERTs)
are available, the impact of these on tracheobronchial
alterations has not been reported. By extending the life
expectancy of MPS patients with ERTs, airway problems
may become more prevalent at advanced ages. These
airway abnormalities can result in severe, potentially fatal,
difficulties during anesthetic procedures. Usually, upper
airway obstruction is treated by tracheostomy. However,
with lower airway malacia and/or stenosis, there are no
procedures available to date to address these difficulties.
We report the first cases using a new technique of tracheal
stenting in patients with MPS type VI (Maroteaux—Lamy
syndrome) and type II (Hunter syndrome) who had almost
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complete tracheal occlusion and total airway collapse. An
updated literature review is also reported.

Introduction

Mucopolysaccharidoses (MPS) are a heterogeneous group
of different lysosomal storage disorders, resulting from the
abnormal degradation of glycosaminoglycans (GAGs)
(Muenzer 2004). The crude cumulative incidence is
approximately 1 in 25,000 newborns (Baehner et al. 2005;
Nelson 1997). The main accumulated storage products
include GAGs containing heparan, dermatan, keratan, and
chondroitin sulfates (Neufeld and Muenzer 2001). The wide
clinical spectrum for MPS is related to the particular GAG
products involved, the degree of enzyme deficiency, and the
associated amount of accumulated storage products.

In patients with MPS types I, II, and VI (OMIM
#607014, #309900, and #253200, respectively; each
including dermatan sulfate as the storage product) and
MPS types IV A and B (OMIM #253000 and #253010,
respectively; including chondroitin and/or keratan sulfates
as storage products) (Muenzer 2004), treating physicians
have raised considerable attention concerning the develop-
ment of airway obstructions (Shapiro et al. 1985; Semenza
and Pyeritz 1988), which may lead to fatal complications in
emergency cases or during planned ear, nose, and throat
procedures, including death during intubation (Yoskovitch
et al. 1998; Muhlebach et al. 2011; Muhlebach et al. 2013;
Walker et al. 2013). Additionally, patients affected by MPS
face a substantial number of surgical procedures (and
therefore intubations) during childhood and adolescence
(Young and Harper 1979; Am et al. 2012).

A high postsurgical mortality rate due to respiratory and
cardiac disease has been reported in MPS patients, with
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higher mortality among those with a more severe phenotype
(Young and Harper 1979; Arn et al. 2012). Among 196
deceased patients with MPS type I, 32 had surgery within 1
month of death, including 20 who had surgery within 10
days of death (Arn et al. 2012).

Several reports have been published concerning the
difficulties in airway management among MPS patients
(Adachi and Chole 1990; Nicolson et al. 1992; Gaitini et al.
1998; Walker et al. 2003; Ard et al. 2005). Aside from the
difficulties in airway management, the use of neuromuscu-
lar blocking agents, the prolongation of anesthesia and/or
aggressive ventilator support will contribute to the deterio-
ration of these findings.

Airway obstructions may be localized in any of the
physiological airways, from the nose to the peripheral
bronchiae (Steven Sims and Kempiners 2007). While the
upper airways are usually obstructed by large amounts of
storage material, the more common complications seen in
the trachea and bronchiae are tracheomalacia and broncho-
malacia, which sometimes lead to complete major airway
collapse (Morehead and Parsons 1993). This malacia may
occur in combination with bronchial and tracheal stenosis
due to large storage material “tumors” in the mucosa of
airways and surrounding tissues, leading to a compression
of the airway (Morehead and Parsons 1993). Usually, these
stenoses occur around adolescence and are progressive, and
may lead to almost complete obstruction of a bronchus or
the trachea. Because of upper airway obstruction, a
substantial number of MPS patients are treated with
tracheotomy (Jeong et al. 2006). But, tracheostomy itself
may cause significant problems to the patients, when the
auto-positive end-expiratory pressure (PEEP) function of
the glottis is reduced or excluded, and an airway collapse
caused by the malacia will become apparent. It is reported
that the most common cause of death in Hunter syndrome
(MPS type II, at least in the attenuated phenotype) is
impairment of cardiorespiratory function, which may
aggravate the neurological deterioration, and these patients
do not usually survive beyond adolescence (Brama et al.
1986; Gaitini et al. 1998; Gross and Lemmens 2010). For
MPS types I, II, and VI, enzyme replacement therapy
(ERT) has been available for several years. ERT with
recombinant human N-acetylgalactosamine 4-sulfatase has
been shown to halt and partially reverse the decline in
pulmonary function in patients with MPS type VI [Harmatz
et al. 2010]. However, to date, there are no reports available
regarding the impact of ERT on airway obstruction or
malacia. In Hurler syndrome, even after early bone marrow
transplantation and donor engraftment, tracheal stenosis and
tracheomalacia may occur in the long term and complicate
the course of the patient (Valayannopoulos et al. 2010). It is
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noteworthy that the reported Hurler patient developed 12
years after successful engraftment, without signs of graft-
versus-host disease and with leukocyte enzyme activity of
50% of normal, severe pulmonary hypertension and
tracheal and bronchial obstructions and malacia, which
resolved after additional ERT with weekly infusions of
100 U/kg of a-L-ironidase.

It is therefore conceivable that by extending the life
expectancy of the patients with ERT, tracheobronchial
airway obstruction or malacia may become more prominent
at advanced ages.

No conclusive management guidelines exist regarding
the treatment of upper airway obstructions by tracheotomy
to date or for the treatment of tracheomalacia in combina-
tion with severe tracheal stenosis in patients with MPS.
Many patients therefore remain untreated, mandatory
surgical procedures are withheld, and they ultimately die.

Presentation of Case 1

We report a 20-year-old female patient with severe MPS
type VI (Maroteaux—Lamy syndrome). At the age of 17
years, the patient received a tracheotomy during a neuro-
surgical procedure because of complicated intubation and
the inability to wean the patient off ventilation because of
upper airway obstruction. At the same time, the patient
started ERT. Besides her severe clinical phenotype, the
patient’s situation was complicated by moderate mitral and
aortic valve stenosis, and moderate mitral valve regurgita-
tion. Since the age of 17 years, the patient developed
progressive respiratory impairment with the need for home
ventilation overnight. During an upper airway infection, the
patient developed severe respiratory failure with sepsis and
required continuous 24-h ventilation. During a 3-month
period of intensive care, the patient’s respiratory function
deteriorated further with the need for assisted spontaneous
ventilation with a PEEP of 18 mmHg and a pressure
support of 10 mmHg. Multiple attempts failed to wean the
patient off ventilation.

Bronchoscopy revealed subtotal tracheal stenosis
(beyond which the bronchoscope could not pass) and
tracheomalacia. A three-dimensional computed tomography
scan showed a large tumorous mass infiltrating and
impressing the lower trachea proximal to the bronchial
bifurcation and impressing the origin of the left main
bronchus (Fig. 1a, b). Under a PEEP of 18 mmHg, the inner
lumen of the tracheal stenosis was <3 mm. By reduction of
PEEP to <10 mmHg, the trachea collapsed and showed a
total occlusion of the airway. It was demonstrated during
bronchoscopy that the long-term high PEEP ventilation
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Fig. 1 3D computerized tomography scans showing severe tracheal
stenosis with tracheo-bronchomalacia of the left main bronchus during
hold inspiration with a positive end-expiratory pressure (PEEP) of
18 mmHg. Note severe obstruction of the trachea and bifurcation, and

may have aggravated the tracheomalacia above the stenosis
by un-physiological high pressure ventilation. All assess-
ments were done under mild sedation without deep
anesthesia, and during bronchoscopy additional local
anesthesia. These findings were judged as being untreatable
by surgery.

After informed consent from the patient and her parents,
it was decided to attempt a palliative stent implantation into
the tracheal stenosis. The procedure was performed under
fluoroscopic and bronchoscopic control. After passing a
guide wire across the stenosis into the left main bronchus, a
sizing of the internal diameter of the stenosis was
performed with an inflatable balloon (Fig. 2a). Because
the stenosis was in close proximity to the tracheal
bifurcation, two guide wires were advanced through the
stenosis into both the right and the left main bronchi. One
22-mm long, uncovered bare platinum/iridium stent
(CP8Z22 Stent, NuMED Inc., Hopkinton, NY) was
mounted on two balloon catheters (20-mm long and 6-mm
diameter when fully inflated) simultaneously. This ensem-
ble of stent and two balloons was advanced over both guide
wires across the tracheal stenosis and placed into the
bifurcation (Fig. 2b). Both balloon catheters were simulta-
neously inflated to their nominal diameter. Thereafter, each
balloon catheter was exchanged to a 12-mm balloon
catheter and alternately inflated to allow airflow to the left
and right main bronchi (Fig. 2c). Immediately after stent
implantation, PEEP could be reduced to 8 mmHg. No
tracheal rupture, stent migration, or dysphagia occurred.
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the post-stenotic bronchomalacia. The patient was ventilated with
intubation past the tracheostoma but with its end remaining proximal
to the tracheal stenosis

Three weeks after the first stent implantation, a second
stent was placed at the proximal end of the initial previously
implanted stent and dilated to 12 mm. The patient recovered
well and could be weaned off after 24-h ventilation.
Bronchoscopy at discharge showed an open trachea (Fig. 3a)
and a free origin to the left main bronchus (Fig. 3b). At 18
months after the second procedure, the patient needed re-
dilatation of the implanted stents to 12-mm diameter
because of granulomatous tissue formation. Two years after
stenting of the trachea, the patient showed no signs of
respiratory failure or requirement for single-sided ventila-
tion.

Presentation of Case 2

A 23-year-old severely affected patient with Hunter syn-
drome without major neurological involvement on ERT
since 2008 required an operation because of the failure of
his implanted port system. The introduction of anesthesia
was complicated by pharyngeal obstructions and the
stiffness of the cranio-cervical junction. After successful
oro-tracheal intubation and operation, the patient could not
be weaned from ventilation anymore, requiring a PEEP of
15 mmHg and a pressure support of 10 mmHg. Even after
tracheostomy, ventilation could not be reduced and the
patient could not be weaned from the ventilator. Tracheo-
graphy under fluoroscopic control and bronchoscopy, all
procedures were performed under mild intravenous sedation
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Fig. 2 Balloon sizing of the true tracheal stenosis after placing a
guide wire into the left lower bronchus. Note the severe narrowing of
the trachea at the bifurcation (a). After placing guide wires into the
right and left main bronchus the advanced ensemble of a stent
mounted on two balloons immediately before inflation (b). Fully

with midazolam with doses between 0.02 and 0.05 mg/kg
body weight, revealed a total tracheal collapse, once the
PEEP was reduced below 8 mmHg. The tracheal collapse
affected the whole trachea. Therefore, the above mentioned
approach was used to stent the trachea from the bifurcation
upwards to the tracheostoma. Here the trachea was stented
to an internal diameter of 14 mm. After successful
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deployed stent with two balloons inflated: one balloon in the right
main bronchus (12-mm diameter) and the other balloon in the left
main bronchus (6-mm diameter). Note the stent opening to the left
main bronchus to avoid tumorous obstruction of the main left
bronchus (c)

implantation of two CP stents over a total length of
48 mm the distal tip of the tracheal cannula was advanced
5 mm within the proximal end of the stent (Fig. 4).
Immediately after stent deployment the ventilation could be
reduced to a spontaneous mode with a PEEP of 5 mmHg
and a pressure support of 10 mmHg. During follow-up, the
patient could be weaned from ventilation. Aside from
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Fig. 3 Bronchoscopy before discharge of the patient. The tracheal
airway is almost free of stenosis, and the stent is in place with mild
granulation tissue (a). Origin of the left main bronchus at 2 o’clock

and distal stent ending at 12 o’clock. Note that the entrance of the left
main bronchus is only minimally impressed (b)

Fig. 4 Chest radiogram of the second patient with complete tracheomalacia and after stenting of the trachea. Of note, the tracheal cannula reaches

in the upper orifice of the stent. Patient is spontaneously breathing

tracheostomy, the patient has not required mechanical
ventilation and has had just one upper airway infection in
22 months of follow-up.

Discussion

Tracheobronchial obstructions are infrequent in pediatric or
adolescent subjects unaffected by MPS, but when they are
seen, they are associated with significant morbidity and
mortality (Anton-Pacheco et al. 2008). Airway obstruction
is usually caused by malignant diseases in adults and occurs
more frequently after reconstructive surgery in children
(Nicolai 2008). Nevertheless, malacia and stenosis, either
congenital or acquired, are the most frequent airway
anomalies encountered (Davitt et al. 2002). Symptomatic

airway stenosis is usually treated surgically with good
results so intraluminal airway stenting remains a therapeutic
approach for only very selected cases (Filler et al. 1998;
Nicolai et al. 2001; Nicolai 2008), and may be accom-
panied by potential long-term complications, like chronic
pulmonary infections, re-obstruction, and migration of the
implanted stent into surrounding structures.

These cases are the first reports of palliative permanent
tracheal stenting in a patient with severe Maroteaux—Lamy
(MPS type VI) and Hunter (MPS type II) syndrome.
Furthermore, the presented technique of stent implantation,
using a double-wire double-balloon technique, has not been
previously described. It offers the possibility of tracheal
stenting in the immediate proximity to the tracheobronchial
bifurcation with preservation of airflow to both the right
and left main bronchi.
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Following a review of the literature, airway stenting has
only been reported in two MPS patients, although there are
several reports of bronchio-tracheal stenting among non-
malignant cases, for which indications were mainly tracheo-
or bronchomalacia, but rarely stenosis (Furman et al. 1999).
One patient with MPS type II (Hunter syndrome) had
peripheral bronchial stenosis (Davitt et al. 2002) and
another patient with MPS type IV (Morquio syndrome)
had bronchial malacia (Anton-Pacheco et al. 2008).
Unfortunately, follow-up data were not presented in either
patient (Davitt et al. 2002; Anton-Pacheco et al. 2008).

Other therapeutic options for the treatment of tracheal
stenosis in MPS patients might include the use of CO, or
Nd-Yak laser surgery for either upper or lower airway
stenosis (Lin et al. 2000; Mierzwinski et al. 2006).
However, laser surgery might fail with a combination of
stenosis and malacia. Bronchio-tracheal stenosis with
tracheomalacia has been reported for MPS types I, II, and
VI, while tracheomalacia might occur predominantly in
MPS type IV (Shapiro et al. 1985; Semenza and Pyeritz
1988). It seems that from all MPS patients, those with
abnormal dermatan sulfate storage are at risk for developing
tracheobronchial complications. It has been shown that in
non-MPS patients approximately 14.8% of the dry weight
of tracheal material consists of GAGs, which usually bind
to hyaluronan (Roberts and Paré 1991, Rains et al. 1992).
During aging, around 30% of the chondroitin sulfates are
being replaced by keratan sulfate, which has less water
binding capacity, and is therefore responsible for the
decrease of elasticity of the airways during aging (Rains
1992). Nevertheless, except within the cartilage, dermatan
sulfate accounts for 20-40% of the weight of the tracheal
muscles, the adventitia, and the intercartilage tissue, while
heparan sulfate plays a neglectible role (Binette et al. 1994).
Therefore it can be suggested that in these tracheal
structures a high turnover of dermatan sulfates takes place
and in diseases with a disturbed dermatan sulfate metabo-
lism a missing dermatan sulfate brake down will lead to a
substantial storage of material within these structures.

Even after bone marrow transplant, a close follow-up of
these patients is mandatory, and once those patients are
showing signs of deterioration of pulmonary function, or
the development of trachea bronchial complications or
pulmonary hypertension, increasing the dose of ERT or
initiating enzyme replacement should be considered. Fur-
thermore, the use of neuromuscular blocking agents,
prolonged anesthesia and/or aggressive ventilator support
should be limited or avoided, because it may contribute to
the deterioration of these trachea bronchial complications.

Nevertheless, stent implantation offers a palliative ultima
ratio approach to treat bronchio-tracheal stenoses and/or
with malacia and maintain open airways in these patients
permanently.
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Synopsis

We report the first cases and their follow-up of tracheal
stenting using a new technique in patients with MPS type
VI and II who had almost complete tracheal occlusion and
total airway collapse.
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