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Hunter syndrome (mucopolysaccharidosis type II) affects growth but the overall impact is poorly understood.
This study investigated the natural history of growth and related parameters and their relationship with disease
severity (as indicated by cognitive impairment). Natural history data from males followed prospectively in the
Hunter Outcome Survey registry and not receiving growth hormone or enzyme replacement therapy, or before
treatment start, were analysed (N = 676; January 2014). Analysis of first-reported measurements showed
short stature by 8 years of age; median age-corrected standardized height score (z-score) in patients aged
8–12 years was −3.1 (1st, 3rd quartile: −4.3, −1.7; n = 68). Analysis of growth velocity using consecutive
values found no pubertal growth spurt. Patients had large head circumference at all ages, and above average
body weight and body mass index (BMI) during early childhood (median z-score in patients aged 2–4 years,
weight [n = 271]: 1.7 [0.9, 2.4]; BMI [n = 249]: 2.0 [1.1, 2.7]). Analysis of repeated measurements over time
found greater BMI in those with cognitive impairment than those without, but no difference in height, weight
or head circumference. Logistic regression modelling (data from all time points) found that increased BMI was
associated with the presence of cognitive impairment (odds ratio [95% CI], 3.329 [2.313–4.791]), as were in-
creased weight (2.365 [1.630–3.433]) and head circumference (1.749 [1.195–2.562]), but not reduced height.
Unlike some other MPS disorders, there is no evidence at present for predicting disease severity in patients
with Hunter syndrome based on changes in growth characteristics.

© 2016 Published by Elsevier Inc.
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1. Introduction

Hunter syndrome (or mucopolysaccharidosis type II [MPS II];
OMIM# 309900)1 is a rare and life-limiting X-linked recessive lyso-
somal storage disease. The disorder is caused by deficient activity of
the enzyme iduronate-2-sulfatase (EC 3.1.6.13) that is responsible for
breaking down the glycosaminoglycans (GAGs) heparan and dermatan
sulfate within lysosomes [1]. Estimates of birth prevalence range from
approximately 1 in 50,000 live male births in Taiwan [2] and 1 in
77,000 newborn boys in Europe [3, 4] to 1 in 162,000 newborn boys
simon.jones@cmft.nhs.uk
liani@hcpa.edu.br (R. Giugliani),

entral nervous system; ERT, en-
; GH, growth hormone; HOS,
PS, mucopolysaccharidosis; OR,
in Australia [5]. Girls are affected only rarely [6]. Disease-related signs
and symptoms typically begin in infancy and are progressive and
multisystemic in nature, affecting the skin and mucosae, bones and
joints, upper and lower airways, eyes and hearing, heart, liver and
spleen, and central and peripheral nervous systems [1]. Clinical presen-
tation is highly heterogeneous. Although disease severity covers a wide
continuum, for clinical purposes patients are typically considered to fall
into one of two categories: thosewith severe or attenuated disease. The
severe form is characterized by central nervous system (CNS) involve-
ment with progressive cognitive impairment; early onset of disease
and severe somatic manifestations are also typical [7–9]. Individuals
with the attenuated form remain cognitively intact. However, in con-
trast to MPS I for example, patients with the attenuated form of Hunter
syndrome display somatic involvement that can range from severe and
early onset to much less severe with later onset [7–9]. Thus, cognitive
impairment and severe somatic manifestations do not always follow a
parallel course in Hunter syndrome. All patients have reduced life ex-
pectancy [10].
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Individuals with Hunter syndrome are generally larger and heavier
from birth to around 3 years of age than their non-affected peers [9,
11, 12]. In addition, growth velocity has been reported to be greater in
the first years of life, before decreasing to below that of the reference
population and becoming close to zero, even during puberty [13]. The
height deficit becomes clearly apparent during the first decade [6–9,
11, 14–16]. The limited data that are available from several studies
also indicate that patients with Hunter syndrome typically develop a
larger head circumference and are heavier than healthy individuals
[7–9, 11, 12, 14]. However, the impact of Hunter syndrome on growth
is generally poorly understood and requires better characterization.
An analysis of the effects of enzyme replacement therapy in a large pop-
ulation of patients enrolled in the Hunter Outcome Survey (HOS) regis-
try confirmed that a height deficit typically becomes apparent in
untreated patients from approximately 8 years of age, and suggested
that theremay be nopubertal growth spurt [17]. Nonetheless, questions
remain regarding whether there is any association between growth-
related manifestations of Hunter syndrome and aspects such as disease
severity and neurological involvement, and whether patients experi-
ence a normal or near-normal pubertal growth spurt or not.

This analysis aimed to investigate the natural history of height,
weight, body mass index (BMI) and head circumference in the large
group of patients with Hunter syndrome enrolled in HOS, and to deter-
mine whether there is an association between growth and related pa-
rameters and disease severity.

2. Materials and methods

2.1. Survey design

HOS is a global, multicentre, longitudinal, observational registry that
collects data on the natural history of Hunter syndrome and long-term
safety and effectiveness of enzyme replacement therapy (ERT) with
idursulfase (Elaprase®, Shire, Lexington, MA, USA). All patients with a
confirmed diagnosis of Hunter syndrome are eligible for enrolment in
the registry. Each participating centre obtained approval from its local
Ethics Committee or Institutional Review Board before enrolling pa-
tients. Written informed consent for participation was provided by
each patient, their parents or a legal representative. Aswell as collecting
data on patients followed prospectively, retrospective data can be en-
tered on patients who died before enrolment.

Information, including demographic and clinical data, on patients
followed prospectively in the registry is collected from assessment at
HOS entry and at subsequent routine clinic visits at intervals deter-
mined to be necessary by the treating physician. Data from historical
evaluations of these patients may also be recorded. Data entry was con-
ducted as described previously [14]. Quality control checks are per-
formed in conjunction with data analyses. All patient information is
managed in accordance with national data protection standards.

2.2. Patient populations and data collection

As of January 2014, 970 patients were enrolled in HOS, from 118
clinics in 26 countries. Of these patients, 817 were followed prospec-
tively in the registry. This analysis included all natural history data for
male patients followed prospectively in HOS who had not received
idursulfase, and all available data up to 3months after the start of treat-
ment for those receiving idursulfase therapy. This time point was cho-
sen because any effects of idursulfase on growth are not expected to
clinically manifest for at least 3 months. Patients who had received
growth hormone (GH) treatment at any time were excluded from all
analyses, as were those for whom it was not recorded whether or not
they had received GH treatment.

HOS collects information on parameters related to growth retro-
spectively and at subsequent routine clinic visits after entry into HOS.
Height, weight and head circumference are measured according to
standard clinical practice at each centre. BMIwas calculated fromheight
and weight measurements using the standard formula: BMI (kg/m2) =
weight (kg) / (height [m])2 [18]. Data on concomitant medications (in-
cluding GH therapy) are collected at the same time points as othermea-
surements. The presence of musculoskeletal manifestations such as
contractures, joint stiffness and spine and bone deformities at the time
of enrolment in HOS was recorded.

For the purposes of this analysis, the extent of disease severity was
determined based on the presence or absence of cognitive involvement,
which in turn was based on the answer to the question ‘Cognitive im-
pairment: yes/no’ in HOS for the period from birth to HOS entry and
at subsequent visits. Assessment of cognitive impairment by the
healthcare provider was by clinical impression and/or standardized
testing. Patients forwhom the presence of cognitive impairmentwas re-
corded at any time were considered to have cognitive involvement.

2.3. Data analysis

The first-reported raw data values for height, weight and BMI were
plotted against reference data for boys from the USA Centers for Disease
Control [19]. BMI reference data were available only from 2 years of age.
Raw head circumference data were plotted against Nellhaus reference
data [20]. Cubic regression was used to fit the curves to the HOS data.
Age-corrected standardized scores (z-scores; the number of standard
deviations [SDs] from the reference population mean) were calculated
for weight and height for predefined age groups from 2 to 20 years of
age. Data are presented as median with first and third quartiles unless
otherwise specified.

Height velocity was also analysed, to investigate when boys with
Hunter syndrome start to exhibit a reduced growth rate and whether
they experience a pubertal growth spurt. To obtain meaningful data
for the calculation of height velocity from the height measurements
available in HOS (recorded at unequal intervals during routine clinical
practice), only consecutive values having a minimum of 3 months' and
amaximum of 2 years' differencewere included in this part of the anal-
ysis. Height velocity was calculated using these data and the middle
point between the consecutive values was used as the ‘age at height ve-
locity’. Outlying values, defined as those N20 cm/year, were excluded.
All remaining data points were plotted on a scatterplot (865 values
from 275 patients), with the Tanner normal curve included for refer-
ence [21].

Two forms of regression analysis were used to determine whether
there was an association between cognitive involvement and abnormal
parameters of growth: repeatedmeasures analysis to examine the over-
all change over time, and logistic regression modelling using data from
all time points, with occurrence of an extreme value of a growth param-
eter at least once as a covariate.

In the repeated measurements analysis, data from the subset of pa-
tients with at least three measurements available were used. Analyses
using mixed models for repeated measurements were used to fit to
the growth data over time. Linear, quadratic and cubic terms for age
and interaction with the ‘Cognitive impairment: yes/no’ variable were
included in themodel to characterize the relationship between physical
growth and age over time. The differences in least-squares means and
standard errors were summarized.

Individual logistic regressionmodelling analyseswere conducted for
each variable usingdata fromall timepoints. Growthparameter data for
themodellingwere grouped as follows: (i) height, at least onemeasure-
ment less than the 5th centile from normal; (ii) weight (first analysis),
at least one measurement less than the 5th centile from normal; (iii)
weight (second analysis), at least one measurement greater than the
95th centile from normal; (iv) BMI, at least one measurement greater
than the 95th centile from normal; (v) head circumference, at least
one measurement more than 2 SDs above normal. In the models, the
presence or absence of cognitive impairment was used as the outcome
and the growth parameter as the factor. Associations were expressed
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using odds ratios (ORs; ‘Cognitive impairment: yes’ over ‘Cognitive im-
pairment: no’) and 95% confidence intervals (CIs). Individual analyses
were conducted for each parameter.

3. Results

3.1. Patient population

Overall, 676 patients were included in this analysis (median age at
last visit, 12.0 years; first and third quartile, 7.5 and 17.9 years). Of
these, 322 were classified as having cognitive impairment and 336
were considered to have no cognitive impairment (Table 1; information
missing for 18 patients). Overall, the median age at diagnosis was 3.3
(2.0; 4.9) years. Age at diagnosis was slightly lower in those with cogni-
tive impairment than in those without: 3.0 (2.0; 4.1) and 3.8 (2.0; 5.8)
years, respectively. Median age at HOS entry was 8.3 (4.5; 14.1) years
and was also lower in those with cognitive impairment (7.7 [4.6; 12.2]
years) than in those without (9.9 [4.2; 16.9] years). Median age at last
cognitive assessment was 11.1 (7.0; 16.6) years; this was also lower in
those with cognitive impairment (10.7 [7.2; 14.7] years) than in those
without (12.2 [6.5; 19.9] years). Skeletal manifestations were recorded
as being present before HOS entry in 90.2% of the overall patient popu-
lation, and in 93.5% and 89.0% of those with and without cognitive im-
pairment, respectively. In total, 21.0% (142/676) of the overall patient
group in this analysis were recorded as having entered puberty (median
age at first-reported puberty, 14.2 [9.3; 20.1] years). Information on ‘Pu-
berty: yes/no’was missing for 26.6% of patients. The proportion of indi-
viduals recorded as having entered puberty was similar in those with
cognitive impairment (20.8%; information missing for 21.4%) and
those without cognitive impairment (22.0%; information missing for
28.3%).

3.2. Analysis of the natural history of growth

Descriptive data for first measures of height, weight, BMI and head
circumference in patients in this analysis are shown in Fig. 1; z-scores
by age group are summarized in Table 2. Cross-sectional analysis of
height showed that short stature relative to non-affected peers was ap-
parent by 8 years of age (Fig. 1a; median z-score in patients aged
8–12 years, −3.1).

Patients were typically heavier than their non-affected peers until
approximately 9 years of age, whereas older patients weighed substan-
tially less than their peers (Fig. 1b; median z-score in patients aged
12–16 years and 16–20 years, −2.8 and −3.7, respectively). BMI was
Table 1
Demographics and baseline characteristics of patients in this analysis.

N Ov

67

Age at onset of symptoms, years Median (Q1; Q3) 1.
n 55

Age at diagnosis, years Median (Q1; Q3) 3.
n 65

Delay between onset of symptoms and diagnosis, years Median (Q1; Q3) 1.
n 54

Age at last visit, years Median (Q1; Q3) 12
n 67

Age at HOS entry, years Median (Q1; Q3) 8.
n 67

Age at last cognitive evaluation reported in HOS, years Median (Q1; Q3) 11
n 65

Any skeletal manifestation before HOS entry n (%) 61
Entered puberty (as recorded in HOS) Yes (%) 14

No (%) 35
Missing (%) 18
n 67

HOS, Hunter Outcome Survey; N/A, not applicable; Q1, first quartile; Q3, third quartile.
a Information on cognitive impairment was missing for 18 patients; data from these patient
above average throughout childhood until approximately 14–16 years
of age (Fig. 1c;median z-score did not exceed 2.0 for any age group). Pa-
tients in HOS generally had above-average head circumferences at all
ages (Fig. 1d).

Analysis of growth velocity using consecutive measures revealed a
decrease in growth rate from approximately 2.5 years, dropping
below the lower limit of normal at approximately 7 years of age
(Fig. 2). This analysis showed no evidence of a pubertal growth spurt.

3.3. Regression analysis and the association of cognitive impairment with
abnormal parameters of growth

Regression curves of data from the subset of patients with at least
three measurements available indicated that patients with cognitive
impairment were slightly shorter than those without cognitive impair-
ment; however, this difference was not considered clinically significant,
and both groups of patients had short stature from the age of approxi-
mately 8 years (Fig. 3a). This analysis did not find any difference in
weight between the two groups (Fig. 3b). However, whilst BMI was
above average in both groups of patients (Fig. 3c), those with cognitive
impairment had a greater BMI than those without cognitive impair-
ment. This difference was apparent from a very young age and was
maintained until at least 19 years of age. There was no difference in
head circumference between those with and those without cognitive
impairment (Fig. 3d). Head circumference was generally large,
returning to near-normal when patients were in their mid-teens.

However, logistic regression modelling using data from all time
points indicated an association between the presence of cognitive im-
pairment and occurrence of increased weight at least once (OR, 2.365
[95% CI, 1.630–3.433]), BMI (3.329 [2.313–4.791]) and head circumfer-
ence (1.749 [1.195–2.562]), but not reduced height (0.947
[0.669–1.339]) (Table 3).

4. Discussion

This is the first comprehensive analysis of the natural history of
growth-related parameters and their relationship with disease severity
in a large number of patients of many nationalities with Hunter syn-
drome. Our results demonstrated short stature after approximately
8 years of age, large head circumference at all ages and increased body
weight and BMI during early childhood, supporting previous reports
that were generally from smaller, country-specific populations [9,
11–13, 17]. In addition,we performed a formal analysis of growth veloc-
ity that demonstrated a drop in growth rate from the age of
erall ‘Cognitive impairment: yes’a ‘Cognitive impairment: no’a

6 322 336

5 (0.8; 3.0) 1.2 (0.6; 2.4) 2.0 (1.0; 3.5)
2 284 260
3 (2.0; 4.9) 3.0 (2.0; 4.1) 3.8 (2.0; 5.8)
0 316 320
1 (0.3; 2.7) 1.2 (0.3; 2.7) 1.0 (0.2; 2.7)
7 283 256
.0 (7.5; 17.9) 11.6 (7.9; 15.3) 13.1 (7.2; 20.6)
6 322 336
3 (4.5; 14.1) 7.7 (4.6; 12.2) 9.9 (4.2; 16.9)
6 322 336
.1 (7.0; 16.6) 10.7 (7.2; 14.7) 12.2 (6.5; 19.9)
8 322 336
0/676 (90.2) 301/322 (93.5) 299/336 (89.0)
2 (21.0) 67 (20.8) 74 (22.0)
4 (52.4) 186 (57.8) 167 (49.7)
0 (26.6) 69 (21.4) 96 (28.3)
6 322 336

s are not included in these columns of the table.



Fig. 1. Descriptive analysis of first measurements of height, weight, BMI and head circumference in untreated patients or before start of ERT in boys with Hunter syndrome. HOS data are
presented relative to reference data for boys from the 2000 US Centers for Disease Control Growth Charts [19, 54], except for head circumference, which is plotted relative to Nellhaus
reference data [20]. Cubic regression was used to fit the smoothing curve to the HOS data. BMI, body mass index; ERT, enzyme replacement therapy; HOS, Hunter Outcome Survey;
SD, standard deviation.
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approximately 2.5 years and indicated that boys with Hunter syndrome
do not experience a normal pubertal growth spurt, confirming a similar
observation in MPS II [13] and in line with reports for other MPSs [22,
23]. Using regression analysis approaches, we have demonstrated for
the first time that the presence of cognitive involvementwas associated
with increased BMI in patients in HOS, and that increased weight and
head circumference were more likely to occur in those with cognitive
involvement than in those without. However, we did not find an associ-
ation between the presence of cognitive involvement and impaired lin-
ear growth, consistentwith results from a previous analysis of HOS data
[17]. Our findings are also broadly consistent with the few other pub-
lished analyses investigating growth-related parameters and disease



Table 2
Median z-score by age group for first measurements of height, weight and BMI in un-
treated patients or before the start of ERT in boys with Hunter syndrome.

Age group at first measure z-Score for first measurement

Height Weight BMI

2–4 years n 251 271 249
Median 0.5 1.7 2.0
Q1; Q3 −0.4; 1.4 0.9; 2.4 1.1; 2.7

N4–8 years n 143 160 143
Median −0.9 0.7 1.6
Q1; Q3 −1.9; −0.1 −0.1; 1.3 1.0; 2.1

N8–12 years n 68 75 68
Median −3.1 −1.0 1.0
Q1; Q3 −4.3; −1.7 −1.8; −0.3 0.4; 1.5

N12–16 years n 36 43 34
Median −4.2 −2.8 0.1
Q1; Q3 −5.0; −2.8 −3.6; −1.4 −0.3, 0.7

N16–20 years n 28 32 27
Median −4.5 −3.7 0.4
Q1; Q3 −5.8; −3.1 −5.4; −2.0 −0.5, 0.8

BMI, body mass index; ERT, enzyme replacement therapy; Q1, first quartile; Q3, third
quartile.

442 R. Parini et al. / Molecular Genetics and Metabolism 117 (2016) 438–446
severity in Hunter syndrome, which found short stature and large head
circumference in both the severe and attenuated forms of the disease,
with slightly earlier onset of short stature in those with the severe
form [9, 12].

The underlying causes of growth impairment in Hunter syndrome
and the other MPSs are not well understood. It has been hypothesized
that GAG storage triggers a complex pathogenic cascade of abnormal bi-
ological mechanisms such as disruption of the extracellular matrix [24],
alteration of signal transduction pathways,modulation of cytokines and
other inflammatory mediators, and alteration of the intracellular
targeting pathways, endocytosis, apoptosis and autophagy [25]. In the
recent past, many studies on various MPS animal models have shown
early abnormalities of chondrocyte organization in the growth plate
and architecture of cortical bone [24–30]. These findings may partially
help in understanding reasons for growth failure in Hunter syndrome.

Our finding that abnormal linear growth in patients with Hunter
syndrome in HOS is independent of cognitive involvement, which
might be expected to be associated with more severe and rapidly
progressing somatic disease, is in contrast to what is known in many
of the otherMPSs; for example, rapidly progressing disease is associated
with short stature in patients withMPS IV orMPS VI [22, 31]. For clinical
purposes, patients with these latter MPSs are therefore often divided
into two groups according to whether they exhibit rapid or slow linear
growth. An important implication of the findings in our analysis is that
this approach of using growth characteristics to predict disease severity
may not apply in Hunter syndrome. Disease severity in MPS IV andMPS
VI has been reported to correlate with age-adjusted levels of the
Fig. 2. Analysis of height velocity in untreated patients or before the start of ERT in boys with
Outlying values in the HOS data, defined as those N20 cm/year, were excluded from this anal
replacement therapy.
appropriate urinary GAGs as well as with growth impairment [22, 23,
31–33], but this is also generally considered not to be the case in Hunter
syndrome [1, 9, 34]. Taking into consideration that patients withMPS III
store only heparan sulfate and have normal linear growth but severe
CNS damage [35], whereas patients with MPS VI store only dermatan
sulfate and have reduced growth but no CNS damage [22], we may hy-
pothesize that in MPS II dermatan sulfate levels could be related to
growth whereas heparan sulfate levels may impact intellectual devel-
opment. Recently developed tandem mass spectrometry techniques
that enable differentiation of dermatan and heparan sulfate will be use-
ful in determining whether levels of these specific GAGs are associated
with disease severity (either somatic or neurological) in patients with
Hunter syndrome [36–38]. The implications of the various parallels
and differences described above for our understanding of the patho-
physiology of the MPSs remain to be seen. Of note, it has been reported
that joint range of motion (JROM) in patients with Hunter syndrome
correlates with height z-score, and that restriction of JROM is more pro-
nounced in those with the severe form of the disease [5]; however, the
implication that a height deficit therefore correlates with neurological
involvement is not supported by our results. It would be interesting in
future to determine the association or otherwise of other somatic man-
ifestations of Hunter syndrome with the presence of cognitive
impairment.

The lack of a pubertal growth spurt appears to be a common feature
of Hunter syndromeandMPSs I, IV andVI [13, 22, 23, 39]. Normal height
gain has been reported to shift from being primarily in the legs during
late childhood to being predominantly in the trunk by the second half
of puberty [40, 41]. Poor spinal growth has also been identified as the
cause of progressive growth failure in young children with MPS-IH fol-
lowing a bone marrow transplant [42]. However a very sophisticated
study about various components of growth shows that both leg and
trunk growth contribute to the pubertal growth spurt in the normal
child [43]. Further studies, including measurement of sitting height as
well as full height, are needed to investigate whether spine and legs
contribute differently to growth of MPS II patients during puberty, or
if both of these components are affected due to impaired response to
hormonal stimuli, perhaps resulting from progressive chondrocyte
GAG storage and consequent disruption of tissue structure and inflam-
matory responses. Little is known in general about the characteristics
of puberty in Hunter syndrome, for example whether age of onset dif-
fers with disease severity. Further analysis using data in HOS was not
possible owing to the low number of patients with additional informa-
tion recorded in the database, limitations associatedwith how the pubic
hair and breast/genital Tanner stage data are captured, and the large
number of confounding factors for analyses of variables such as age at
first-reported puberty.

We found that patients with Hunter syndrome were heavier than
their peers until approximately 9 years of age, and that BMI was high
Hunter syndrome. Height velocity was plotted relative to the Tanner normal curve [21].
ysis of height velocity. Data plotted comprise 865 values from 275 patients. ERT, enzyme



Fig. 3. Regression curves of repeated measurements analysis of the influence of cognitive impairment on height, weight, BMI and head circumference in untreated patients or before the
start of ERT in boys with Hunter syndrome. Repeated measurements using linear, quadratic and cubic regression lines to fit growth data over time by age and split by ‘Cognitive
impairment: yes’ versus ‘Cognitive impairment: no’ using the subset of patients with at least three measurements available. Data are from untreated patients or were collected before
the start of ERT. HOS data presented relative to reference data for boys from the 2000 US Centers for Disease Control Growth Charts, except for head circumference, which is plotted
relative to Nellhaus reference data. BMI, body mass index; CI, confidence interval; ERT, enzyme replacement therapy; HOS, Hunter Outcome Survey; Δ, difference (patients without
cognitive impairment compared with those with cognitive impairment).
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until around 14–16 years of age. The reasons for these patterns are not
fully understood but low levels of physical activity, coupled with early
reduced growth velocity and subsequent reduced height, may play a
role. Although our logistic regression modelling found an association
between the presence of cognitive involvement and increased weight,
the differencewas not large andwas not apparent in the repeatedmea-
surements regression curves. However, both forms of analysis found
that cognitive impairment was associated with increased BMI, which
was evident from 2 years of age and persisted into adulthood. This find-
ing at such a young age was unexpected, as neither the level of physical



Table 3
Univariate logistic regression analysis of the association between the presence of cognitive impairment and differences in growth parameters compared with reference populations.

Growth
parameter

Cohort 1 definition Cohort 2
definition

Observations used,
number of patients
(number of events)

OR (‘Cognitive impairment:
yes’ over ‘Cognitive
impairment: no’)a

95% CI lower
OR

95% CI upper
OR

p value

Reduced height At least one height b 5% All height N 5% 514 (275) 0.947 0.669 1.339 0.756
Reduced weight At least one weight b 5% All weight N 5% 567 (305) 0.665 0.456 0.969 0.034
Increased weight At least one weight N 95% All weight b 95% 567 (305) 2.365 1.630 3.433 b0.0001
Increased BMI At least one BMI N 95% All BMI b 95% 510 (275) 3.329 2.313 4.791 b0.0001
Increased head
circumference

At least one head
circumference N 2SDs

All head circumference b 2SDs 441 (231) 1.749 1.195 2.562 0.004

BMI, body mass index; CI, confidence interval; OR, odds ratio; SD, standard deviation.
a The odds of having cognitive impairment versus no cognitive impairment for patients with cohort 1 characteristics as opposed to individuals with cohort 2 characteristics.
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activity during the first few years of life nor the feeding patterns at this
age are expected to differ according to future progression to cognitive
impairment. However, hyperorality can be seen from a young age in pa-
tients with severe Hunter syndrome (authors' clinical experience) and
has also been reported in MPS IIIa [44]. This may be one possible expla-
nation, in conjunction with reduced physical activity and worsening of
musculoskeletal functions over time. One further area for consideration
is the potential connection between obesity, low-grade inflammation
and activation of the innate immune system. GAG accumulation stimu-
lates an inflammatory cascade involving toll-like receptor 4 (TLR4) and
tumour necrosis factor-alpha (TNF-α) [30, 45]. The latter has been hy-
pothesized to provide a link between inflammation and obesity [46],
and it is possible that this pathway is a factor in the patterns of weight
seen in children with Hunter syndrome.

Patients in HOS of all ages had a large head circumference. Whilst
our repeated measures analysis found no difference in head circumfer-
ence with disease severity, logistic regression modelling demonstrated
that this characteristic wasmore frequently observed in thosewith cog-
nitive impairment than in those without. Large head circumference per
se has not previously been associated with CNS involvement in patients
withHunter syndrome [9], and inmost cases the pathophysiology is un-
known. Although a thickened skull may contribute in some patients,
there are likely to be further factors involved. White matter lesions,
brain atrophy and hydrocephalus are known to be more common in
Hunter syndrome patients with cognitive impairment than without
[47–51]. The neurodegenerative course that is often observed in cogni-
tively impaired patients with Hunter syndrome is usually associated
with micro- rather thanmacrocephaly in other diseases; the brain atro-
phy and loss of brain volume in cognitively impaired patients with
Hunter syndrome also suggests that the large head circumference is in-
dependent of brain growth. Head growth mostly occurs in the first few
years of life [20], which is not only before the defect in linear growth be-
comes apparent in patients with Hunter syndrome but also when other
growth parameters tend to be greater than in reference populations.
Whether this reflects commonality in underlying pathophysiology re-
mains to be determined. Finally, hydrocephalus is a well-recognized
cause of macrocephaly in the normal population [52], but is, however,
thought to account for only a small percentage of cases in Hunter syn-
drome. Overall, there is no evidence that large head circumference is a
clinical predictor of CNS involvement in patients with Hunter syn-
drome. Further work is required to fully understand the implications
of our logistic regression modelling results, for example whether there
are sub-groups of patients who have a particularly large head
circumference.

It is important to consider the limitations of the current analysis.
Patient enrolment and data entry and collection in the HOS registry
are at the discretion of participating physicians, and only informa-
tion collected during routine clinical practice according to the
standards of each centre is included. As with any registry, data col-
lection may therefore have certain biases and limitations. For exam-
ple, height may be measured using different methods at different
centres. Nonetheless, calculations of changes in height and growth
rate are expected to be accurate due to use of a single method within
any given centre [17]. It should also be noted that the accuracy of
height measurements may be affected by features of Hunter syn-
drome such as early-onset musculoskeletal abnormalities (including
contractures, joint stiffness and spine and bone deformities) [53] and
behavioural difficulties. For this analysis, we used the ‘Cognitive im-
pairment: yes/no’ question in HOS to divide patients into two groups
according to CNS disease severity. This approach has been used pre-
viously [17] but we would like to highlight the subjective nature and
limitations of this approach, particularly in the context of the broad
spectrum and variability of disease in Hunter syndrome [10]. We
also considered the possibility that some patients were too young
for cognitive impairment to be apparent, but the age breakdown at
last cognitive assessment indicated that this was not likely to be a
confounding factor (see Appendix A). As the registry grows and
our understanding of the disease improves, it may become possible
to find other means of achieving this type of analysis from data in
HOS.

Despite the inherent limitations described above, there are counter-
benefits to registry data. These include the ability to follow a large,
mixed-ethnicity population over a long period of time, and that the
data reflect real-world clinical practice. As such, data collected in HOS
provide an important contribution to our knowledge of the natural his-
tory and management of Hunter syndrome.
5. Conclusions

In summary, our findings show that enlarged head circumference,
increased weight and increased BMI are more common in patients
with MPS II with cognitive impairment than in those without, and con-
firm that short stature in patients with Hunter syndrome is not associ-
ated with cognitive status. In addition, we demonstrated short stature
after approximately 8 years of age, large head circumference at all
ages and increased body weight and BMI during early childhood. We
also found no evidence of a pubertal growth spurt. This description of
growth and associated parameters in untreated patients with Hunter
syndrome will be a useful basis for future analyses of treatment effects.
Importantly, our results indicate that, unlike other MPS disorders, there
is no evidence at present that changes in growth characteristics should
provide a basis for prediction of disease severity or indicate prognosis in
patients with Hunter syndrome.
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Appendix A. Age distribution at time of last cognitive category

Table A1 Age distribution of patients in this analysis at time of last cognitive evaluation
being recorded in HOS.
N

A

Overall
 ‘Cognitive
impairment:
yes’
‘Cognitive
impairment:
no’
676a
 322
 336
ge at last cognitive
evaluation
reported
in HOS, n (%)
0–2 years
 26 (4.0)
 4 (1.2)
 22 (6.5)

3–5 years
 111

(16.9)

56 (17.4)
 55 (16.4)
6–11 years
 218
(33.1)
128 (39.8)
 90 (26.8)
12–17
years
167
(25.4)
96 (29.8)
 71 (21.1)
18–29
years
100
(15.2)
34 (10.6)
 66 (19.6)
≥30 years
 36 (5.5)
 4 (1.2)
 32 (9.5)
HOS, Hunter Outcome Survey.
a Information on cognitive impairment was missing for 18 patients; data from these

individuals are not included in the table.
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