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A B S T R A C T

The natural history of cognitive growth in the neuronopathic form of Mucopolysaccharidosis type II (MPS II) is
not well defined especially their patterns of development and decline. The ability to predict the developmental
course of the neurologically impaired patient is necessary to assess treatment outcomes aimed at the brain.
Thirteen intravenous enzyme replacement therapy-treated Japanese patients with neuronopathic MPSII who had
mutation analysis were followed on one standard measure of cognitive development over time. Six children in
Group MS had missense mutations and 7 children in Group NT had null type mutations such as deletions,
recombination with the pseudogene, and nonsense mutations. The patients as a whole demonstrated cognitive
growth until about 36–42 months of age, followed by a plateau in development. The mean age equivalent score
at age 3 was similar to that at age 6. While the decline was slow for the entire group, the patients in Group NT
showed a more rapid decline than those in Group MS. Two patients with deletions showed decline to a very low
level by age 5. The long plateau in cognitive development in patents with MPS II was substantiated and was
consistent with other studies. This is the first demonstration that different mutation types within the neurono-
pathic MPS II patients are associated with different rates of decline. We also were able to identify the chron-
ological age before which a trial would need to start in order to maintain cognitive growth and a ceiling beyond
which a relatively normal outcome would not be likely.

1. Introduction

The natural history of cognitive growth in the progressive neuro-
nopathic form of Mucopolysaccharidosis type II (MPS II) is poorly de-
fined due to the lack of data for children under four years of age and
associations between mutation analysis and cognitive assessments. This
study provides such data for 13 patients, clarifying the early course and
the timing of decline. As new treatments designed to treat the central
nervous system problems in brain are being developed and tested in
clinical trials, the need for cognitive natural history of MPS II as a
comparator is crucial [1]. The ability to predict the developmental
course of the patient is necessary to assess treatment outcomes. The
data presented here augments the data already in the literature about
the cognitive developmental course in neuronopathic MPS II and will

provide new information about patterns of decline among neurono-
pathic patients with various mutation types.

MPS II is an X-linked disorder defined by a deficiency of idur-
onidate-2-sulfatase resulting in accumulation of dermatan sulfate and
heparan sulfate [2]. Two forms have been described [3]; both the
neuronopathic form and the non-neuronopathic form are characterized
by significant somatic disease affecting almost all bodily systems.
Manifestations include hepatosplenomegaly, abnormal facies, joint
stiffness, skeletal deformity, cardiac disease, lung disease, commu-
nicating hydrocephalus, and hearing loss [2]. The neuronopathic form
has been characterized by relatively normal development in the first
two years, increased slowing of cognitive development until age 5, and
then a halt in the acquisition of new skills [4,5]. Variability in the
timing of the halt in cognitive development and decline has been
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described clinically but not documented. Unlike patients with the other
neuronopathic MPS disorders such as MPS IH and MPS III, some pa-
tients with MPS II appear to have a prolonged plateau of undefined
length [6]. Other questions include whether some patients rapidly de-
cline, whether eventual decline in skills is inevitable, and what the rate
of decline might be. Both hydrocephalus and almost universal hearing
loss also affect cognitive development, occurring in both forms the
neuronopathic and non-neuronopathic forms of the disease [2].

No method can definitively predict whether a patient is neurono-
pathic or not. Biomarkers are not completely predictive, although, in
general, GAGs are higher in children with the neuronopathic form [7].
MRI in early development has not been shown to differentiate the two
forms until later in development when brain atrophy signals advanced
neuronopathic disease [8]. Another specific characteristic of the neu-
ronopathic form is behavioral abnormality which has been noted at the
approximate time of cognitive change, although that timing has not
been carefully documented [5].

Kosuga et al. [9] and a host of other authors [10–26] have found
that deletions, recombination, frameshift and in most but not all cases,
nonsense mutations are associated with severe forms of the disease.
This literature also points to a subset of missense mutations that also
lead to severe forms, while the majority of missense mutations result in
attenuated disease. To classify patients into those who were more likely
to decline at a more rapid rate, for our sample of severe neuronopathic
patients, we separated the missense mutations from those with null
mutations, deletions, and recombination to examine whether their
patterns of cognitive decline would differ.

2. Methods

Subjects: Thirteen Japanese neuronopathic patients with MPSII
were enrolled in this study. All were treated with enzyme replacement
therapy (ERT). As enzyme administered intravenously does not cross
the blood-brain-barrier, the cognitive status of the patient can be as-
sumed not to be affected by this treatment. The diagnosis of MPSII was
carried out based on enzyme activity of iduronate-2-sulfatase in leu-
kocytes in addition to concentration of urinary glycosaminoglycans

(GAGs). We recruited 13 already ascertained male patients with neu-
ronopathic MPSII for this study. They all had received the Kyoto Scale
of Psychological Development [27] administered by several different
centers which regularly see children with rare diseases.

Subjects were divided into two groups based on literature findings;
those with missense mutations, hypothesized to be somewhat milder,
and those with deletions, recombination, and nonsense mutations,
thought to be more severe. In group MS, six patients had the following
missense mutations: G140V, K234N, R468Q, R88H, K236N, and
Q121R. In Group NT, there were three patients with recombination
with pseudogene IDS2 [27], one patient with a single base deletion
(del163G), two patients with nonsense mutations (W337*, Y242*), and
one patient with a gene deletion including all exons of IDS gene, re-
spectively. Group NT was hypothesized to have a more severe clinical
course.

Cognitive ability was evaluated by Kyoto Scale of Psychological
Development (KSPD). All subtests were used to calculate the develop-
mental age. The KSPD [27,28] is a standardized developmental as-
sessment tool, developed and widely used in Japan for all age groups.
To demonstrate its relationship to other more commonly used measures
for very young children, it has been compared to the Bayley Scales of
Infant Development III (BSID-III) in infants who were seven and
18 months of age. At 18 months the KSPD was shown to be significantly
correlated with Bayley Scale cognitive age equivalents and DQ as well
as motor skills, but not language and social skills [29]. An additional
study suggests it correlates highly with the Japanese version of the
Stanford Binet Intelligence Scale (Tanaka-Binet) in children with per-
vasive developmental disorder [30]. It was suggested to be an example
of an alternative test for the BSID-III by the Consensus Conference on
Cognitive endpoints [1].

To analyze the relationship between the developmental and
chronological age of each group (MS and NT), we used a linear mixed-
effects model, where random intercept, group (MS and NT), age-in-
month (linear, quadratic, cubic), and interaction of group and age-in-
months were included to this model. Least squared means of develop-
mental age by the group for each age-in-months were estimated based
on this model. In addition, both age equivalent scores and

Table 1
Age and cognitive ability assessment in Group MS and Group NT patients with means and standard deviations.

Chrono-
logical age at
baseline

Chrono-
logical age at
last visit

Number of
visits

Develop-
mental age at
baseline

Develop-
mental age at
last visit

Change in
develop-
mental age

Elapsed time
from baseline to
last visit

Develop-mental
quotient
baseline

Develop-mental
quotient last
visit

Group Group MS
1.G140V 28 47 6 24 26 2 19 86 55
2.K234N 15⁎ 78 12 11 39 28 63 73 50
3. R468Q 45 116 9 30 27 −3 71 67 23
4. K236N 46 60 3 36 38 2 14 78 63
5. R88H 37 69 3 18 19 1 32 49 28
6. Q121R 30 95 8 18 16 −2 65 60 17

Mean 37.2 77.5 6.8 22.8 27.5 4.7 44.0 68.8 39.4
Standard deviation 8.3 24.9 3.5 9.1 9.5 11.6 25.3 13.3 19.2
Group NT
1. W337X 43 90 7 22 20 −2 47 51 22
2.Y242X 36 64 3 15 19 4 28 42 30
3. 163delG 22 83 7 18 12 −6 61 82 14
4. Whole gene
deletion

34 78 10 24 12 −12 44 71 15

5. Recom-bination
with IDS 2

35 56 2 23 26 3 21 66 46

6. Recom-bination
with IDS 2

39 54 2 19 21 2 15 49 39

7. Recom-bination
with IDS 2

6⁎ 58 8 5 34 29 52 83 59

Mean 34.8 69.0 5.6 18.0 20.6 2.6 38.3 63.4 32.2
Standard deviation 7.1 14.5 3.2 6.5 7.7 13.0 17.1 16.4 16.7

All timed data is in months with the exception of gain/loss which is calculated by year.
⁎ child is under 1.5 years of age
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developmental quotients were plotted by chronological age for both
groups.

3. Results

Table 1 provides details regarding individual patient data, chron-
ological age at baseline and last visit, mutation type and group mem-
bership (group MS or group NT), age equivalent scores (developmental
ages) and developmental quotients at baseline and last follow-up. Also,
number of visits and elapsed time between baseline and last visit for
each patient are documented.

Groups MS and NT show no difference in mean age. All patients in
group MS demonstrate little change in developmental age over time, all
falling within 3 months gain or loss with the exception of patient MS2
who was the youngest in that group at baseline (15 months) who
continued to show cognitive developmental gain over time. In group
NT, with the exception of patient NT7 (who was 6 months of age and
showed a developmental gain) and patient NT4 (who lost cognitive
skills), patients also showed little change over time. The results indicate
that the Group MS has a slightly slower cognitive developmental de-
cline than group NT. The calculated overall p value between difference
in change of developmental age Group MS and Group NT was calcu-
lated to be p = .00033. Age equivalent scores (developmental ages) for

the two groups are plotted in Fig. 1.
Case results: Group MS, consisting of patients with missense muta-

tions, had a variable course. Patient MS2 with the K234N mutation, was
the highest functioning of all 13 patients. He showed marked growth up
to 39 months of age (chronological age, CA) at which time he was
functioning at 42 months (age equivalent scores, AEq). But after
39 months (CA), he gained only 6 months in age equivalent score in the
next 29 months up until his last visit at 78 months old (CA). Patient
MS4 with the K236N mutation, was followed from 46 to 60 months
(CA) and neither gained or lost skills. These two patients, while sig-
nificantly impaired relative to their peers, demonstrate a plateau in
skills after 36 months (CA) but no documented decline. The other four
missense patients were functioning at a much lower level (at a
30 months AEq level or less) but did not vary more than 3 age
equivalent months from their baseline score which is likely to represent
the limits of measurement error. Patient MS6 with the Q121R mutation,
was followed for a total of 65 months from age 30 months to 95 months
(CA); he was functioning at 18 months (AEq) at baseline and 16 months
(AEq) at last follow-up. The plateau in development in which the pa-
tient did neither loss or gain skills was noted up to 65 months (CA). The
remainder of the missense mutation patients also demonstrated this
plateau.

In Group NT, patient NT7 with a recombination, was first assessed

Fig. 1. (a) Growth curve of the developmental age of each patient. (b) Growth curve of the developmental age by the group. The growth curve was estimated by the
least squared means based on the linear mixed-effect model. X and Y axis indicates actual chronological age and the developmental age, respectively. Dashed and
solid lines were in group MS and NT, respectively. Linear curves with lighter colors show individual developmental age for each visit.
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at 6 months (CA) and was within normal limits. He continued to gain
skills until 42 months (CA). He only had one visit afterwards at
58 months (CA), but he lost 6 months of skills. Two other patients NT5
and NT6 who were 35 and 39 months (CA) at baseline were stable, but
very low in AEqs over a 15–20 month period. Similarly, the patients
with nonsense mutations were quite low functioning, starting from 36
and 43 months AEqs, neither losing skills over the period they were
followed (28 to 47 months CA).

Patients NT3 and NT4 with deletions showed a similar pattern, one
initially stable from 22 to 60 months (CA) and the other from 34 to
59 months (CA). Both declined after this and by the time they were 83/
78 months (CA), they were functioning at a 12 months AEq level. This
may be due either to their genotype or as a result of the long period
they were followed. The three patients who were followed who were
older than 6.5–7.5 years of age functioned at a very low level in group
NT (12, 12, and 20 months DA), but slightly higher in group MS (39, 16,
27 DA).

Developmental quotients did not separate out those who were still
developing as clearly as age equivalents did, as all patients showed
steady decline relative to same age peers. Fig. 2 demonstrates the
steady downward trajectory of developmental quotients but does not
reveal the early addition of cognitive skills in the youngest patients.

4. Discussion

Studies from many countries of genotype/phenotype correlations
have documented that patients with deletions, recombination, frame-
shifts, and splicing abnormalities usually have a severe phenotype
[9–26]. Also, severe phenotypes may be associated with most but not
all nonsense mutations. Some nonsense mutations such as R443*, R8*,

and Y103* are associated with intermediate or attenuated disease
[9,10,13,17,18,24,25]. Missense mutations are even more problematic
because there are many associated with the neuronopathic phenotype.
Kosuga et al. [9] found of children with 33 missense mutations, 21 were
non-neuronopathic. In addition, of the 8 nonsense mutations, 6 were
neuronopathic. From these studies, severity can be predicted for dele-
tions, recombination, frameshifts and splicing mutations. Because of the
many private mutations, heterogeneity, and uncertainty regarding
phenotype, prediction of the phenotype from the genotype is uncertain
in many cases but it will be of increasing importance in clinical trials
with new treatments to determine the patient's developmental trajec-
tory.

Of reported studies of genotype/phenotype correlation, only two
[21,26] had objective measurements to document severity. Even in
these two cases, criteria varied. Only in the study by Vollebregt et al.
[26], did neuropsychological testing contribute to the classification. In
all other studies, clinical judgment of developmental delay was used.
Using objective criteria is particularly crucial in the case of inter-
mediate severity in which no specific demarcation criteria exists be-
tween intermediate and mild or severe cases. In our study, this need for
objective measurement was addressed through the use of the KSPD at
every visit for these patients.

Importantly, these studies in the literature do not examine the
cognitive developmental trajectory of various levels of severity asso-
ciated with mutation type. While the trajectories can distinguish atte-
nuated from neuronopathic, we wanted to know whether the patterns
of decline of the more predictably neuronopathic mutations, as in
Group NT, were different from those with the missense mutations in
Group MS. While we can say that a difference is supported by our data,
especially for the patients with deletions, is the difference sufficient to

Fig. 1. (continued)
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alter expectations for these two groups in a clinical trial? We clearly
need a larger subject group to verify these results.

This may be the first study of differing patterns of cognitive devel-
opment in neuronopathic patients by mutation type with actual as-
sessments on one instrument. The other longitudinal studies such as
Holt et al. [5] and Young et al. [31] have examined developmental
trajectories, but both relied on multiple instruments. While they are
consistent with the findings in our overall group, the overall levels are
higher in the Young et al. study and lower in the Holt et al. study. This
may be due to the effects of the measures, differing patient ascertain-
ment or samples, or differing incidences of mutations as our study was
in Japan, the Young et al. study in the UK, and the Holt et al. study in
the US.

For the entire group, our results demonstrate the cognitive clinical
course of genetically defined patients with MPS II. The range of
chronological age which our patients received KSPD is from 6 to
116 months as described in Table 1. All patients continued to add skills
through age 3. There were two very young patients who continued to
show cognitive growth. One patient, recruited at 15 months CA in
Group MS, demonstrated a significant increase in AEq scores prior to
ceasing development at 39 months CA, varying from 36 to 42 months
AEq score until his last visit at a CA of 78 months. Similarly, a patient in
Group NT, who was seen initially at 5 months continued to develop
until 42 months CA at which time he showed an AEq score of
40 months, but by 58 months CA declined to an AEq of 34 months. AEqs
allow examination of such cognitive growth, whereas DQ does not as
demonstrated in Fig. 2.

While these very young two patients continued to develop until 36
to 42 months similar to the other patients in the study, a plateau fol-
lowed that lasted for some children for several years. However, many of
the children very gradually lost skills over time. For the group as a
whole the mean AEq at age 3 was similar to that at age 6.

We had hypothesized that missense mutations, even when found in
the neuronopathic patients, would show a more attenuated decline than
in nonsense mutations, deletions, and rearrangements. By classifying
our patients into two groups, we found a statistically significant dif-
ferent trajectory of decline. Whether the size of the differences between
the patterns of decline in the two groups is clinically relevant remains
to be seen.

In this study, we have shown the difference of rate of cognitive
decline by genotype of IDS gene. Patients in Group MS shows slower
rate of decline than those in Group NT. These differences could be
partially explained by cross-reactive immunological material (CRIM)
status of the mutant IDS enzyme. Most of the patients in Group MS are
considered to be CRIM-positive, and they may have residual IDS ac-
tivity. On the other hand, most of the patients in Group NT are con-
sidered to be CRIM-negative, and they do not have any residual IDS
activity. To evaluate CRIM status and enzyme activity accurately, fur-
ther analysis using skin culture fibroblasts is necessary.[32].

In conclusion, the present study examined the overall cognitive
trajectory of neuronopathic MPS II as well as differing patterns by
mutation type. The limitation of this study is that the patients were seen
at different intervals and frequencies. Overall, despite this limitation,
the pattern of long plateaus in development was apparent and

Fig. 2. Developmental quotients of groups MS and NT by chronological age.
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consistent with other studies [7]. Even though one might hypothesize
that they may be more responsive to treatment, Group MS showed
notably long plateaus in development, which will be a significant
challenge in to demonstrate treatment effect in clinical trials. However,
because no patient showed cognitive development past an AEq of
4 years, for these children, beginning a trial before they plateau (before
three years of age) with success defined as cognitive developmental
progression past an AEq of 4 years might be an advantageous approach.

In Group NT, two patients with deletions declined to a very low
level; and by a CA of 5 to 6 years of age, they declined to under an AEq
of 18 months. This suggests a somewhat more severe and earlier decline
in patients with deletions. Individualized expectations depending on
genotype could shorten the time period if this more rapid decline is
verified in a larger number of patients. Clearly, larger samples of chil-
dren with specific MPS II mutations in a prospective treatment study
would be ideal if their rate of decline might be anticipated. However,
waiting to treat before decline is anticipated may be too late. With
protein and gene replacement imminent, early treatment, initiated be-
fore the child reaches a plateau in development, is a better alternative.

Developmental quotients were obtained from Kyoto scale of psy-
chological development,2001. Blue lines show the data of Group MT,
and black lines shows the data of Group NT.
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