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Abstract

Objectives Mucopolysaccharidosis type I (MPS 1) is an inherited lysosomal storage disorder characterized by severe multi-
systemic organ manifestations including obstructive sleep apnea syndrome (OSAS). Hematopoietic stem cell transplantation
(HSCT) is the treatment of choice in severe MPS I (MPS IH, Hurler syndrome). However, the effect of HSCT on OSAS in MPS
IH still remains unclear. The purpose of this study was to analyze respiratory patterns during sleep following HSCT in MPS IH
children and to relate these findings to craniofacial abnormalities.

Methods Overnight polysomnographies of nine MPS IH children (mean age: 8.2 years) previously treated with HSCT were
retrospectively analyzed. Magnetic resonance images of the head were assessed with regard to soft and hard tissue abnormalities
of the upper respiratory tract.

Results The mean apnea hypopnea index (AHI) was 5.3 events/h (range, 0.3—12.2), and the majority of apnea/hypopneas were
obstructive. Whereas two patients had severe OSAS (AHI > 10) and two moderate OSAS (5 > AHI < 10), five patients had no
evidence of OSAS (AHI <2.0). Donor cell chimerism was significantly lower in MPS IH patients with OSAS as compared to
patients without OSAS (p < 0.001). The upper airway space and the maxilla were significantly smaller and the adenoids larger in
MPS IH patients with OSAS as compared to those of non-OSAS patients.

Conclusion OSAS was only observed in MPS IH patients with graft failure or low donor cell chimerism. Conversely, successful
HSCT seems to ameliorate adenoid hyperplasia and maxillary constriction in MPS IH patients and thereby minimizes the risk of
OSAS at least at younger ages.
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different organs and some features—such as musculoskeletal
manifestations—show little improvement [4].

Obstructive sleep apnea (OSAS) is commonly observed in
MPS IH and approximately affects 75% of patients [5]. The
high prevalence has been attributed to enlargement of the
tongue, adenoids, and tonsils; storage depositions in the lar-
ynx and trachea; and craniofacial dysplasia [6, 7]. However,
there is a significant gap in knowledge concerning the role of
HSCT in modifying OSAS in MPS IH. The only study ana-
lyzing the effect of HSCT on OSAS using polysomnography
did not show a positive long-term outcome [8]. In contrast, a
study based on sleep oximetry revealed a sustained improve-
ment in nocturnal hypoxia following HSCT [9]. Little is also
known about craniofacial risk factors for OSAS in MPS IH
patients after HSCT.

The aims of this study were firstly to analyze respiratory
patterns during sleep in young MPS IH patients using
polysomnography and to correlate these findings to the pa-
tients” chimerism as a measure of the long-term “success” of
HSCT [10], and secondly, to identify craniofacial risk factors
for OSAS among MPS IH patients treated with HSCT.

Materials and methods
Subjects

A retrospective case series review was performed in MPS
patients treated at the University Medical Center Hamburg-
Eppendorf between 2012 and 2015. Nine patients met the
inclusion criteria: (1) confirmed diagnosis of MPS IH
(Hurler type), (2) age younger than 18 years, (3) post HSCT,
and (4) overnight polysomnography available. Individuals
who required respiratory support or supplemental oxygen
were excluded. Laboratory parameters including chimerism
were included if done within 4 months of the sleep study.

Enzyme, GAG, and chimerism analyses

For testing of glycosaminglycans (GAG), the spectrophotomet-
ric assay using dimethylene blue (DMB) in the basic pH range
has been employed as described previously [11]. Age-
dependent reference ranges have been used. For the assessment
of «-iduronidase activity, a fluorometric method using a
methylumbellifyeryl-substrate was used. Leukocytes were iso-
lated using a dextran gradient and washed with demineralized
water. Prior to the assay, the leukocyte pellet was sonicated for
30 s. The reaction was stopped with a glycine/carbonate buffer,
and results were calculated relative to a 4-methylumbelliferone
standard curve. Donor cell engraftment was measured by chi-
merism analysis using variable number tandem repeat tech-
niques as described previously [12].
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Polysomnography

All patients underwent overnight polysomnography (Alice 5,
Heinen+Lowenstein, Germany). Physiological signals record-
ed included electrocardiogram, electrooculogram, electroen-
cephalogram, and tibial and submental electromyogram.
Respiratory efforts were monitored using abdominal and tho-
racic piezoelectric effort belts (Pro-Tech, WA, USA).
Oronasal airflow was measured by nasal pressure measure-
ments. Oxyhemoglobin saturation was measured by pulse ox-
imetry and transcutaneous CO2 monitoring. The patients were
recorded with an infrared camera (Axis communication,
Sweden) and an ambient microphone (Pro-Tech, WA, USA).
Two patients were monitored for respiratory efforts, oronasal
airflow, and oxyhemoglobin saturation only. Sleep architec-
ture was staged according to the standard criteria of
Rechtschaffen and Kales [13]. Arousals and respiratory events
were defined as recommended by previous reports in children
[14] and current guidelines [15].

Magnetic resonance imaging

Magnetic resonance images (MRI) of the full head were avail-
able from all subjects of the study cohort except one individ-
ual. MRI was performed as a standard of care and used as far
as it was done within 2 years of the sleep study (median time
interval: 9 months). The thickening of the upper airways and
of the adenoids (AD) was assessed on axial cross-sections
through the posterior nasal spine (PNS) and the clivus (CL)
at the spheno-occipital synchondrosis. Maxillary and mandib-
ular morphology was determined by measurements of six
bony landmarks [16, 17] (Fig. 1): anterior nasal spine
(ANYS), nasomaxillary suture (NMS), pterygomaxillary fissure
(PTM), condylion (COND), gonion (GO), and pogonion
(POG). Craniofacial distances were calculated using EXCEL
(Microsoft Corporation, Redmond, WA, USA) and ImagelJ
(National Institute of Health, Bethesda, MD, USA).

Statistical analysis

Comparisons between children with or without OSAS
were performed using Student’s ¢ test for continuous mea-
sures (anthropometric, serum measurement, and MRI da-
ta) or Fisher’s exact test for chimerism levels, which were
dichotomized into full chimerism (>99%) and mixed/low
chimerism (< 99%). Gender differences were tested using
Fisher’s exact test. P values less than 0.05 were regarded
as significant. All statistical analyses were made with
EXCEL (Microsoft Corporation, Redmond, WA, USA)
and/or Prism 6 (GraphPad Software Inc., San Diego,
CA, USA).
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Fig. 1 Location of bony
landmarks on MRI scans. a—e
Identification of the condylon
(COND), gonion (GO), and
pterygomaxillary fissure (PTM)
on axial (a, b and d) and sagittal
(c and e) MRI scans

Results
Patients characteristics

Patient age ranged from 4 to 12 years of age (Table 1).
Three subjects were males and six females. All patients
were treated with HSCT within the first 26 months of life
except one patient (6 years and 2 months). The time be-
tween HSCT and polysomnography ranged from 3 to
10 years (median, 5 years). Six patients had a history of
ENT surgeries including adenoidectomy and tonsillectomy
(Table S1).

Polysomnographic characteristics

The mean sleep time was 510.9+100.1 min (Table 2). The
sleep architecture was normal. The mean arousal index was
18.1+3.3 arousals/h of total sleep time (TST), which was
above the reference range for children [18]. The mean AHI
was 5.3 £5.2 events/h (range, 0—12.2). The majority of apnea
events were obstructive, and the obstructive apnea index was
3.7+4.4 (0-10.2). The mean central apnea index was 0.8 +
0.4 (range, 0.3—1.5), which was slightly above the reference
range. The mean oxygen saturation nadir was 85.8 +£10.4
(range, 68-96). There were two outliers who had an oxygen

Table 1 Clinical characteristics
No. Sex Age at PSG Age at HCST Time between HSCT and PSG ~ Genotype

(year) (year) (year) 1. Allele 1. Allele 1. Allele 1. Allele

(cDNA) (protein) (cDNA) (protein)

1 M 9 1.4 8.1 ¢.208C>T p-Q70X c.1205G>A p-W402X
2 F 12 1.8 10.3 ¢.979G>C p-A327P n.i. n.i.
3 F 5 1.5 4.7 c.606c>A p-Y202X ¢.979G>C p-A327P
4 F 1.2 33 ¢.208C>T p-Q70X c.1413C>G p.Y471X
5 F 8 1.5 35 c.1205G>A p-W402X c.1205G>A p-W402X
6 M 10 1.0 94 c.1205G>A p-W402X c.1205G>A p-W402X
7 F 9 6.2 2.8
8 F 5 22 33 ¢.208C>T p-Q70X c.1205G>A p-W402X
9 M 6 1.4 4.6 ¢.208C>T p-Q70X ¢.208C>T p-Q70X

@ Springer



1318

Sleep Breath (2019) 23:1315-1321

saturation nadir of only 69 and 68 (Table S2). The mean
desaturation index was 8.2+ 7.6 event/h (range, 0.3-20.5),
which was higher than normal [19]. Five patients were diag-
nosed as having no OSAS (AHI < 2.0), whereas two patients
had moderate (AHI = 5-10) and two patient had severe OSAS
(AHI > 10) [19].

Relations of OSAS to HSCT characteristics

Demographic and HSCT characteristics were compared be-
tween patients with OSAS and without OSAS (Table 3).
Age and BMI were not statistically different between the
two groups and also not of relevant difference. The proportion
of females was higher in the group without OSAS as com-
pared to patients with OSAS. The age at HSCT and the time
since HSCT were not statistically different between the two
groups. Importantly, donor chimerism (as a measure of suc-
cessful HSCT) was significantly lower in patients with OSAS
as compared to those of patients without OSAS. In fact, four
out of five patients without OSAS had full donor chimerism
(>299.9%) and one had high mixed chimerism (79%). In con-
trast, donor chimerism ranged from 0% (i.e., graft failure) to
59% in the MPS IH patients with OSAS. Whereas mean levels
of alpha-L-iduronidase in leukocytes were not significantly
different between the two groups, excretion of glycosamino-
glycans in urine was significantly higher in the subjects with
OSAS as compared to those without.

Relation of OSAS to facial characteristics

Craniofacial anomalies are considered to be a risk factor for
OSAS in MPS IH. Facial features were less coarse in MPS IH

Table 2 Mean polysomnographic parameters

Variables Mean + SD
Sleep architecture
TST [min] 510.9+100.1
REM [% of TST] 14.4+6.9
Stage I [% of TST] 3.0+£2.5
Stage II [% of TST] 61.9+73
Stage Il and IV [% of TST] 19.1+8.8
Arousal index [n/h] 18.1£3.3

Respiratory events and PLMS
Apnoe-Hypnoe index [n/h TST] 53£52
Central apnea index [n/h TST] 0.8+0.4
Obstructive apnea index [n/h TST] 37+44
Mixed apnea index [n/h TST] 02+0.3
Obstructive hypnea index [n/h TST] 0.6+0.8
SpO2 Nadir [%] 85.8+10.4
Desaturation index [events/h] 82+7.6
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subjects without OSAS, and especially, the midfacial hypo-
plasia was less striking. In contrast, our patient with OSAS
showed all typical facial stigmata of MPS IH including a small
upturned nose and sagging cheeks (data not shown). To fur-
ther analyze the craniofacial phenotype, MRI images of the
head were analyzed with regard to the upper respiratory tract
and the jaw bones (Fig. 2 and Table 4). The upper airway, as
indicated by the distance between the posterior nasal spine
(PNS) and the adenoid tissue, was significantly smaller in
MPS IH patients with OSAS as compared to those without
OSAS. The adenoid tissue was 33% thicker in patients with
OSAS. The sagittal position of the maxilla, as indicated by the
distance between the PNS and the clivus, as well as the total
length of the maxilla, was not different between the two
groups. Importantly, the height and width of the maxilla were
significantly smaller in patients with OSAS as compared to
those of patients without OSAS. The morphology of the man-
dible was not different between the two groups.

Discussion

The results of this study indicate that successful HSCT may
minimizes the risk of OSAS in MPS IH children. Conversely,
MPS IH children with transplant failure or low mixed donor
chimerism develop OSAS at an early age due to adenoid hy-
pertrophy and maxillary hypoplasia resulting in narrowing of
the upper airway.

One important finding of our study is the clear difference
between the chimerism levels of MPS IH patients with OSAS
and those without OSAS. In fact, OSAS was not observed in
subjects with full or high mixed donor chimerism, whereas
OSAS was evident in all subjects with transplant failure or
low mixed donor chimerism. Our results therefore suggest that
low donor chimerism is a strong predictor for OSAS develop-
ment at least in young MPS IH patients. To our knowledge,
there is only one other study, which analyzed polysomno-
graphic characteristics in MPS IH patients following HSCT
[8]. However, these authors did not report an association be-
tween AHI and donor cell chimerism. In contrast, they found a
positive correlation between AHI and elapsed time since
HSCT. In this study OSAS was evident in patients exceeding
more than 10 years from HSCT. We had only one patient in
our study, who was followed up more than 10 years post
HSCT, and this patient had a low AHI (0.3) and full chimerism
(>99.9%). 1t is clear that no conclusion can be drawn from
this single case, and we agree with the authors that patients
with long-term follow up since HSCT should be closely mon-
itored for OSAS. Nevertheless, our results indicate that suc-
cessful HSCT can at least postpone the onset of OSAS in MPS
IH children. This is in line with a sleep oximetry study of 61
MPS TH patients after HSCT [9]. The authors reported a lower
rate of sleep disordered breathing in MPS IH patients treated
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Table 3  Comparison of MPS IH patients with and without OSAS
Variables No OSAS (n=5) OSAS (n=4) p value
Patient characteristics Mean £ SD Mean = SD
Age [year] 7.8+£32 7.7+24 ns.”
Sex [no. of male/no. of female] 1/4 2/2 n.s.
BMI [kg/m?] 18.0+2.2 17.1+1.0 ns.?
HSCT
Age at HSCT [year] 1.2+0.6 2.7+24 ns.?
Time since HSCT [year] 6.0+3.1 5.0+3.0 ns.?
Chimerism [%] 99.9 (79.2-99.9)* 35.75 (0-59.3)*
Full donor chimerism 4 0 0.048°
Mixed/no donor chimerism 1 4
Alpha-L-iduronidase in leucocytes [nMol/h x mg] 32426 1.84+22 ns.?
Glycosaminoglycan in urine [mg/mmol Krea] 20.6+6.4 49.0+18.2 0.016*

n.s. not significant
*Shown as median (range)
#Student’s ¢ tests

® Fisher’s exact test

with HSCT as compared to those treated with enzyme replace-
ment therapy. Interestingly, they also reported an association
between sleep disordered breathing, high urinary excretion of
glycosaminoglycanes (GAG), and low iduronidase enzyme
activity. This association was less clear in our study.
Although mean GAG excretion levels were higher in our pa-
tients with OSAS as compared to those without OSAS, we did
not observe a lower leucocyte alpha-L-iduronidase activity in
MPS IH patients with OSAS as reported previously [9]. In this
regard, it is important that polysomnography is still the gold
standard in diagnosing OSAS and that the only other study
using polysomnography did also not observe a clear correla-
tion between metabolic parameters and OSAS development
[8]. Taken together, our results suggest that donor chimerism
levels have the highest predictive value for OSAS among the
laboratory markers used to follow up HSCT in MPS TH
patients.

Another important aspect of this study was the craniofacial
phenotype of the patients. In fact, there was a striking differ-
ence in facial appearance of patients with and without OSAS.
The facies of MPS IH patients without OSAS was clearly less
coarse and facial stigmata such as the small upturned nose and
full cheeks were less pronounced. It is well known that HSCT
improves the coarse facies of patients with MPS TH [20-22],
but these findings have not been related to OSAS so far. In this
regard, our analyses of head MRIs revealed several interesting
findings. Firstly, the adenoid tissues were thicker and the up-
per airway was smaller in MPS IH subjects with OSAS as
compared to those of patients without OSAS. Adenoid hyper-
trophy has been reported in several studies [6, 7, 23].
Accordingly, adenoidectomy/adenotomy is common in MPS
IH individuals and has also been performed in 66% of our
patients. In fact, we had only one individual without a previ-
ous adenoidectomy in our non-OSAS group and this patient

Fig. 2 MRI imaging of MPS IH patients with and without OSAS. (a, b)
Sagittal (a) and axial (b) MRI images of a 5-year-old MPS IH patient with
low AHI (0.3). The white dashed line in a indicates the orientation of the
axial cross-section (b) through the posterior nasal spine (PNS) and the
anterior surface of the clivus (CL) at the spheno-occipital synchondrosis.

(NMS = nasomaxillary suture, ANS = anterior nasal spine, AD = anterior
surface of the adenoid) (¢, d) MRI images of a 5-year-old MPS IH patient
with high AHI (12.2). Note the narrow upper airway (white arrows) and
the enlarged adenoids (white asterisks)
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Table 4 Comparison of young MPS IH patients with and without OSAS

Variables No OSAS (n=4) OSAS (n=4) p value (¢ test)
Mean + SD Mean + SD
Upper airway
Airway space (PNS-AD) [cm] 1.6+£0.2 1.0+0.4 0.040
Adenoid thickness (AD-CL) [cm] 1.2+0.2 1.8+£0.2 0.008
Maxilla-Clivus (PNS-CL) [cm] 2.840.3 29+0.2 n.s.
Maxillary dimensions
Maxilla height (PTM-ANS) [cm] 4.0+03 3.4+0.1 0.017
Maxilla length (ANS-PNS) [cm] 44+0.6 42+04 n.s.
Maxilla width (L.PTM-R.PTM) [cm] 4.6+0.2 42+0.1 0.014
Mandibular dimensions
Mandibular length (POG-COND) [cm] 9.6+0.9 9.4+0.6 n.s.
Mandibular height (GO-COND) [cm] 35+04 3.6+0.5 n.s.
Mandibular width (L.GO-R.GO) [cm] 85+£1.2 8.5+£0.2 n.s.

n.s. not significant

had the most thickened adenoid tissues in this group. In con-
trast, adenoid hypertrophy was observed in our patients with
OSAS irrespective whether these previously had an
adenoidectomy. This indicates that adenoidectomy protects
from OSAS only in those patients with successful HSCT. A
second craniofacial finding in our MPS IH patients with
OSAS was the hypoplasia of the maxillary skeleton. The max-
illa was smaller in width and height in patients with OSAS as
compared to those without. However, it remains unclear,
whether this is rather the cause or the effect of OSAS in
MPS IH. In fact, it is known that HSCT has only a mild
musculoskeletal effect in MPS IH patients [4, 24].
Moreover, mouth breathing and inferior tongue position in
patients with adenoid hypertrophy can clearly affect the
growth of the maxilla [25]. Maxillary hypoplasia in MPS TH
patients is most likely rather the effect than the cause of
OSAS. Nevertheless, maxillary expansion with orthodontic
appliances is an effective treatment in children with OSAS
[26, 27] and could also be considered in MPS IH patients.
Our study has several limitations. Due to the retrospective
design, we cannot exclude a selection bias. Although over-
night polysomnography was recommended in all patients dur-
ing our annual follow-up, we had several patients that de-
clined to participate. However, the prevalence of OSAS was
rather low in our patient cohort as compared to those of other
studies [8, 28], which suggest that this selection bias did not
favor more severe OSAS cases. Another limitation of our
craniofacial assessment was the intubation of the patients dur-
ing MRI scanning. This limited our craniofacial measure-
ments to the upper respiratory tract, although laryngeal and
tracheal anomalies can also contribute to OSAS in MPS IH
patients. Finally, another limitation of this study is clearly the
small cohort size especially for older ages. It would was also
be valuable to have more MPS IH individuals with several
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PSGs after HSCT to show a change or trend in OSAS severity.
In fact, we had only two individuals with multiple PSGs.
Although also these two cases suggest that HSCT decreases
the risk of OSAS only in those MPS patients with high chi-
merism levels, it is clear that there is a need for larger studies.
Nevertheless, this is only the second study reporting poly-
somnographic characteristics in MPS IH patients following
HSCT and the first study, which relates these findings to the
craniofacial appearance. With regard to the diagnosis of OSAS
our results indicate that OSAS is more likely to occur in MPS
IH patients with transplant failure and low mixed donor chime-
rism. With regard to treatment, our results highlight the value of
adenoidectomy in MPS IH patients and suggest that maxillary
expansion could be a valuable approach in MPS IH patients
with OSAS and maxillary constriction. Most importantly, we
believe that polysomnography should be included in the annual
follow-up of every MPS IH patient, since undiagnosed OSAS
can severely affect overall development of MPS IH patients.
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