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Abstract
Enzyme replacement therapy has been successful in alleviating morbidity and improving endurance
in Mucopolysaccharidosis (MPS) type I, II, and VI, however little attention has been paid to the
effects on bone mineralization. Brief case reports in MPS type III and IV suggest that bone mineral
density (BMD) is diminished, but did not account for patient size. In this report, BMD was evaluated
by quantitative computed tomography and by dual-energy x-ray absorptiometry (DXA) in separate
studies involving 10 patients with MPS type VI (7 Female; 7.0 to 21.0 y) and 4 male patients with
MPS II (8.1 to 35.5 y). Vitamin D intake met the current RDA (200 IU) for most, though 25-OH
vitamin D was insufficient (< 30 ng/mL) in 87.5% of patients tested. Ht Z-score was low −5.8 ± 3.6,
with height deficits greatest in MPS VI. Spine and whole body BMD Z-scores by DXA were
considered normal for chronological age in all MPS II, and after correction for Ht Z-score, in all but
one subject with MPS VI. These results suggest that vitamin D insufficiency is quite common in
MPS. BMD by DXA is within normal range for most, particularly after correction for short stature.
A review of bone health assessment is provided as well as a discussion of these results.
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1. Introduction
Mucopolysaccharidoses are rare inherited lysosomal storage disorders. Twelve primary
metabolic disorders have been identified with resulting morbidities originating from an
inadequate breakdown of glycosaminoglycans (GAGs). GAGs accumulate in the lysosomes
of the effected individuals leading to profound growth deficits, facial dysmorphia,
organomegaly and poor joint mobility. Though bone growth and mineralization are affected
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by GAG accumulation in the tissues of animal models [30,31], there is a paucity of research
focused on the assessment of bone mineralization in patients with MPS. This report is focused
on the assessment of bone density in 2 types of MPS patients, those with Hunters syndrome
or MPS type II, and those with Maroteaux-Lamy Syndrome or MPS type VI. A brief overview
of the assessment of bone in healthy populations is provided as a framework from which details
of the pilot studies are provided.

1.1. Low bone mass and fracture risk
Osteoporosis is one of the most common chronic conditions in the U.S., one in every two
Americans over 50 years of age will be diagnosed with osteopenia or osteoporosis in the next
10 years [33]. However osteoporosis is not just a disease of the elderly. It is now understood
that the development of osteoporosis occurs over a lifetime and many children with chronic
illnesses are at risk for low bone mass. The acquisition of bone mass proceeds steadily until
peak bone mass is achieved, between 16 to 25 years of age for most individuals. A plateau in
bone mineralization occurs over the third and forth decades of life. As individuals enter the
later years, bone resorption is greater than formation and there are gradual withdrawals from
the ‘bone bank’ due to aging, menopause and exposure to illness or medications. The greater
the peak bone mass attained, the more bone losses an individual can tolerate without becoming
vulnerable to fractures and subsequent pain and disability.

It has been estimated that 60 to 80% of the variability in peak bone mass is attributed to heritable
factors [14]. There are, however, a number of modifiable factors that may positively influence
the development of peak bone mass including: weight bearing physical activity [32], calcium,
vitamin D and protein intake [16,25]. Therefore, patients with MPS and a particularly small
frame, abnormal gait or limited mobility and decreased physical activity, or post-surgical non-
weight bearing are at increased risk for poor bone mineralization. Additionally, the presence
of nutritional deficiencies, in particular vitamin D deficiency, in this population may also
negatively impact bone accumulation.

Ultimately, low bone mass places an individual at increased risk for fracture. Fragility type
fractures are most commonly reported in post-menopausal women, however, there is a second
peak in fracture incidence which occurs during adolescence [23]. Fracture is more common in
males than females during adolescence with the peak age of fracture around 14 years and for
females around 12 years, similar to the age of peak height velocity. It has been theorized that
fracture incidence is elevated during this period of rapid growth due to the lag in mineralization
of bone following skeletal growth [2]. In adolescents, the most common site of fracture is the
forearm, resulting from high impact, sports-related injuries and increased overall physical
activity. Fragility fractures of the spine or hip which commonly occur in the elderly are less
likely to be seen in children, with a few exceptions for some children with low bone mass as
a result of a chronic illness [10,21,35].

There are two published case reports of atraumatic fragility type fracture in patients with
Mucopolysaccharidosis (MPS). One was a report from Spain published in 1992, of a 20-year-
old female with MPS type VI who presented with a stress fracture of the right femoral neck
[11]. A screw was surgically fixed into the femoral neck, however, the patient returned after
12 months complaining of persistent pain and decreased range of motion. A second surgical
intervention with bone graft was required for successful healing. A second case report was
published in 1999 from Japan of a 12-year-old male with MPS type II with a transverse fracture
of the left femoral neck from minimal trauma, followed by resorption of the femoral head.
Then, at 16, he had a right femoral neck stress fracture [18]. Stress fractures, such as these,
may occur in MPS due to abnormal length and diameter of the femoral neck compounded by
hip dysplasia and/or osteonecrosis of the femoral head.
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Bone strength, elasticity, architecture and geometry are all bone-related factors important in
the prediction of fracture. However bone-independent factors are sometimes overlooked,
especially in children, for example the propensity to fall, as well as the patient’s vision, balance
and/or gait. Muscle strength and coordination are also quite important as well as the impact of
the load placed on the skeleton during a fall, or the overall weight of the patient.

1.2. Assessment of bone strength and fracture risk
There are two main determinants of bone strength: bone density and quality. The areal density
of bone is determined by the size of the bone as well as the content or grams of mineral per
unit area. The quality is determined by its material properties, the microarchitecture of the
bone, or its shape and geometry as well as the presence of microfractures. As these parameters
are inaccessible in vivo, bone mineral density (aBMD) is used as a proxy measure for bone
strength, with the clinical outcome of interest being fracture. Approximately 70 percent of bone
strength is predicted via BMD by DXA; there is no better single measure for predicting fracture
risk than BMD in adults. The use of DXA in pediatrics is a developing field, though it remains
the most frequently used tool given the rapid scan time, low radiation exposure and availability
of robust pediatric reference data [7]. Whole body, lumbar spine and proximal femur bone
mineral content (BMC) and BMD are acquired by DXA. Following analysis, standard deviation
scores or Z-scores based on age and gender specific reference data are used to categorize BMD
values into normal or low density for chronological age (Z-score < −2.0) [27].

1.3. Challenges to the assessment of bone health in MPS
One of the main challenges to the assessment of bone health in patients with MPS is accurate
interpretation of the results obtained. Patients with MPS have considerable height deficits,
often with disproportionately large heads (macrocephaly) with relatively dense skulls. BMD
assessed by DXA is a 2-dimensional image or an “areal” (g/cm2) density, denoted aBMD, and
not a true volumetric density [3], vBMD. In general a larger diameter bone will have greater
aBMD than a smaller diameter bone, even if both have the same vBMD. Therefore, size
considerations are very important when interpreting aBMD measures [8]. Additionally, there
are assumptions made regarding the composition of the head region in the analysis software
for the whole body scan. If the head is relatively large, or the bones have abnormal thickness
in relationship to the rest of the body, those assumptions are overestimated for the whole body.
Skeletal contractures and stiff shoulder, hip, and elbow joints, poor rotation of the hip and hip
dysplasia also create challenges towards accurate and reproducible positioning for a DXA scan.
Finally, the presence of orthopedic hardware, tracheostomies, and feeding tubes will artificially
increase bone mineral content.

Brief case reports in MPS type III and IV suggest that aBMD is diminished [28,29], but do not
account for patient size, specific treatment effects [Bone marrow transplant (BMT) or enzyme
replacement therapy (ERT)], or other endocrine or nutritional factors that might impact bone
health. It remains unknown as to which tools are most informative in predicting fracture risk
or most reproducible for monitoring bone mineralization in patients on ERT. The purpose of
these pilot studies was: 1) to characterize bone density in a small cohort of patients before and
after ERT, and 2) to explore associations between bone density, growth and vitamin D levels
in patients maintained on ERT.

2. Methods
Two separate studies were performed with patients from Children’s Hospital & Research
Center at Oakland: Study A: a longitudinal assessment of growth and bone mineral density by
Quantitative Computed Tomography (QCT) in patients with MPS type VI naïve to enzyme
replacement therapy before and after treatment [BioMarin-sponsored Phase 1/2 clinical trial
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of recombinant human n-acetylgalactosamine 4-sulfatase (rhASB)] and, Study B: A cross-
sectional study of bone density and strength in relation to nutritional intake and vitamin D
status in subjects with MPS type II or VI on enzyme replacement therapy. Methods pertaining
to these 2 studies are detailed separately.

2.1. Study A
Six subjects with confirmed MPS VI were recruited and informed consent obtained as part of
the Phase 1/2 study of rhASB [12]. Standing height was measured and volumetric bone mineral
density (vBMD) was determined by quantitative computed tomography (QCT) in coordination
with liver volume assessment at 4 time points: baseline then at 24, 96 and 144 weeks after
initiation of rhASB therapy. Trabecular vBMD (mg/cm3) of lumbar spine vertebrae L2-L4
was assessed using Mindways software (San Francisco, CA) according to published methods,
and Z-scores calculated [5]. QCT is an established technique for measuring vBMD, with an
effective radiation dose to the patient of 60 μSv and a precision of 1 to 3% [1]. Patients were
randomized to receive either 0.2 (n = 3) or 1.0 mg/kg (n = 3) of rhASB as weekly intravenous
infusions in a double blind design. Subjects remained on the assigned dose until after the week
48 evaluation, at which time the dose was escalated to 1.0 mg/kg/wk according to protocol
[13], Two subjects who were on the low dose switched to the higher dose at weeks 59 (#45)
and weeks 69 (#41).

2.2. Study B
Subjects with either confirmed MPS II or VI who received ERT on a regular basis at CHRCO
were invited to participate in a cross-sectional assessment of bone health and informed consent
was obtained. Lumbar spine (L1–L4), proximal femur (hip) and whole body bone mineral
content and “areal” bone mineral density (aBMD) were assessed using DXA (Discovery A,
Hologic, Bedford MA, software version 12.6). Additionally, blood samples were drawn pre-
ERT infusion in the fall months, anthropometry assessed and pubertal stage determined by
physician examination. A brief calcium and vitamin D focused food frequency was completed
by interview, and compared to the U.S. Dietary Reference Intake for age and gender (% of
Adequate Intake). Height was calculated from knee height [6]. Age and gender specific aBMD
Z-scores were calculated from manufacturer reference databases and BMC Z-scores calculated
from the published BMDCS reference data [20]. aBMD Z-scores were then adjusted for height
Z-score according to the method of Zemel [36]. This novel method provides an adjustment for
growth deficits on aBMD by DXA, while avoiding possible confounding of pubertal
maturation. A group of 30 healthy controls without MPS (8 to 30 years) were recruited locally
for a separate study, consented and similar assessments made.

For both studies, height Z-scores were calculated as the difference between the observed value
and the age and gender-specific median value for the CDC U.S. reference population divided
by standard deviation of the reference population [22,9]. For patients > 20 years, height Z-
score was calculated using the oldest age in the reference database. Consistent with the ISCD
guidelines, a cut off aBMD Z-score value of −2.0 is used to characterize patients with normal
or low bone mass for chronological age [26]. Statistical analyses were conducted using Stata
9.0 (Stata, Inc., College Station, TX), statistical significance was defined as p <0.05.

3. Results
3.1. Study A

Six subjects were included in this study, 4 female, 7 to 16 years of age with the majority pre-
pubertal (Table 1). Initial GAG levels, an indication of disease severity, were quite variable,
as well as the distance traveled during the 6 minute standardized walk test. Lumbar spine vBMD
is presented for the six subjects with MPS VI over time (Fig. 1). An increase in absolute vBMD
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from baseline was observed in two patients during Phase I, one each on the starting rhASB
dose 0.2 and 1.0 mg/kg/wk. There were no other distinguishing characteristics of these 2
subjects. Considerable within subject variability was observed with time. Change in absolute
vBMD varied from 8.0% to −10.2% depending upon the time point; all were considered greater
than instrumentation error of 3%.

vBMD Z-scores by time of study are presented in Fig. 2. One patient with the greatest
improvement in spine Z-score (#43) was vitamin D deficient prior to the start of the study, was
receiving vitamin D replacement during the study and had a dramatic improvement in her walk
test. This patient was also on the higher dose of rhASB (1.0 mg/kg/wk) throughout the study.
All patients had vBMD Z-scores above −2.0 at study initiation, and all but one (#45) remained
above −2.0 throughout the study. The subject with the greatest improvement in vBMD Z-score,
had no change in stature during the study, whereas the subject with the greatest drop in vBMD
Z-score had an 8% increase in height during the 144 week trial (Fig. 3). For the group as a
whole, there was a negative correlation observed between change in vBMD Z-score and change
in height (r2 = 0.55), suggesting that as growth improved during enzyme replacement therapy,
volumetric bone mineral density decreased.

3.2. Study B
Eight subjects (8 to 35 years) with MPS type II or VI were included in this cross-sectional,
observational pilot study. All had been on enzyme replacement therapy [Elaprase®

(iduronate-2-sulfase) or Naglazyme® (galsulfase)] for a minimum of 20 months. Two subjects
with MPS II were also diagnosed with von Wilde-brand’s syndrome (#102 and #103). More
detailed subject demographics are included in Table 2. In this small sample there was
considerable variability in disease severity and ambulation. Two subjects had tracheostomies
and hearing aids (#101, 107), one was measured one month status post spinal decompression
surgery (#101). Only one of eight subjects (#106, 12.5%) had a history of fracture, this was
the oldest subject with MPS II, with the mildest disease who was quite active in a variety of
sports. He sustained a shoulder fracture at age 11 subsequent to falling from a bunk bed.

As expected there were some difficulties with obtaining accurate scans by DXA. Some subjects
had non-removable artifacts for the whole body scans (e.g. tracheostomies), difficulty in
optimal positioning for the whole body and hip scans due to contractures and stiff joints.
Additionally, as is shown in Fig. 4, many of the hip scans were poor or non-analyzable, due
either to inadequate mineralization or substantially altered anatomy. As a result, the hip scans
did not contribute to the remainder of the analyses and discussion.

On average spine aBMD Z-scores were within the normal range for chronological age for all
subjects with MPS II (Fig. 5a). Spine aBMD Z-score was low in 3 of 4 subjects with MPS VI,
but normalized in all but one subject (#101), after correction for height-for-age Z-score. Whole
body aBMD Z-scores were also within normal range for chronological age for all subjects with
MPS II (Fig. 5b) and remained so after correction for their mild short stature. Whereas whole
body aBMD Z-scores were notably reduced in two subjects with MPS VI (#107: Z = −2.7;
#108: Z = −3.7). Subject #101, one of the more severely effected patients with MPS VI, had a
particularly dense and large head, which appeared to compensate for reduced bone mineral
content for reduced skeletal size (HAZ = −9.9). When these whole body aBMD Z-scores were
corrected for height-for-age Z-score, their Z-scores normalized. Given the size and density of
the head region for some with MPS VI, the height Z-score adjustment method appears to over
estimate the corrected whole body aBMD Z-score, as observed in patients #105, #107 and
#108; adjusted Z-scores were> + 2.0 for some. The more moderate adjustments for subjects
#101 and #106 were likely the result of their mature age and pubertal status.
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Circulating 25-OH vitamin D levels were in the in-sufficient range (20 to 30 ng/mL) in 3 of 8
subjects, and deficient in four subjects with levels < 20 ng/mL. 25-OH vitamin D was only
above 30, the level considered sufficient for bone health, in one subject who was on high-dose
supplementation. Interestingly, this is the only MPS VI patient (#101) with a normal whole
body scan Z-score which is quite surprising given his notable short stature, height Z-score −9.9.
Overall, 25-OH vitamin D values were low despite the majority of subjects with dietary vitamin
D intakes consistent with current Institute of Medicine recommendations for adequate intake
of vitamin D for healthy populations of 200 IU/day [19]. Additionally, all samples were drawn
between August and October, a season in which the highest level of 25-OH vitamin D is
typically observed in North America. Despite these low circulating values of vitamin D, PTH
was not elevated in any subject.

4. Discussion
4.1. Study A

This pilot study is the first to assess volumetric bone mineral density in patients with MPS
before and after enzyme replacement therapy. In this small sample, we observed that spine
vBMD Z-score was within the normal range for chronological age for all 6 patients prior to
receiving enzyme replacement therapy. Two subjects had slight improvements in Z-score
during the first six months of treatment, one possibly related to vitamin D supplementation.

An interesting finding in this pilot study was the inverse relationship between the change in
spine vBMD Z-score and the change in height (Fig. 3). These preliminary findings suggest that
as a patient’s growth improves on enzyme replacement, there may be a decrease in bone mineral
density Z-score. A similar scenario is commonly reported in healthy children during the
adolescent growth spurt when bone growth precedes mineralization and bone density decreases
[9]. Unfortunately, due to instrumentation and software upgrades, we were unable to follow
these patients after week 144, and therefore, unable to confirm the recovery of vBMD.
Additionally, measurement error, or an increase in joint stiffness cannot be ruled out regarding
the decrease in linear growth observed for subject 43. In order to better inform clinical care
and the potential transitory nature of the BMD deficits, this finding should be reproduced in
larger studies.

Bone densitometry by QCT can be extremely precise and is able to differentiate trabecular
from cortical bone changes, therefore is often more sensitive to small changes subsequent to
an intervention, such as bisphosphonate administration. Additionally, QCT images are less
influenced than DXA by the effects of overlying tissue or abnormal skeletal anatomy such as
spine osteophytes. Central QCT is however, limited to the assessment of only the spine or hip.
In this study, data are available for the lumbar spine only, therefore, we are unable to make
generalizations to whole body bone homeostasis. Another limitation of the study was the higher
radiation exposure a patient receives from an abdominal CT scan for bone densitometry
assessment, approximately 60 μSv for the new scanners in comparison with a DXA scan of 2
μSv. At our institution, this technique is not recommended as a routine tool for assessment and
monitoring bone density unless the patient was to undergo a CT scan for another purpose, such
as in this study. Alternative tools with lower radiation exposure and cost, such as DXA or
peripheral QCT, are preferable for routine clinical assessment.

4.2. Study B
To our knowledge, this is the first study to assess bone mineralization by DXA in young patients
with MPS II and VI. Somewhat to our surprise, we found that patients with MPS II treated
with ERT for at least 20 months, had normal aBMD Z-scores (> −2.0) for chronological age
at the spine and whole body. Patients with MPS VI on ERT had more sizeable deficits in vBMD
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Z-score at the spine and whole body. Unadjusted aBMD appears to be most depleted in older
patients who started ERT perhaps later in life, particularly those with the greatest height
deficits. However, when new techniques are utilized to adjust for the extensive height deficits
observed, aBMD Z-scores improved to within the normal range in all but one subject.

Proximal femur scans proved to be un-analyzable for most of the MPS VI patients and the
younger patients with MPS II. Inadequate hip rotation due to joint contractures and altered
anatomy and hip subluxation due to limited weight bearing contributed to the difficulty of the
manufacturer software to accurately analyze these scans. For the few subjects with relatively
normal anatomical scans, Z-scores were all within the normal range. The lateral distal femur
scan is now considered an alternative scan for many contracted patients that are non-weight
bearing and difficult to position such as those with cerebral palsy. Robust pediatric reference
data are now available for this site and, though it was not assessed in the present study, it may
prove to be a useful alternative site for patients with MPS as well [37].

Others have used the same technology (DXA) to assess aBMD in patients with MPS III and
IV. Rigante et al. published a case report of three patients with MPS III between 11 and 24
years of age [19]. Spine and hip Z-scores were reported in the normal range in the youngest
ambulatory subject. However, the older 2 non-weight bearing subjects had greater reductions
in Z-scores. These Z-scores were not corrected for height deficits. All three subjects had
deficient 25(OH) vitamin D values, though PTH was in the normal range. Two years later, the
same group assessed spine and hip aBMD by DXA in 2 pre-pubertal subjects with MPS IV
[20]. Spine aBMD Z-scores for these children were within the normal range. Hip Z-scores were
more affected than spine. No history of fracture was reported in either case report. They
summarized that immobilization and vitamin D deficiency are likely contributing factors to
decreased aBMD.

Vitamin D deficiency was quite common in our population despite blood sampling at the end
of the summer (87.5% of MPS vs. 31% of healthy local controls). Vitamin D deficiency has
been observed in many other chronic pediatric disorders such as sickle cell disease [4],
thalassemia [34], and cerebral palsy [15]. The relationship between vitamin D sufficiency and
bone mineralization is robust [17], therefore it is interesting that all 4 patients with MPS II had
normal aBMD Z-scores by DXA, regardless of vitamin D insufficiency. What is clear is that
vitamin D insufficiency is common in patients with MPS, despite residence in northern
California. Identification, treatment and monitoring of vitamin D insufficiency according to
current protocols is suggested, not only for bone health but also for extraskeletal effects such
as optimal immune and cardiac function and cancer reduction [24,25].

One limitation of this study is that all subjects were currently prescribed ERT, and bone density
scans were not obtained prior to initiation of enzyme replacement therapy. Given this lack of
a true baseline value, we are unable to determine if the normative values obtained in this
population of subjects existed prior to ERT or resulted from ERT. Additional useful tools to
characterize bone health in this population will be biochemical markers of bone turnover and
inflammation. Those samples have been collected and will be analyzed as part of the ongoing
longitudinal assessments in this cohort of subjects. Future studies should expand upon these
findings and include tools to assess bone strength and fracture risk in vivo, such as peripheral
quantitative computed tomography.

5. Recommendations for assessment of bone density in MPS
• Spine and whole-body aBMD by DXA are reasonable modalities for monitoring bone

mineral density in patients with MPS on enzyme replacement therapy.
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• The relationship between the change in aBMD and growth should be closely
monitored and considered in the interpretation of DXA scans.

• aBMD Z-score should be interpreted with relation to height deficits and/or pubertal
delay, particularly in patients with height Z-score < −2.0 or height < 5th percentile.

• When available, whole body aBMD scan ‘less head’ is preferable to total whole body
aBMD scan, given the relative size of the head and thickness of skull bones in
proportion to the whole body. This is particularly important for patients with MPS
VI.

• Proximal femur scans should not be performed in subjects who are non-
weightbearing, with notable contractures due to incomplete hip rotation and altered
anatomy. These scans should not be performed in patients < 10 years of age due to
inadequate mineralization. These factors limit the predictability and reproducibility
of the scan.
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Fig. 1.
Individual data for volumetric bone mineral density (vBMD, g/cm3) of the spine by QCT in 6
subjects with MPS VI: Phase I/II clinical trial for rhASB (Study A). Solid line: 1.0 gm/kg/wk
dose of rhASB; Dashed Line 0.2 gm/kg/wk dose. Patient #43: patient with vitamin D deficiency
prior to study initiation Patient #50 withdrew from the study at week 32.
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Fig. 2.
Individual data for volumetric bone mineral density (vBMD) Z-score of the spine by QCT in
6 subjects with MPS VI on Enzyme replacement therapy at either 1.0 mg/kg/wk (Solid line)
or 0.2 mg/kg/wk (Dashed line). Low bone mass, defined as Z-score < −2.0, observed in only
one subject at 144 weeks. Patient #50 withdrew from the study at week 32.
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Fig. 3.
Change in Spine vBMD Z-score relative to Percentage Change in Height (cm) with time of
study (24, 96, 144 weeks) in 5 subjects with MPS VI on Enzyme replacement therapy.
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Fig. 4.
Diagnosis of Low Bone Mass in MPS using proximal femur (hip) scans by DXA is complicated
due to poor hip rotation, altered femoral head anatomy and therefore poor analytic
reproducibility.
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Fig. 5.
(a) PA lumbar spine (L1-L4) aBMD Z-score by DXA for chronological age (hashed bars) and
corrected for Height-for-age Z-score (grey bars) in subjects with MPS II and VI. (b) Whole
body aBMD Z-score by DXA for chronological age (hashed bars) and corrected for Height-
for-age Z-score (grey bars) in subjects with MPS II and VI.
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