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Abstract

Purpose—To determine muscular strength differences in patients with MPS-I, 11, and VI versus
age- and sex-matched healthy controls.

Methods—Dominant leg isokinetic knee extension strength was measured at 90 and 120 degrees
per second (d/s) using a dynamometer in 30 subjects with MPS and 42 controls (5-16 yrs). MPSI
was further divided into MPS-IA (attenuated) and MPS-IH (severe). Strength measures analyzed
were peak torque (PKT), peak torque per unit body weight (PKT/BW) and per unit lean body mass
(PKT/LBM), and average power (AP).

Results—Following adjusting strength measures for age, MPS-IH and MPS-11 had significantly
lower strength measures for all variables at both angular velocities. MPS-VI had significantly
lower PKT, PKT/LBM, and AP compared to controls at 90 and 120d/s. In contrast, MPS-I1A was
not significantly different from controls for any strength variable at either angular velocity.
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Conclusion—The results of this study suggest that decrements in skeletal muscle strength
depend on MPS diagnosis and severity of disease. Children with MPS-IH demonstrate the greatest
difference in muscular strength compared to healthy controls.
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1. Introduction

Mucopolysaccharidoses (MPS) are rare genetic multisystem lysosomal storage disorders that
are characterized by the inability to degrade specific complex carbohydrates called
glycosaminoglycans (GAGs). MPS | is an autosomal recessive disorder caused by
insufficiency of the lysosomal enzyme a-L-iduronidase. MPS | can be divided into two
groups, the attenuated forms of MPS | (Hurler-Scheie and Scheie syndromes [MPS IA]) and
the severe form of MPS | (Hurler syndrome [MPS IH]). Mucopolysaccharidosis Il (Hunter
syndrome [MPS I1]) is an X-linked disease due to defects in the gene encoding the enzyme
iduronate-2-sulfatase. The enzyme N-acetylgalactosamine-4-sulfatase (arylsulfatase B) is
deficient in patients with MPS VI (Maroteaux-Lamy syndrome) [1-3]. These enzyme
deficiencies result in an accumulation of GAGs in the cells of various body systems,
including cartilage, bone, skin, heart valves, and blood vessels [1,4-8].

Studies that aim to evaluate the musculoskeletal system in MPS patients often focus on
skeletal abnormalities [9-12]. Studies that have evaluated the impact of the disease on
skeletal muscle have used functional tests such as the 6- or 12-minute walk test, 3-min stair-
climb, and/or goniometric tests for joint mobility evaluation [2,6,7,13]. Cardoso-Santos and
colleagues measured hand grip strength in MPS VI patients and reported that 23 out of the
26 patients tested could not generate enough pressure to activate the dynamometer resulting
in a reading of zero pounds [13]. The other three patients’ average grip strength was 0.1
pounds, well below normal values. To date, the present study is the only study to have
directly examined leg strength in MPS patients.

Polgreen et al. [12] reported low bone mineral density (BMD), and following adjustments
for height and pubertal status, higher muscle mass in children and adolescents with MPS.
Muscle forces on bone are one of the most important factors influencing bone density. It is
possible that despite having higher relative muscle mass, low muscular strength is
contributing to low BMD in individuals with MPS. Additionally, muscular strength is an
important contributor to functional independence and subsequent improvement in quality of
life [14,15]. Therefore, we believe isokinetic muscle strength measures have the potential to
be valuable, objective measures of the effect of new therapies for MPS on musculoskeletal
disease.

The primary aim of this study was to evaluate skeletal muscle strength differences in
patients with MPS I, 11, and VI versus healthy controls. Despite the currently available
therapies of hematopoietic cell transplantation (HCT) and/or enzyme replacement therapy
(ERT), we hypothesized that all MPS subgroups studied would have decreased strength
compared to the control group due to the involvement of the musculoskeletal system in MPS
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disease progression. Based on the severity of the MPS IH phenotype, it was suspected that
MPS IH would have the greatest difference in skeletal muscle strength [1,11,16], while MPS
VI and MPS IA groups would have significantly less strength than controls but more
strength than the MPS IH group as a result of less neurologic involvement [1,2,13]. Finally,
as would be expected based on the mode of inheritance [1], all of our MPS |1 subjects are
male. In addition, our patients were on the attenuated end of the spectrum for MPS 11; for
these reasons, MPS Il was postulated to have the least skeletal muscle strength decrements
compared to the control group.

2. Methods
2.1. Subjects

Thirty individuals with MPS IH, 1A, 11, or VI were recruited from a larger 5-year,
observational study of bone and endocrine disease in children and adolescents with MPS. In
addition, 42 age- and sex-matched, healthy subjects were recruited to serve as controls from
a childhood cancer survivors study in which they also served as controls [17,18]. Informed
consent was obtained from the parents or legal guardians of all subjects. Assent was
obtained from all subjects whenever cognitively possible. All subjects included were
between 5 and 16 years of age. Exclusion criteria for the MPS subjects were pregnancy,
radiation exposure in the previous 12 months above 500 mrem, non-English speaking, or
inability to comply with study procedures. Exclusion criteria for the control subjects were
chronic illnesses including hypothyroidism and delayed puberty, risk for growth hormone
deficiency, or incomplete strength data. The study protocols were approved by the
University of Minnesota Institutional Review Board.

2.2 Anthropometric

Measurements for height and weight were taken at the start of the visit using a digital
stadiometer. Body mass index (BMI) was calculated as weight in kilograms (kg) divided by
height in meters-squared (m2). Tanner stage was assigned according to pubic hair
development in boys and breast and pubic hair development in girls. Measures of body
composition (i.e., fat mass, lean body mass, and bone mineral mass) were made using dual-
energy X-ray absorptiometry (DXA) (Lunar Prodigy DXA Scanner, pediatric software
version 9.3; General Electric Medical Systems, Madison, Wisconsin). The healthy subjects
were scanned on a different Lunar Prodigy scanner than that used for the MPS subjects;
therefore all DXA measurements were standardized between machines as previously
described [12]. Fat mass was expressed as a percent of total body mass; lean body mass
(LBM) was expressed in kilograms.

2.3 Isokinetic strength evaluation

The present study employed the Biodex System 3 dynamometer (Biodex Medical Systems,
Inc., Shirley, NY, USA), which has been used in both clinical and research settings. The
dynamometer has been found to be mechanically valid and reliable for isokinetic strength
testing [19] and has been used successfully in studies evaluating the isokinetic knee flexion
and extension strength of individuals with cerebral palsy [20-22]. To our knowledge there
have been no studies testing the validity and reliability of the Biodex System 3
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dynamometer in cognitively and/or developmentally impaired populations. The angular
velocities of 90 and 120 degrees/second (d/s) were chosen based on standardized research
protocols. During testing, resistance is imposed at a constant velocity of motion through an
electrically controlled servomechanism [19]. The use of an isokinetic dynamometer allows
for the measure of torque (any force that results in a rotation about an axis) at the anatomical
joint throughout the entire available range of motion, rather than at one particular point in
the range of motion as in handgrip dynamometers [23].

Subjects were seated in the chair of the dynamometer. The chair was adjusted for correct
alignment with the knee attachment, hip flexion at 85°, and the axis of the lever arm visually
aligned with the knee's anatomical axis of rotation. Stabilization straps were placed around
the waist and around the mid-thigh of the test leg. In subjects who were tall enough,
stabilization straps were also placed across the torso so that the straps did not cross at the
level of their neck. The range of motion at the knee, limb weight, and reference position (90°
flexion) were determined using the dynamometer. Dominant leg isokinetic knee extension
strength was measured at angular velocities of 90 and 120 degrees per second (d/s). Subjects
were instructed to provide a maximal effort for 6 consecutive kicks at each angular velocity
(extension then flexion being one kick).

All strength measures were evaluated for extension of the self-reported dominant leg only.
The muscular strength variables included were peak torque (PKT), peak torque per 100
pounds body weight (PKT/BW), peak torque per 100 pounds lean body mass (PKT/LBM),
and average power (AP) in watts. The variable PKT is an absolute measure (no adjustment
for body size or mass) of the highest torque generated at any moment during a repetition,
and represents the maximum strength ability of the exercised muscle [24]. Peak torque per
unit body weight and PKT/LBM are relative measures of strength per size [24]. These
relative measures are scaled by body weight or lean body mass of the participant [(Peak
Torque/Body Weight) x 100 and (Peak Torque/Lean Body Mass) x 100, respectively].
Average power is the amount of total work divided by the time to complete that total work.
The variable AP provides a measure of the work rate intensity and the time in which muscle
can produce force [24].

2.4 Statistical analysis

Descriptive statistics were tabulated separately for the healthy control and MPS groups,
including means and standard deviations for continuous variables and frequencies and
percentages for categorical variables. For height and weight, standard deviation scores
relative to age and gender from CDC growth data were also calculated [25]. Levene's test
was used to test for homogeneity of variance. Due to unequal samples sizes and some
variables having a significant Levene's test, a Welch's F test was used to test the null
hypothesis. Comparisons between controls and the collective MPS group (All MPS) were
made via an independent samples t-test with unequal variances. Demographic and strength
variables with a significant Welch's F test were compared via a Dunnett's T3 post-hoc
analysis (Table 1; demographic variables: sex, height, weight, LBM; strength variables:
PKT, PKT/BW, PKT/LBM, AP) in order to determine statistical significance of differences
between groups while controlling for multiple comparisons. Strength mean differences
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adjusted for age, confidence intervals, and unadjusted P-values in Table 2 were based on
linear regression with robust variance estimation for confidence intervals and P-values.
Statistical significance after the Holm adjustment for multiple comparisons is also indicated.
Linear regression was used to also evaluate differences on strength variables removing the
influence of growth hormone use among MPS patients to explore the extent to which the
differences between groups changed. All analyses were performed using either IBM SPSS
Statistics 21 software (SPSS, Chicago, IL, USA) or R v2.152.

3.1. Characteristics of the subjects

Table 1 contains descriptive characteristics of the MPS subjects (N = 30) compared to
healthy controls (N = 42). Participants ranged from 5 to 16 years of age. Controls were
significantly taller than the collective MPS group (All MPS; t(49) = 8.21, p < 0.001), MPS
IH (p <0.001), MPS Il (p < 0.01), and MPS VI (p=0.04) cohorts (Welch's F(4, 12.09) =
20.04, p < 0.001). In addition, controls weighed significantly more than All MPS (t(37) =
4.69, p <0.001), MPS IH (p = 0.02) and MPS VI (p = 0.03) patients (Welch's F(4, 11.46) =
11.85, p < 0.001). The MPS IA group also weighed significantly more than the MPS VI
cohorts (p = 0.03). All MPS (t(69) = 4.10, p < 0.001), MPS IH (p < 0.001) and MPS Il (p <
0.01) (Welch's F(4, 13.03) = 12.84, p < 0.001) had significantly lower LBM compared to
controls. The MPS IH group (p = 0.02) also had significantly lower LBM compared to the
MPS IA group. We have previously shown that the MPS group has deficits in whole body
bone mineral content compared the healthy children [12]. There were no statistically
significant (F(4, 66) = 1.77, p = 0.146) differences in percent fat mass between groups.

Of the MPS participants, 10% had growth hormone deficiency (1 with MPS IH, 2 with MPS
I1) and 33% were treated with recombinant human growth hormone (hGH) (5 with MPS IH,
3 with MPS 1I, 2 with MPS V1), 57% were on ERT (all MPS IA and MPS I, 3 with MPS
VI), and all MPS participants had normal thyroid function tests (i.e., thyroid stimulating
hormone and free thyroxine levels) at the time of the study. All 12 subjects with MPS IH
and 2 subjects with MPS VI were treated with HCT previously; 2 subjects with MPS IH had
also received peri-transplant treatment with ERT. No subjects within the MPS IA and MPS
Il cohorts had been transplanted.

3.3. Strength measurements

Unadjusted means of all strength measures for each group are presented in Table 1. Of note,
the collective MPS group and MPS IH had significantly lower strength measures for all
variables at both angular velocities (p < 0.001 for all variables). At both angular velocities,
MPS 11 had significantly lower PKT (90 d/s Welch's F(4, 13.73) = 17.80, p = 0.003; 120 d/s
Welch's F(4, 13.65) = 16.50, p = 0.018) and AP (90 d/s Welch's F(4, 13.46) =24.51, p =
0.001; 120 d/s Welch's F(4, 13.77) = 19.27, p = 0.012) compared to controls. At 90 d/s,
PKT/BW was significantly lower in MPS Il compared to controls (Welch's F(4, 12.32) =
17.53, p = 0.029); however, at 120 d/s the difference was not significant (Welch's F(4,
12.46) = 14.58, p = 0.093). At each angular velocity, PkT (90 d/s Welch's F(4, 13.73) =
17.80, p = 0.013; 120 d/s Welch's F(4, 13.65) = 16.50, p = 0.024) and AP (90 d/s Welch's
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F(4, 13.46) = 24.51, p = 0.006; 120 d/s Welch's F(4, 13.77) = 19.27, p = 0.008) were
significantly lower in MPS VI compared to the controls, but PKT was not significantly
different after being scaled by LBM (PKT/LBM; 90 d/s Welch's F(4, 12.24) =9.52,p =
0.630; 120 d/s Welch's F(4, 12.54) = 8.29, p = 0.502) or body weight (PkT/BW; 90 d/s
Welch's F(4, 12.32) = 17.53, p = 0.830; 120 d/s Welch's F(4, 12.46) = 14.58, p = 0.746).

Age was a significant confounder for absolute measures of strength (PKT and AP).
Therefore, age adjusted mean differences and confidence intervals were determined (Table
2). Again, MPS IH had significantly lower strength measures for all variables at both
angular velocities (p < 0.001 for all variables). In contrast to unadjusted findings, nearly all
strength measures were also statistically significantly lower in the MPS 11 cohort compared
to controls (except PKT/LBM 120).

Because 33% of MPS subjects were being treated with hGH, all strength variables were also
analyzed between control and MPS patients not using hGH at the time of testing. The
significant differences across strength variables was not affected (data not shown).

4. Discussion

To our knowledge, the present study is the first to directly measure skeletal muscle leg
strength in individuals with MPS. We observed that skeletal muscle leg strength differed
between MPS groups, with MPS IH having the greatest strength decrements compared to
controls. MPS Il and MPS VI had similar strength decrements, while MPS 1A participants
demonstrated no statistically significant decrease in strength compared to controls. This
observation in the MPS 1A group was unexpected because although individuals with MPS
IA are less severely affected compared to MPS IH, they do still have significant joint and
musculoskeletal disease [26,27]. It is more likely that while MPS IA strength is not
statistically significantly different from controls, the estimated deficits (ranging from
approximately 20%-30% lower than the controls) suggest clinically significant strength
deficits: a larger study with the same variability observed here would have been statistically
significant.

Adjusting all strength measures for age accentuated differences in strength for all MPS
groups. Despite magnifying the differences, adjusting for age did not alter the statistical
significance of strength differences for the MPS IH and MPS IA groups. For MPS |1 and
MPS VI, when strength measures were unadjusted, scaling PKT by body weight or LBM
diminished the discrepancy observed in PKT; however, following adjustment for age, the
difference in strength remained for PKT/BW (MPS I1) and PKT/LBM (MPS Il and MPS V1).

Peak torque, a measure of the maximum amount of force generated irrespective of body size
or weight, is likely lower in MPS IH, MPS 11, and MPS VI compared to controls due to their
lower body weight and/or LBM. The persistence of strength deficits after scaling by body
weight (PKT/BW) or LBM (PKT/LBM) and adjustment for age suggest either a problem
intrinsic to the muscle or along the efferent motor pathway in these disease groups.
Differences in cognitive function could contribute to these strength decrements, as well as if
subjects were not able to give maximal effort. These findings do not appear to be related to
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HCT because no MPS |1 patients were treated with HCT and they still exhibited strength
deficits. In addition, in a study of childhood cancer survivors who were exposed to
chemotherapy and radiation (which are used in preparatory regimens for HCT), these
exposures were not associated with strength measured by Biodex [28].

The significant difference of AP between the MPS groups and controls suggests a possible
difference in muscle composition. Increased power can relate to a greater proportion of fast-
twitch motor units in the muscle; conversely, lower power can relate to a greater proportion
of slow-twitch motor units [29-31]. It may be speculated that MPS IH, 1I, and VI patients
have a greater proportion of slow-twitch motor units compared to controls based on our
findings of lower AP in these individuals. Another possibility is that the decrease in power is
a manifestation of the infiltration of GAGs into the muscle fiber. Unfortunately, neither of
these theories can be tested in our study population because we do not have muscle biopsies.
Lastly, joint stiffness and contractures are symptoms of nearly all MPS types [10,25] and
thus pain due to joint stiffness may be a contributing factor in lower power production.
However, following completion of the isokinetic strength testing, nearly all participants
stated that they had very little to no discomfort during testing.

The observed differences in muscular strength between the forms of MPS | may be a result
of time of onset and severity of the symptoms of MPS IH compared to the two phenotypes
encompassed in MPS IA. Hurler syndrome (MPS IH) presents in infancy and is the most
severe form of MPS I. For the attenuated forms, Hurler-Scheie typically manifests in
childhood and is of intermediate severity; Scheie syndrome typically presents later,
progresses more slowly, and is the most attenuated form of MPS | [1,32]. The differences in
years of decreased activity and degree of limitation in activity likely contributed to the
differences in strength we found between MPS IH and MPS IA. Additionally, Shapiro et al.
[33] observed poorer neurocognitive function in MPS IH compared to MPS IA. Therefore,
the combination of more severe skeletal disease and neurocognitive dysfunction may have
resulted in MPS IH having lower strength measures. These measures of strength could thus
be used as functional outcome measures of overall improvement in physical activity and
decreased disease severity in MPS IH therapeutic studies.

Accumulation of GAGs in the brain is thought to contribute to the neuropathology affecting
synaptic connectivity and plasticity of neurons [34-36]. There can be substantial
neurological involvement in MPS IH and some forms of MPS 11 leading to cognitive
impairment and motor control difficulties [1,37]. The degree of neurological involvement
may play a significant role in the differences observed between MPS phenotypes. GAG
storage has been demonstrated in the brainstem of MPS IH dogs [38], which is a noteworthy
observation because the brainstem is the motor control center of the brain. Dusing and
colleagues observed a possible manifestation of brainstem GAG storage in MPS IH patients
who exhibited below-average gross motor abilities such as decreased locomotor abilities and
a decreased gross motor quotient on the Peabody Developmental Motor Scales, 2" edition
[37,39]. These gross motor deficits may contribute to the significant decreased dominant
knee extension strength we found in MPS IH subjects.
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Spinal cord compression is also characteristic of MPS I, 11, and VI [40-44] and can result in
muscular weakness [45]. This may be a reason for the observed strength deficits in the
present study and should be a focus of future investigations.

The present study is limited by the inability to address the contribution of neurological
versus intrinsic muscular deficits in the strength decrements observed. In studies involving
children, there is the concern of whether maximal effort is produced. Although participants
were instructed to provide a maximal effort, no measurements of muscle activation (i.e.
electromyography) were made which could potentially address these issues. However,
analysis of the coefficient of variance (a measure of the duplicability of the test based on the
amount of variation between repetitions) did not differ between groups at 90 d/s or 120 d/s
(Welch's F(4, 12.18) = 2.69, p = 0.08 and Welch's F(4, 12.66) = 1.78, p = 0.19,
respectively), suggesting internal validity of testing results [24]. Another limitation is the
evaluation of strength being isolated to the dominant leg, as there may be differences in
strength in other body regions. Additionally, the use of an isokinetic dynamometer may be
limited in the clinical setting due to the cost and availability of the equipment, as well as the
initiation of treatment in patients that are too young to feasibly complete isokinetic strength
testing.

5. Conclusion

Children with MPS IH, 11, or VI have significant decreased skeletal muscle strength unlike
children with MPS IA. Although not statistically significant, children with MPS IA do
showed decreased strength that is possibly clinically significant. Isokinetic muscle strength
measures have the potential to be used as objective measures of the effect of new therapies
for MPS on musculoskeletal disease.

Acknowledgements

The authors would like to thank all the study participants and their parents, as well as the study coordinator Jane
Kennedy, RN. The project described was supported by Grant Number K23AR057789 from NIAMS/NIH, Grant
Number U54NS065768 from NINDS/NIDDK/NIH, a grant from the University of Minnesota Pediatric Foundation,
and by the National Center for Advancing Translational Sciences of the NIH Award Number UL1TR000114. The
content is solely the responsibility of the authors and does not necessarily represent the official views of the
National Institutes of Health.

References

1. Giugliani R, Federhen A, Rojas MVM, Vieira T, Artigalas O, Pinto LL, et al.
Mucopolysaccharidosis I, 11, VI: Brief review and guidelines for treatment. Genet Mol Biol. 2010;
33(4):589-604. [PubMed: 21637564]

2. Sohn YB, Park SW, Kim S, Cho S, Ji S, Kwon EK, et al. Enzyme replacement therapy improves
joint motion and outcome of the 12-min walk test in a Mucopolysaccharidoses type VI patient
previously treated with bone marrow transplantation. Am J Med Genet: Part A. 2012; 158A:1158-
1163. [PubMed: 22495825]

3. Neufeld, EF.; Muenzer, J. The mucopolysaccharidosis.. In: Scriver, CR.; Beaudet, AL.; Sly, WS.;
Valle, D., editors. The metabolic and molecular basis of inherited disease (3421-3452). 8th ed..
McGraw-Hill; New York: 2001.

4. Braunlin EA, Berry JM, Whitley CB. Cardiac findings after enzyme replacement therapy for
Mucopolysaccharidosis type I. Am J Cardiol. 2006; 98:416-418. [PubMed: 16860035]

J Pediatr Rehabil Med. Author manuscript; available in PMC 2015 May 20.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Taylor et al. Page 9

5. Campos D, Monaga M. Mucopolysaccharidosis type I: Current knowledge on its pathophysiological
mechanisms. Metab Brain Dis. 2012; 27:121-129. [PubMed: 22527994]

6. Dumas HM, Fragala MA, Haley SM, Skrinar AM, Wraith JE, Cox G F. Physical performance
testing in Mucopolysaccharidosis I: A pilot study. J Pediatr Rehabil Med. 2004; 7(2):125-131.

7. Guarany NR, Schwartz IVD, Guarany FC, Giugliani R. Functional capacity evaluation of patients
with Mucopolysaccharidosis. J Pediatr Rehabil Med. 2012; 5(1):37-46. [PubMed: 22543891]

8. Polgreen LE, Miller BS. Growth patterns and the use of growth hormone in the
mucopolysaccharidoses. J Pediatr Rehabil Med. 2010; 3(1):25-38. [PubMed: 20563263]

9. Fung EB, Johnson JA, Madden J, Kim T, Harmatz P. Bone density assessment in patients with
mucopolysaccharidosis: A preliminary report from patients with MPS Il and V1. J Pediatr Rehabil
Med. 2010; 3(1):13-23. [PubMed: 20617160]

10. Oussoren E, Brands MM, Ruijter GJ, der Ploeg AT, Reuser AJ. Bone, joint, and tooth development
in Mucopolysaccharidosis: Relevance to therapeutic options. Biochim Biophys Acta. 2011,
1812(11):1542-1556. [PubMed: 21827850]

11. Weisstein JS, Delgado E, Steinbach LS, Hart K, Packman S. Musculoskeletal manifestations of
Hurler Syndrome: Long-term follow-up after bone marrow transplantation. J Pediatr Orthop. 2004;
24(1):97-101. [PubMed: 14676543]

12. Polgreen LE, Thomas W, Fung E, Viskochil D, Stevenson DA, Steinberger J, et al. Low bone
mineral content and challenges in interpretation of dual-energy X-ray absorptiometry in children
with Mucopolysaccharidosis types 1, 11, and V1. J Clin Densitom. 2013:51094-6950. [PubMed:
23562131]

13. Cardoso-Santos A, Azevedo ACMM, Fagondes S, Burin MG, Giugliani R, Schwartz D IV.
Mucopolysaccharidosis type VI (Maroteaux-Lamy syndrome): Assessment of joint mobility and
grip and pinch strength. J Pediatr. 2008; 84(2):130-135.

14. Brill PA, Macera CA, Davis DR, Blair SN, Gordon N. Muscular strength and physical function.
Med Sci Sports Exerc. 2000; 32(2):412-416. [PubMed: 10694125]

15. Ploutz-Snyder LL, Manini T, Ploutz-Snyder RJ, Wolf DA. Functionally relevant thresholds of
quadriceps femoris strength. J Gerontol A Biol Sci Med Sci. 2002; 57(4):B144-B152. [PubMed:
11909879]

16. Manger B, Mengel E, Schaefer RM. Rheumatologic aspects of lysosomal storage diseases. Clin
Rheumatol. 2007; 26:335-341. [PubMed: 16680390]

17. Polgreen LE, Petryk A, Dietz AC, Sinaiko AR, Leisenring W, Goodman P, et al. Modifiable risk
factors associated with bone deficits in childhood cancer survivors. BMC Pediatr. 2012; 12:40.
[PubMed: 22455440]

18. Steinberger J, Sinaiko AR, Kelly AS, Leisenring WM, Steffen LM, Goodman P, et al.
Cardiovascular risk and insulin resistance in childhood cancer survivors. J Pediatr. 2012; 160(3):
494-499. [PubMed: 21920542]

19. Drouin JM, Valovich-mcLeod TC, Shultz SJ, Gansneder BM, Perrin DH. Reliability and validity
of the Biodex system 3 pro isokinetic dynamometer velocity, torque and position measurements.
Eur J Appl Physiol. 2004; 91(1):22-29. [PubMed: 14508689]

20. Damiano DL, Martellotta TL, Quinlivan JM, Abel MF. Deficits in eccentric versus concentric
torque in children with spastic cerebral palsy. Med Sci Sports Exerc. 2001; 33(1):117-122.
[PubMed: 11194096]

21. Damiano DL, Quinlivan J, Owen BF, Shaffrey M, Abel MF. Spasticity versus strength in cerebral
palsy: relationships among involuntary resistance, voluntary torque, and motor function. Eur J
Neurol. 2001; 8(Suppl 5):40-49. [PubMed: 11851733]

22. Moreau NG, Holthaus K, Marlow N. Differential adaptations of muscle architecture to high-
velocity versus traditional strength training in cerebral palsy. Neurorehabil Neural Repair. 2013;
27(4):325-334. [PubMed: 23292847]

23. Sisto SA, Dyson-Hudson T. Dynamometry testing in spinal cord injury. J Rehabil Res Dev. 2007;
44(1):123-136. [PubMed: 17551866]

24. Grabnier, MD. Isokinetic source book. Biodex Medical Systems, Inc.; Shirley, New York: 1997.

25. Centers for Disease Control and Prevention. Clinical Growth Charts. Centers for Disease Control
and Prevention; 2000. Retrieved from http://www.cdc.gov/growthcharts/clinical_charts.htm

J Pediatr Rehabil Med. Author manuscript; available in PMC 2015 May 20.


http://www.cdc.gov/growthcharts/clinical_charts.htm

1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Taylor et al.

26.

217.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

Page 10

de Ru MH, Teunissen QGA, van der Lee JH, Beck M, Bodamer OA, Clarke LA, et al. Capturing
phenotypic heterogeneity in MPS I: Results of an international consensus procedure. Orphanet J
Rare Dis. 2012; 7:22. [PubMed: 22524701]

Morishita K, Petty RE. Musculoskeletal manifestations of mucopolysaccharidoses. Rheumatology
(Oxford). 2011; 50:v19-v25. [PubMed: 22210666]

Hoffman MC, Mulrooney DA, Steinberger J, Lee J, Baker KS, Ness KK. Deficits in physical
function among young childhood cancer survivors. J Clin Oncol. 2013; 31(22):2799-2805.
[PubMed: 23796992]

Dotan R, Mitchell C, Cohen R, Gabriel D, Klentrou P, Falk B. Child-adult differences in the
kinetics of torque development. J Sports Sci. 2013 doi:10.1080/02640414.2012.757343.

Terzis G, Georgiadis G, Vassiliadou E, Manta P. Relationship between shot put performance and
triceps brachii fiber type composition and power production. Eur J Appl Physiol. 2003; 90(1-2):
10-15. [PubMed: 12768426]

Wilson JM, Loenneke JO, Jo E, Wilson GJ, Zourdos MC, Kim JS. Effects of Endurance, Strength,
and Power Training, on Muscle Fiber Type Shifting. J Strength Cond Res. 2012; 26(2):1724—
1729. [PubMed: 21912291]

Soliman OIll, Timmermans RGM, Nemes A, Vletter WB, Wilson JHP, ten Cate FJ, et al. Cardiac
abnormalities in adults with the attenuated form of mucopolysaccharidosis type 1. J Inherit Metab
Dis. 2007; 30:750-757. [PubMed: 17574537]

Shapiro E, Guler OE, Rudser K, Delaney K, Bjoraker K, Whitley C, et al. An exploratory study of
brain function and structure in Mucopolysaccharidosis Type I: Long term observations following
hematopoietic cell transplantation (HCT). Mol Genet Metab. 2012; 107(1-2):116-121.

Buchino, JJ.; Vogler, C. Anatomic pathology of lysosomal storage diseases. In: Applegarth, DA;
Dimmick, JE.; Hall, JE., editors. Organelle Diseases. Chapman and Hall; London: 1998.

McGlynn R, Dobrenis K, Walkley SU. Differential subcellular localization of cholesterol,
gangliosides, and glycosaminoglycans in murine models of mucopolysaccharide storage disorders.
J Comp Neurol. 2004; 480(4):415-426. [PubMed: 15558784]

Parkinson-Lawrence EJ, Shandala T, Prodoehl M, Plew R, Borlace GN, Brooks DA. Lysosomal
storage disease: revealing lysosomal function and physiology. Physiology (Bethesda). 2010; 25(2):
102-115. [PubMed: 20430954]

Dusing SC, Thorpe D, Rosenberg A, Mercer V, Escolar M. Gross motor abilities in children with
Hurler syndrome. Dev Med Child Neurol. 2006; 48:927-930. [PubMed: 17044963]

Chen A, Vogler C, McEntee M, Hanson S, Ellinwood NM, Jens J, et al. Glycosaminoglycan
storage in neuroanatomical regions of mucopolysaccharidosis I dogs following intrathecal
recombinant human iduronidase. Acta Pathol Microbiol Immunol Scand. 2011; 119:513-521.

Folio, MR.; Fewell, RR. Peabody development motor scales: examiner’s Manual. 2nd ed.. Pro-ed;
Austin, TX: 2005.

Dickson PI, Hanson S, McEntee MF, Vite CH, Vogler CA, Mlikotic A, et al. Early versus late
treatment of spinal cord compression with long-term intrathecal enzyme replacement therapy in
canine mucopolysaccharidosis type 1. Mol Genet Metab. 2010; 101(2-3):115-122. [PubMed:
20655780]

Horovitz DD, Magalhdes Tde S, Pena e Costa A, Carelli LE, Souza e Silva D, de Linhares e Riello
AP, et al. Spinal cord compression in young children with type VI mucopolysaccharidosis. Mol
Genet Metab. 2011; 104(3):295-300. [PubMed: 21813307]

Kachur E, Del Maestro R. Mucopolysaccharidosis and spinal cord compression: Case report and
review of the literature with implications of bone marrow transplantation. Neurosurgery. 2000;
47(1):223-228. [PubMed: 10917366]

Munoz-Rojas MV, Vieira T, Costa R, Fagondes S, John A, Jardim LB, et al. Intrathecal enzyme
replacement therapy in a patient with mucopolysaccharidosis type | and symptomatic spinal cord
compression. Am J Med Genet A. 2008; 146A(19):2538-2544. [PubMed: 18792977]

Solanki GA, Alden TD, Burton BK, Giugliani R, Horovitz DD, Jones SA, et al. A multinational,
multidisciplinary consensus for the diagnosis and management of spinal cord compression among
patients with mucopolysaccharidosis VI. Mol Genet Metab. 2012; 107(1-2):15-24. [PubMed:
22938833]

J Pediatr Rehabil Med. Author manuscript; available in PMC 2015 May 20.



1duosnue Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnuey Joyiny

Taylor et al.

Page 11

45. Dugas AF, Lucas JM, Edlow JA. Diagnosis of spinal cord compression in nontrauma patients in
the emergency department. Acad Emerg Med. 2011; 18(7):719-725. [PubMed: 21729189]

J Pediatr Rehabil Med. Author manuscript; available in PMC 2015 May 20.



Page 12

Taylor et al.

L) ey Lz Ty (6'6T) 6'65 Jeneee Jesnesy (0'9T) 2'59 02T WE1/LAd
(9'eT) 0'6E @'21) 0'se €1 eTY Jergve Loz (O'vT) 96t 02T Ma/DAd
*a 21) 9'8€ *AN z2) €8 €ve) 622 *@ D TE *AN 12) Z6€ (918) 6L 02T Did
um 0T) 0°2€ *q 9T) ¥'2€ (©0p) €49 umm 8) 8'€T *s 12)€'TE (©'08) 929 06 dv
(%0°0) 0 (%60°0) 0 (%00) 0 (960°0) 0 (%60°0) 0 (%se2) T 06 NG/ .id Buissiw
(6'8T) £'TS (0'6T) 5’8 (5'€2) T'€9 JLBEDg9E JLBeD Ty (9'sT) 0'02 06 ING/Lid
Gty LIDTE (o 0TS LeEnTre (9°€T) 625 06 Ma/Lid
*8 Z1) Sor *8 6T) TOV (Th) T8L *Q ) zee *r 62) 0'TY (T'68) 661 06 Lid
o)
(%0's) € (%00T) 8 (%00T) 9 e(%L9D 2 (%€°€9) 6T (%00) 0 payeal 143
(%0°09) ¢ (%600) 0 (%00) 0 (96001) 2T (9%29%) ¥T (%600) 0 payeall 1OH
(%0°09) ¢ (%s28) € (%00) 0 (%2T9) S (%eee) 0T (%600) 0 3N HD
(%0°0) 0 (%0'52) ¢ (%0°0) 0 (%e8) T (%0°01) € (%0°0) 0 weryea HO
(%0°0) 0 (%600) 0 (%29T) T (960°0) 0 (%ee) T (%8'v) 2 Jauue ] a1gnd Buissiw
(Tr1) 0¥ (6TT) 29T (omov (L91) 19T (€9T) 6.2 (Lr1)ese Jauue] a1gnd
(%0°0) 0 (%0°0) 0 (%0°0) 0 (%0°0) 0 (%0°0) 0 (%8e2) T sse|\ 1e- Jusdiad Buissiw
(10'6) 8°€T (6TT) 08T (0€1) 6°22 (0€T) 192 (821) L2z (z6'6) 0’1 (6) sseN 1e4 Jusiad
(%00) 0 (%60°0) 0 (%00) 0 (960°0) 0 (%00) 0 (%8e2) T sse|\ Apog ueaT Buissiw
wse gz LKITE  (gre)eee g9 Loz e ©OTDELE (Bx) sse Apog ues]
(%0°0) 0 (960°0) 0 (%00) 0 (960°0) 0 (%60°0) 0 (%297) L xapu| sse Apog Buissiw
(922) Z6T (LTv) g0z (zv'9) 9v2 (90v) 002 (Lv) 602 (Tr'v) 8°0C xapu| ssel\ Apog
LEDTE i epo- (©9T) 980 L6DST- LTI (68'0) 99'0 (sas) 1Brem
(%0°0) 0 (%0°0) 0 (%0°0) 0 (%0°0) 0 (%0°0) 0 (%L°91) £ wBrey Burssiw
*s DTv- um noz- (97) 28°0- ¥: nre- uw nse- (z1) 220 (sas) wbieH
.

(%052) T TC% 0)0 (%29T) T (%6€89) L (%60°0¢) 6 (%8€2) 0T alewad
(€T z'sT (sT2)0TT (87'2) 9T (L6 TTT (voe) et (st eer (1K) 8bv
(#=N) INSAIN  (8=N) 11SdIN  (9=N) VISdIN  (@T=N) HISdIN (0£=N)SdW IIY  (ZF=N) [013u0D arlenod

"parealpul a1aym (94) N 40 (QS) uesw ate pajuasald sanjeA :sdnouh aseasip ss04oe saLewwns aAldiIdsap 1usied

T alqel

Author Manuscript Author Manuscript Author Manuscript Author Manuscript

J Pediatr Rehabil Med. Author manuscript; available in PMC 2015 May 20.



Page 13

Taylor et al.

“USIA ApMIS 40 awi e 10U ‘143 Em_%cmb.:mam

V1 SdIN Ueyl Jualapip Ajpueaiyiubis mo.ovﬁ

S]023Uu02 uey) JuaIalp Apuedayiubis goro>d

ANEvuem:cm
-yb1ay/(6x)1ybram Apoq = xapu| sse\ Apog "(snepn) Jamod abeiane ‘dv ‘(%) ssew Apog ueaj 1un Jad anbiol sead ‘NGT1/1d (%) Jubiam Apoq 1un Jad anbiol yead ‘Ag/1d ‘(w-N) anbioy yead ‘ 13d

‘Adesayy Juswaoe|das swAzus ‘| 43 ‘uonelue|dsuely 1180 onelodorewsy ‘| DH ‘BuOWIOY Yimolh ‘HO 2109 UOIRIASP piepuels ‘SAS

*8 €T) 7'6€ *a ¥2) 9'8€ ©00) ¥'1L *@ 21 T8t *: 08) T'L€ (5'85) 218 —
(%0°0) 0 (%60°0) 0 (%00) 0 (960°0) 0 (%600) 0 (%se) T 02T INGT1/11d Bussiw
(#=N) INSAIN  (8=N) 11SdIN  (9=N) VISdIN  (@T=N) HISdIN (0£=N)SdW IV  (2F=N) [043u0D areleno

Author Manuscript Author Manuscript Author Manuscript Author Manuscript

J Pediatr Rehabil Med. Author manuscript; available in PMC 2015 May 20.



Page 14

Taylor et al.

*suosLiedwiod a|dilnw 10} U0I108.109 W|OH Ja1je Jusiayp Apuediiubls paurewsi
*

(s1repn) Jamod abelane ‘dv {(9%) ssew Apoq ues| 1iun Jad anblioy ead ‘NGT/11d ‘(%) ubiem Apog 1un Jad anbio yead ‘AAG/1d ‘(W-N) anbiol ead ‘ 13d

SO0 (gepeeg-) voo- X007 (0oT-'1uv-)6TE- 0600 (57 'T29-)88z- £ 007 (00v- v'99-) Z'ES- 02T dv
1100  (9v-'09e-)€02- 2200  (9¢-'8€e-) ¢8I~  €I€0 ©2'9e2) 18- 00" (667-'1'96-) 82— 02T WAL
1100 w1'gee) 22t- L0 @p-'9zz)re- it (€2t 00T-  £007  (g8T-'862-) 0be- 02T Ma/Ld

SO0 ot Trs) zee- 0007 (96T-'res-)gse- 9220 (6VE'89e-) 60— X 0007 (g'8e-'629-) L'0S- 02T 1id

SO0 (pge_tpps)gos- 0007 (goT-‘00e-)e9z-  98TO (€6 'Lp-)zeT- X007 (Uge-'Su5-) 96— 06 dV
5200  (62-'ger-)Tee- 00  (99-'gze-)s6T- 6020 (L0229 €0T- 007 (eze-'90p-) vTe- 06 WAL
¥0T'0 ©Oe'zee) 9vT- 090 o0z vyI- 9500 (€0t zer-  «0%7 (g0z- '9ze-) 9'92- 06 Md/Ad

JO00> (r-ggs-) 06e- 0007 (L0g-'TBS-) veE-  ETO  (TTr'8PE-) vT- £ 007 (rep-'7'69-) €'95- 06 Lid

aneAd 040D - IASAIN 8NeAd 040D - [ISdN @NnfeAd  [0JU0D - VISAIN  @nfeAd  [0J1U0D - HISAIN awooIno

"SaN[eA-d PUR S[RAIS1UI 90USPIJUOD 04G6 J0) SBIRLISA 80URLIBA 1SNCOJ YlIM abe 1oy paisnipe yiBusns ueaw Ul ssoualslllq

¢ ?olgel

Author Manuscript Author Manuscript Author Manuscript Author Manuscript

J Pediatr Rehabil Med. Author manuscript; available in PMC 2015 May 20.



