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Abstract

Mucopolysaccharidosis II (MPS 1II) is a rare, life-limiting lysosomal storage dis-
ease caused by reduced iduronate-2-sulfatase activity. Patients experience
broad ranging signs and symptoms, including bone and joint manifestations.
This study reported on orthopedic involvement and management in patients
with MPS II using 15 years of data from the Hunter Outcome Survey (HOS).
Of the 245 patients in the study population, 90.2% had skeletal deformity
(median onset, 2.8 years), 76.7% had upper body stiffness (onset, 4.2 years),
and 61.2% had lower body stiffness (onset, 5.3 years); 63.7% of patients had at
least three joint manifestations. Orthopedic manifestations were common in
adults and children with MPS II, and in patients with and without cognitive
impairment. Joint range of motion (JROM) was restricted in all joints assessed
(shoulder, elbow, hip, wrist, knee, and ankle). Little correlation was observed
between JROM measurements, subjective reports of joint stiffness and limited
function, and 6-minute walk test results. Patients with joint stiffness and lim-
ited function were generally more likely to have central and peripheral ner-
vous system, pulmonary, and cardiovascular manifestations than those
without these symptoms. Carpal tunnel decompression was the most common
orthopedic surgery (recorded in 49/245 patients [20.0%]), but orthopedic sur-
geries were uncommon overall. Our findings highlight the need for routine
monitoring of orthopedic manifestations using multiple assessment types in
patients with MPS II to help inform clinical decision-making and improve
patient quality of life. They also underline the contribution of factors other
than orthopedic manifestations to the walking ability of patients with MPS II.
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1 | INTRODUCTION

Mucopolysaccharidosis 11 (MPS II; Hunter syndrome;
OMIM 309900) is a rare, life-limiting, X-linked lysosomal
storage disease. It is caused by reduced activity of the
lysosomal enzyme iduronate-2-sulfatase (I2S), which is
responsible for the degradation of some glycosaminogly-
cans (GAGs).! Accumulation of GAGs throughout the
body results in a multisystemic disease with a broad
range of signs and symptoms, including coarse facial fea-
tures, hepatosplenomegaly, respiratory and cardiac
impairment, and joint stiffness leading to restricted
movement.>* Around two thirds of patients also experi-
ence central nervous system (CNS) involvement, result-
ing in severe learning difficulties and neurological
decline.>®

Treatment for MPS II is available in the form of
enzyme replacement therapy (ERT) with intravenous
recombinant 12S (idursulfase [marketed as Elaprase®];
Takeda Pharmaceuticals U.S.A. Inc., Lexington, MA,
USA). Idursulfase has been shown to improve survival
and to reduce the severity of many somatic disease mani-
festations, including reduced mobility, in patients with
MPS I177'® Intravenous idursulfase is not expected to
treat cognitive decline owing to its inability to cross the
blood-brain barrier.”"”

The Hunter Outcome Survey (HOS) is a large, multi-
center, observational registry funded by Takeda. Since
2005, it has collected long-term data on the natural his-
tory of MPS II and the treatment of patients with intra-
venous idursulfase. A previous study described the
orthopedic manifestations in patients with MPS 1I
enrolled in HOS as of January 2009.'® Skeletal manifes-
tations were common, with around 80% of patients
affected, and a quarter of patients had abnormal gait.
Furthermore, the presence of orthopedic manifestations
was found to be associated with CNS and pulmonary
manifestations.'® Individual tailored surgical and non-
surgical therapies are recommended for patients with
orthopedic manifestations, given that ERT is unlikely to
alleviate existing bone and joint manifestations
fully.'®*®

The number of patients with orthopedic data
available in HOS has almost doubled since the last
publication on this topic in 2010.'® This study aims
to report on additional findings around orthopedic
involvement and management in MPS II as docu-
mented through 15 years of data collection in HOS,
and to explore the relationship between joint func-
tion of the lower limb and walking ability in patients
with MPS II.

Synopsis

Data from HOS indicate that orthopedic involve-
ment is common in all patients with MPS II, and
that multiple assessment types may be required
to generate an accurate picture of the disease bur-
den caused by orthopedic manifestations.

2 | MATERIALS AND METHODS

2.1 | HOS registry design

Data are collected in HOS on patients with MPS II who
are untreated or receiving treatment with intravenous
idursulfase; patients who have received a bone marrow
transplant can also be enrolled. Details of the HOS regis-
try have been published previously.>'® Cognitive impair-
ment is recorded in HOS based on the answer to the
following question: “Cognitive impairment? Yes/No.”
This may be informed by the clinical impression of the
physician or by formal cognitive tests.

Independent Review Board/Ethics Committee approval
was obtained for all participating centers before patient
enrollment. Written informed consent was also obtained
from each patient, their parents, or a legal representative.

2.2 | Patient population

All male patients in HOS with data available on joint
range of motion (JROM) as of July 23, 2021, were
included in this analysis. Patients were only included if
they had a signed informed consent form.

2.3 | Descriptive statistics and data
analyses

Data were summarized for all patients in the population
who had the relevant information available in HOS (as of
July 23, 2021).

For all assessments, the most recent one was used for
untreated patients and the one closest to ERT initiation
(no later than 91 days after ERT start) was used for treated
patients to limit the confounding effects of their treatment.
The presence or absence of joint stiffness and limited function
and orthopedic manifestations was inferred from the latest
entries in the HOS “signs and symptoms” and “medical his-
tory” forms before initiation of any ERT. For the analysis of
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ankle dorsiflexion), and for patients with and without joint
stiffness and limited function of the knee and ankle.
6MWT assessments were excluded if they were completed
when the patient was younger than 5 years of age or if
assistance was required to complete the test.

For the analysis of surgeries and procedures, the HOS
medical monitor and authors identified categories in the
database that were thought to be related to orthopedic man-
ifestations. Orthopedic surgeries entered into the “other”
category were reclassified into existing categories based on
descriptions in the free-text field. Surgeries and procedures
considered to be orthopedic but not fitting into an existing
orthopedic category were designated as “other.”

To test for correlations between joint stiffness and
limited function and disease manifestations in other
organ systems, Fisher's exact test was performed using
data obtained before any ERT.

3.1 | Patient characteristics

Patient characteristics for the study population (N = 245) are
summarized in Table 1. Most of the patients were from Europe
(183/245; 74.7% of patients) and 224/245 patients (91.4%) were
under 18 years of age (hereafter referred to as “children”). The
median (10th percentile [P10], 90th percentile [P90]) age at first
symptom onset was 1.6 (0.1, 4.5) years and ERT was received
by 228/245 patients (93.1%). The proportion of patients with

LINK ET AL.
TABLE 1 Summary of patient characteristics.
All
patients (N = 245)
Region, n (%) n = 245
Asia Pacific 4(1.6)
Europe 183 (74.7)
Latin America 35(14.3)
North America 23(9.4)
Age at first symptom onset, years n =219
Mean (SD) 2.2 (2.0)
Median (P10, P90) 1.6 (0.1, 4.5)
Age at diagnosis, years n =243
Mean (SD) 5.0(6.4)
Median (P10, P90) 3.9(1.3,8.0)
Age at JROM assessment,” years n = 245
Mean (SD) 11.9 (9.9)
Median (P10, P90) 8.9 (3.1, 25.9) 3 | RESULTS
ERT treatment status, n (%) n =245
Treated 228 (93.1)
Untreated 17 (6.9)
Age at ERT start, years n =228
Mean (SD) 11.0 (9.3)
Median (P10, P90) 8.2 (2.8, 24.0)
Cognitive impairment before any ERT, n = 245
n (%)
Yes 101 (41.2)
No 144 (58.8)

Abbreviations: ERT, enzyme replacement therapy; JROM, joint range of
motion; P10, 10th percentile; P90, 90th percentile; SD, standard deviation.
4JROM measurements were taken from the assessment closest to ERT
initiation that was no later than 91 days after ERT start for treated patients
and the most recent assessment for untreated patients.

upper and lower body stiffness, the “lower body” category con-
sisted of the hip, knee, and ankle, and the “upper body” cate-
gory consisted of the spine, shoulder, elbow, wrist, and hand.
JROM data were manually processed to exclude values
that were considered impossible and to impute values for
JROM described using free text or as a range. Normative
numerical values were used when terms such as “free,”
“full,” or “norm” were used on the case report forms for
JROM. These values were obtained from the American Med-
ical Association and the American Academy of Orthopedic
Surgeons.”**! If a numerical range was provided but this had
a lower value of zero, the upper limit of the range was used.
Uninterpretable entries were recategorized as “missing.”
Six-minute walk test (6MWT) results were reported for
patients with normal and abnormal JROM assessments of
the relevant lower body movements (knee extension and

cognitive impairment (101/245; 41.2%) was similar to those
without cognitive impairment (144/245; 58.8%).

3.2 | Orthopedic manifestations

Skeletal manifestations were documented in 221/245
patients (90.2%); the median (P10, P90) age at onset of
first skeletal manifestation was 2.8 (0.4, 6.8) years. The
five most common skeletal manifestations were coarse
facial features (198/245; 80.8% of patients), claw hands
(130/245; 53.1%), kyphosis/gibbus (88/245; 35.9%), scolio-
sis (45/245; 18.4%), and foot deformity (16/245; 6.5%).

Both upper and lower body stiffness were common
and were present in 188/245 (76.7%) and 150/245 (61.2%)
patients, respectively (Table 2). The median (P10, P90) age
at earliest onset of stiffness was 4.2 (1.3, 13.7) years for the
upper body and 5.3 (2.0, 17.8) years for the lower body.

Most (192/245; 78.4%) patients had at least one joint
manifestation, and there were high proportions of patients
with 3-5 (73/245; 29.8%) or 6-8 (83/245; 33.9%) manifesta-
tions. The presence of stiffness and the number of joint mani-
festations were similar in all patients and children.
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TABLE 2 JROM measurements stratified by presence of joint stiffness and limited function in the relevant joints.
Joint stiffness and limited function present
Joint and movement Yes No Normal JROM, °*
Shoulder abduction, ° n =136 n=7179
Median JROM (P10, P90) 101.3 (70.0, 130.0) 102.5 (77.5, 150.0) 180
Elbow extension, ° n =137 n=2_85
Median JROM (P10, P90) —20.0 (—47.5, 25.0) —9.0 (—36.0, 25.0) 0-10
Wrist extension, ° n =85 n =135
Median JROM (P10, P90) 32.5(10.0, 63.5) 35.0 (8.0, 70.0) 60-70
Hip extension, ° n=74 n =122
Median JROM (P10, P90) 0.0 (—22.5, 20.0) 6.8 (—17.5, 30.0) 20-30
Knee extension, ° n =104 n =104
Median JROM (P10, P90) —8.8 (—22.5,10.0) 0.0 (—20.0, 22.5) 0-10
Ankle dorsiflexion, ° n=73 n=97
Median JROM (P10, P90) 3.5 (—17.5, 20.0) 10.0 (—7.5, 22.5) 20

Abbreviations: AAOS, American Association of Orthopedic Surgeons; AMA, American Medical Association; JROM, joint range of motion; P10, 10th percentile;

P90, 90th percentile.

aNormal JROM defined according to a combination of the criteria developed by the AMA and the AAOS.***!

33 | JROM
The median age at JROM measurement was 8.9 (3.1, 25.9)
years, and JROM was generally lower than the normal range
in the joint movements assessed (Table S1). An exception to
this was shoulder extension, for which the median JROM was
within the normal range. The most affected joint movements
(median JROM >15° outside of the normal range) were hip
extension, shoulder abduction, external rotation and flexion,
elbow extension, and wrist extension. Almost all patients
(229/245, 93.5%) had abnormal JROM in more than one joint.
There was a weak association between JROM measure-
ments and joint stiffness and limited function assessments,
with JROM found to be generally lower in patients with
than in those without reported joint stiffness and limited
function (Table S2). However, for shoulder abduction and
wrist extension, JROM values for patients were similar with
and without reported joint stiffness and limited function
(101.3° vs. 102.5° for shoulder abduction and 32.5° vs. 35.0°
for wrist extension, respectively). The median JROM mea-
surements for patients both with and without reported joint
stiffness and limited function were lower than the normal
ranges for all movements except for knee extension.

3.4 | Relationship of JROM and joint
stiffness and limited function with 6MWT
performance

The median (P10, P90) distance walked in the 6MWT was sim-
ilar for patients with normal JROM for knee extension and
ankle dorsiflexion compared with patients with abnormal

JROM for these movements (390 m [280, 540 m], n =29
vs. 381 m [208, 518 m], n = 49, respectively). Results were sim-
ilar when patients with cognitive impairment (rn = 90) were
excluded (Table S3).

The median (P10, P90) distance walked in the 6MWT
was similar for patients with and without joint stiffness
and limited function of the knee and ankle (406 m [208,
540 m], n = 33 vs. 368 m [237, 510 m], n = 56). Results
were similar when patients with cognitive impairment
(n = 101) were excluded (Table S3).

3.5 | Relationship between orthopedic
manifestations and signs and symptoms in
other organ systems

Patients with (subjectively assessed) joint stiffness and limited
function were generally more likely to have cardiovascular,
CNS, peripheral nervous system (PNS), and pulmonary man-
ifestations than those without joint stiffness and limited func-
tion (Fisher's exact test: p < 0.0002) (Table 3). The effect was
particularly notable for cardiovascular and PNS manifesta-
tions. Potential associations between cardiovascular, CNS,
PNS, and/or pulmonary manifestations and some other
orthopedic manifestations were also observed (Table S4).

3.6 | Orthopedic surgeries and
procedures

Most patients (213/245; 86.9%) in the study population
had undergone at least one surgical procedure. Orthopedic
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TABLE 3
function and other disease manifestations.

Relationship between joint stiffness and limited

Joint stiffness and limited function

present
No Yes
n=>51 n=19%4
Cardiovascular manifestations
Yes, n (%) 18 (35.3) 162 (83.5)
No, 1 (%) 33 (64.7) 32(16.5)
p value:* < 0.0001
CNS manifestations
Yes, n (%) 16 (31.4) 118 (60.8)
No, n (%) 35 (68.6) 76 (39.2)
p value:* 0.0002
PNS manifestations
Yes, n (%) 9(17.6) 110 (56.7)
No, n (%) 42 (82.4) 84 (43.3)
p value:* < 0.0001
Pulmonary manifestations
Yes, n (%) 23 (45.1) 143 (73.7)
No, 1 (%) 28 (54.9) 51 (26.3)

p value:* 0.0002

Abbreviations: CNS, central nervous system; PNS, peripheral nervous
system.
“p value calculated using Fisher's exact test.

surgeries were uncommon, recorded for 59/213 patients
(27.7%) who underwent a total of 68 surgeries (Figure S1).
Carpal tunnel decompression was the most common
orthopedic surgery, recorded in 49/245 patients (20.0%).

4 | DISCUSSION

Our study demonstrates that orthopedic involvement is
high among patients with MPS II, and that many differ-
ent joints are affected. Despite this, the proportion of
patients who underwent orthopedic surgeries was low.
Our data also suggest an association between the pres-
ence of joint stiffness and limited function and CNS,
PNS, pulmonary system, and cardiovascular system man-
ifestations. These data build on those from a previous
HOS study of orthopedic manifestations in 124 patients,
confirming and adding to the findings in a larger patient
population (N = 245).'8

Consistent with previous studies, nearly all patients
with MPS II in this study experienced skeletal deformity
and joint stiffness and limited function.'®** Both upper
and lower body stiffness were present in more than 60%
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of the population, and the majority of patients had at
least three joint manifestations. The prevalence of ortho-
pedic manifestations was high among adults and children
with MPS II, and in patients with and without cognitive
impairment, highlighting the need for careful monitoring
of orthopedic signs and symptoms throughout the life of
all patients with MPS II.

Restricted range of motion was observed in almost all
joints assessed, with the shoulder being the most affected
joint. The most severely affected movement for all
assessed joints except for the shoulder was extension,
supporting previous findings from HOS.'® The wide
range of joints and movements affected is likely to have a
significant impact on mobility, and may have a negative
impact on school and social life, self-esteem, and mental
health of patients with MPS II.**

We observed only a weak correlation between JROM
measurements and subjective joint stiffness and limited
function reports, and fewer patients had normal JROM
(defined as abnormal JROM in one or no joints) than had
no reported joint stiffness and limited function. This
could be due to the inability of patients with MPS II to
determine accurately whether their joints are stiff, owing
to the progressive nature of their condition and their lack
of experience of “normal” joint mobility. Patients with
cognitive impairment may also find it more difficult to
describe their experience, making it more difficult for the
physician to make a judgment. This result was further
supported by the finding that JROM measurements for
patients without reported joint stiffness and limited func-
tion were generally lower than the normal range.

6MWT results were similar between patients with
normal and abnormal JROM measurements for knee
extension and ankle dorsiflexion, and between patients
with and without subjective reports of joint stiffness and
limited function, suggesting that other disease manifesta-
tions may affect walking ability more than lower joint
function. For example, restrictions to arm movement
may limit walking speed and stride,* and cardiac and/or
pulmonary manifestations affect the ability of patients to
carry out sustained physical activity. These results further
demonstrate the discordance between subjective reports
of joint stiffness and limited function and other measures
of joint functionality JROM and 6MWT).

Our data also showed that orthopedic manifestations,
including (subjectively assessed) joint stiffness and lim-
ited function, are associated with manifestations in other
organ systems, including the CNS, PNS, pulmonary sys-
tem, and cardiovascular system. This adds to previous
findings that demonstrated a link between joint stiffness
and limited function and CNS and pulmonary manifesta-
tions, but not cardiovascular manifestations,'® and
reflects the severe disease burden in all organ systems in
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patients with CNS involvement. This difference in results
may be explained by the larger patient population in this
study.

Patients with MPS 1II often require surgical
intervention,” but orthopedic surgeries were recorded
relatively infrequently in this population. However, sur-
gery data were only reported for patients with JROM data
and could be limited by data completeness in the HOS
registry. Additionally, some severely affected patients
may have met the criteria for surgery but not been oper-
ated on owing to their overall clinical condition and/or
care needs. Carpal tunnel decompression was the most
common orthopedic surgery reported, reinforcing previ-
ous recommendations that patients with MPS II should
be regularly screened for carpal tunnel syndrome.'® Indi-
vidualized monitoring of orthopedic symptoms is
required to ensure that all patients with a clinical need
are recommended for surgery. Physical therapies such as
hydrotherapy, which can enhance strength and improve
mobility, should also be considered to alleviate orthope-
dic issues in all patients independent of the possibility for
surgical correction.'®'**°

The strengths of this study include the fact that it is
the largest reported analysis of orthopedic manifesta-
tions, including JROM, in patients with MPS II, and the
wide range of orthopedic and related data available
within HOS. Limitations include those typical of registry-
based analyses, such as missing data for certain parame-
ters and differences in the assessment methods used
between sites. Additionally, some JROM measurements
were not entered into HOS in the correct format and
were either excluded or were used to impute a probable
value, which may have influenced the JROM findings.
Furthermore, it should be noted that the proportion of
patients who had cognitive impairment (41.2%) was
lower than has previously been reported for patients with
MPS I1.>° This is likely to be due to the exclusion of
patients who did not have JROM measurements from
this analysis, but it means that our findings may be
skewed toward the non-neuronopathic population.
Assessments of treated patients were limited to those that
took place closest to ERT initiation (no later than 91 days
after ERT start); this means that the long-term care needs
of treated patients could not be assessed. There were also
limited data available on changes in disease manifesta-
tions following treatment with idursulfase, precluding an
analysis of treatment effects.

Our findings highlight the prevalence, range, and
severity of orthopedic manifestations in patients with
MPS II, and the need for routine monitoring of these
manifestations in all patients to identify individuals
who would benefit from surgery and/or physical ther-
apy. Our observation that subjective reports of joint

stiffness and limited function do not always reflect
other measures of joint functionality emphasizes the
importance of conducting multiple types of assessment
for complete evaluation of orthopedic MPS II manifes-
tations, so that patients can receive appropriate care
and support.
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SUPPORTING INFORMATION

Additional supporting information can be found online
in the Supporting Information section at the end of this
article.
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