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a b s t r a c t
Aim: Although hematopoietic cell transplantation (HCT) arrests the cognitive decline in mucopolysaccharidosis type IH (Hurler syndrome, MPS IH), these children continue to have neuropsychological deﬁcits as
they age. Both compromised attention and effects on white matter have been observed in cancer patients
who have had chemotherapy. Therefore, we explored the effects of disease and treatment on brain function
in children with MPS I who have had HCT with those with attenuated MPS I treated with enzyme replacement therapy (ERT).
Methods: Subjects: 7 MPS IH participants at least 5 years post-HCT were compared with 7 attenuated participants who were treated with ERT. Measures: IQ, attention, spatial ability, and memory were assessed. Medical history and an unsedated MRI scan using diffusion tensor imaging (DTI) were acquired.
Results: Despite clinically equivalent IQ and memory, children with MPS IH had poorer attention span than
those with attenuated MPS I as well as decreased fractional anisotropy (FA) of the corpus callosum. A relationship between attention scores and FA was found in the MPS IH group but not the attenuated group. FA
was also related to the frequency of medical events.
Interpretation: In children with MPS IH, both the treatment and the disease affect attention functions associated with poor white matter integrity.
© 2012 Elsevier Inc. All rights reserved.

1. Introduction
We used neuropsychological measures and diffusion tensor imaging
(DTI) to explore the late effects of hematopoietic cell transplant (HCT)
in patients with severe MPS IH (Hurler syndrome), and found effects
on attention and fractional anisotropy. HCT is the standard of care for
children with MPS IH, halting the cognitive decline associated with
the CNS disease [1]. While early HCT results in better cognitive development [2–4], speciﬁc long-term CNS residual problems have not been
well deﬁned. Parents describe attention and information processing
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difﬁculties, but these domains have not been explored. Because similar
neurocognitive effects have been described that implicate white matter
structure and function in patients receiving chemotherapy or HCT for
leukemia [5–10], we investigated these effects in MPS IH.
Children with the same enzymatic deﬁciency, but with later onset,
are Hurler–Scheie (intermediate) and Scheie (mild) syndromes with
variable cognitive and somatic involvement. Because no deﬁnitive diagnostic criteria separate these two syndromes, for the purposes of
this research, we designate them as attenuated or MPS IA. Enzyme replacement therapy (ERT) is the standard of care for MPS IA. The degree and cause of cognitive deﬁcits in MPS IA are not well understood.
We explored the association of neurocognitive abilities with diffusion tensor imaging (DTI), a measure of white matter integrity. We hypothesized that deﬁcits associated with the preparative regimen may
explain some of the residual cognitive difﬁculties in the transplanted
MPS IH group by interfering with the integrity and organization of the
brain. We determined whether DTI values of fractional anisotropy and
mean diffusivity are associated with neurocognitive functions across
and within each group.
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2. Methods
2.1. Participants
Ten participants with MPS IH treated with HCT were recruited from
our blood and marrow transplant database. The criteria for inclusion
were: 1) at least ﬁve years post-HCT, 2) physically and cognitively
able to undergo 40 min in a scanner without sedation and 2 h of
neuropsychological testing, 3) hearing and vision adequate for
neuropsychological testing, and 4) between 7 and 25 years of age.
One participant's data were excluded due to movement artifact
and 2 were not included because the scanner DTI software was
upgraded mid-study and DTI results would likely differ from those
collected pre-upgrade.
Ten participants with MPS IA (Hurler–Scheie or Scheie syndrome)
were recruited using the same criteria as above and had been on ERT
for at least 3 months. Five were recruited from our clinic patients and
ﬁve from collaborators at other institutions. DTI data from 7 of the 10
participants were collected prior to scanner upgrade and were included for analysis.
This protocol was approved by the IRB and consent and assent
were obtained from parents and children. Transportation, imaging,
and neuropsychological testing were supported by outside funds
and each participant received a $100 stipend.
2.2. Measures
2.2.1. Diffusion tensor imaging
DTI is an imaging technique that measures the movement of water
molecules within brain tissue and the extent to which this diffusion is
isotropic (equal in all directions) or anisotropic (directionally restricted). The anisotropy level can be used to estimate axonal (white matter) organization in the brain. For instance, in well-myelinated axon
bundles, water diffusion is restricted to the axis of the bundle and is
less isotropic compared to cerebrospinal ﬂuid in which water diffuses
more freely in all directions. The DTI measure of anisotropy (fractional anisotropy—FA) has values ranging from 0 (isotropic) to 1 (anisotropic). Mean diffusivity (MD), a measure of overall diffusion, is also
provided. More technical details about DTI can be found elsewhere
[11,12].
Image acquisition: Each participant had an unsedated scan using a
research-dedicated 3 T Siemens Trio scanner (Siemens, AG, Erlangen,
Germany). During imaging, each patient watched a movie or listened
to music which enhanced cooperation and minimized movements.
Diffusion-weighted images were acquired with single-shot, spin
echo echo-planar imaging (EPI) sequences using the following parameter settings: AC–PC aligned, oblique slices, TR/TE = 11,000/104 ms; slice
thickness= 2 mm; FoV= 256; in-plane resolution= 2 mm× 2 mm.
Diffusion gradients were applied in 12 noncolinear directions
(b = 1000 mm 2/s). One T2-weighted image volume without a diffusion gradient was also collected using the same imaging parameters (b = 0 mm 2/s). Image volumes were averaged over three
acquisitions to increase the signal-to-noise ratio and to reduce
image artifacts. The total scanning time for DTI acquisition was
7 min 20 s. An additional scan was conducted to acquire a ﬁeld
map with the following parameters: TR/TE 700/4.62, ﬂip angle =
90, slice thickness = 2 mm, FoV 256, which lasted approximately
3 min.
Image processing: The diffusion-weighted images were corrected
for distortion, caused by magnetic ﬁeld (B0) inhomogeneity/ B0 susceptibility, eddy current and simple head motion, using the ﬁeld map with
an in-house program written in MATLAB [13]. The distortion-corrected
images were processed using DTI Studio software [14]. Three eigenvalues and eigenvectors were obtained and fractional anisotropy (FA)
and trace maps were calculated. Mean Diffusivity (MD) values were
obtained from the trace maps (MD = Trace/3).
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The corpus callosum (CC), a commissural ﬁber bundle that connects the two hemispheres, was chosen as the region of interest because anomalies and thinning have been described in MPS I
[15–17]. The CC was traced manually on the mid-sagittal slice on
a color-coded map (in which red, green and blue colors were
assigned to right–left, anterior–posterior and superior–inferior
ﬁber orientations, respectively). Measurements were made twice
by the same rater and the average of the two measurements was
used in the subsequent analyses. Intra-rater reliability (between
ﬁrst and second measure) calculated using Cronbach's Alpha for
FA was 0.965 and for MD was 0.970. Intraclass correlation for FA
was 0.967 and for MD was 0.971.
2.2.2. Neuropsychological testing
As we were particularly interested in functions mediated by white
matter connections, we analyzed cognitive ability (Wechsler Abbreviated Scale of Intelligence—WASI) [18], attention and response speed
(Test of Variables of Attention—TOVA) [19], and spatial perception
(Judgment of Line Orientation—JLO) [20]. Memory (California Verbal
Learning Test—CVLT) [21] was included as a contrast measure since
memory is usually associated with gray matter function.
2.2.3. Medical data
The type of medical history data collected can be found in Table 1
and transplant data in Supplementary Table 1. In addition, we collected data on the presence of seizures, psychiatric problems and educational rehabilitation interventions. For the MPS IH group, the number
of transplants, the presence of graft versus host disease (GVHD) and
other medical events were also collected. For the MPS IA group, no
pre-treatment clinical IQ or MRI data were available.
To quantify medical risk from the medical data, we created a Risk
Factor score that summed the number of factors that might cause
compromise of white matter or affect neuropsychological test scores.
These risks are indicated by asterisks in Table 1.

Table 1
Description of the samples.

Mean age in years
(standard deviation)
Gender: females
Age at transplant
Pre-transplant developmental
quotient
Time from transplant in years:
Years of ERT
Medical risk factors
a
More than four surgeries
Visual problems
Mild corneal clouding
Moderate corneal clouding
a
Severe corneal clouding/
impairment
a
Hearing aids
Cervical cord compression
Pre HCT white matter
abnormality
a
Ventriculoperitoneal shunt for
Hydrocephalus
Transplant related risks
a
Two transplants
a
Radiation in prep regimen
Number of risk factors
Number of risks = 0
Number of risks = 1
Number of risks = 2
Number of risks = 3
Number of risks = 4
Number of risks = 5
a

MPS IH

MPS IA

12.6 (4.5)

16.5 (4.6)

3/7
14 months (range 5–20)
99 (range 83–114)

4/7

11.2 (4.7)
Frequency (n = 7)
6/7

5.19 (3.2)
Frequency (n = 7)
4/7

0/7
4/7
3/7

5/7
1/7
0/7

2/7
0/7
4/6

0/7
3/7
No data

1/7

4/7

1/7
3/7

Not applicable
Not applicable

1 (14.3%)
1 (14.3%)
3 (42.9%)
0
1 (14.3%)
1 (14.3%)

1(14.3%)
3(42.9%)
2 (28.6%)
1(14.3%)
0
0

Component of the summed score for Risk Factor Score.

118

E. Shapiro et al. / Molecular Genetics and Metabolism 107 (2012) 116–121

Table 2
Neuroimaging and neuropsychological test results by MPS I subgroup.
Covariate

Overall

MPS IA

MPS IH

Difference from MPS IA (95% CI)

P-value

Cognitive ability: WASI full scale IQ
Cognitive ability: WASI verbal scale IQ
Cognitive ability: WASI performance scale IQ
Memory: California Verbal Learning Test
Spatial: judgment of line orientationa
Attention: TOVA d prime
Attention: TOVA omission errors
Attention: TOVA commission errors
Reaction time (to correct response): TOVA
Variability (of reaction time): TOVA
Corpus callosum fractional anisotropy
Corpus callosum mean diffusivity

81.4
86.6
80.4
84.2
70.8
77.7
70.2
88.6
93.1
79.5
0.57
1.04

84.9
87.9
84.1
80.3
79.9
84.6
82.0
98.9
97.7
89.0
0.64
0.96

77.9
85.4
76.6
88.1
61.7
70.9
58.4
78.3
88.6
70.0
0.51
1.13

−7.0 (−23.5, 9.5)
−2.4 (−14.7, 9.8)
−7.6 (−26.1, 11.0)
7.9 (−10.9, 26.6)
−18.1 (−37.6, 1.3)
−13.7 (−26.5, -0.9)
−23.6 (−54.7, 7.6)
−20.6 (−46.1, 5.0)
−9.1 (−31.0, 12.7)
−19.0 (−47.4, 9.4)
−0.1 (−0.2, 0.0)
0.2 (0.0, 0.3)

0.374
0.672
0.391
0.370
0.065
0.038
0.124
0.100
0.379
0.165
0.008
0.019

a

(14.1)
(10.2)
(15.8)
(15.6)
(18.4)
(12.5)
(28.3)
(22.6)
(18.6)
(24.7)
(0.10)
(0.15)

(14.6)
(11.0)
(15.5)
(19.1)
(19.1)
(13.0)
(29.1)
(11.4)
(20.4)
(29.4)
(0.05)
(0.11)

(13.7)
(9.95)
(16.3)
(11.0)
(13.2)
(7.73)
(23.9)
(27.0)
(16.9)
(15.9)
(0.09)
(0.13)

5 of 7 MPS IH and 1 of 7 MPS IA participants had the lowest possible score.

2.3. Statistical analysis
Patient characteristics were evaluated by MPS group. Differences
between group means were evaluated with a t-test. Associations between DTI measures and neurological test scores were estimated
using linear regression and evaluated against a t-distribution for conﬁdence intervals and P-values. All statistical analyses were performed
using R v2.13.1 [22].
3. Results
3.1. Medical data
For the 7 participants with MPS IH, one required two transplants in
order to obtain engraftment with the second transplant at 34 months
of age. Age of HCT was not associated with any of the outcomes. For
those who had HCT, all had Cyclosporine A and prednisone for prevention of graft-versus-host disease (GVHD). Only one patient had chronic
GVHD (graft versus host disease) of a mild degree. One patient had a carrier donor. Four of 7 had radiation, but 3 of the 4 had a brain-sparing protocol. See Supplementary Table 1.
For MPS IA, all participants had been on ERT for at least 3 months
(maximum = 6 years) with no adverse events. Notable in the results
were that both groups had a large number of surgeries. The most
common surgeries were various orthopedic procedures, ventilation
tubes, tonsillectomy and adenoidectomy, hernia repair and carpal
tunnel surgery. Moderate or severe corneal clouding was more frequent in the MPS IH group. Hydrocephalus with ventriculoperitoneal
shunt was more common in the MPS IA group. See Table 1. None of
the participants in either group had seizures. One MPS IA patient
was on medication for signiﬁcant psychiatric symptoms and one
with MPS IH had intermittent anxiety symptoms but was untreated.
3.2. Outcome measures
3.2.1. Neuropsychological performance
The mean performance of the MPS IA participants was better than
that of MPS IH (Table 2) but no signiﬁcant differences were found on
measures of intelligence or memory. Scores were severely impaired or
the test was unable to be performed in participants with signiﬁcant corneal clouding. However, all were able to perform other visual tests that
had higher contrast or less visual detail. Between-group differences on
the TOVA reached statistical signiﬁcance for the TOVA d-prime variable
which measures correct stimulus detection (p = 0.038).

Because age is associated with DTI measures of FA and MD [23] and
was found to differ between the two groups, differences were also
evaluated adjusted for age with similar results. Examples of FA
maps for an MPS IH and MPS I A of the same gender and approximate
age can be seen in Fig. 1.
3.2.3. Association between DTI and medical risks
Medical risk score was calculated by adding up the number of risks
for each participant as indicated in Table 1. Scores ranged from 0 to 5.
Pearson correlations were calculated between the number of risk factors and each of the FA and MD. The correlation of FA and risk factors
for all participants was r = − 0.63 (p b .01). The correlation with MD
and risk factors was 0.64 (p b .01).
3.2.4. Association between neuropsychological scores and DTI
Associations between neuropsychological scores and DTI measures (FA and MD) were evaluated for the entire sample as well as
for each subgroup with an interaction. Analyses were conducted adjusted for age thereby adjusting for any residual effects, or other potential confounders also associated with age even though all tests
were scored using age-based norms.
We found no signiﬁcant association of IQ or memory scores with
any variable. For the whole sample, FA in the corpus callosum was
signiﬁcantly associated with better attention as measured by TOVA
d-prime, TOVA Omission errors, and TOVA variability (Supplementary Table 2). In addition, a trend toward signiﬁcance was observed for
TOVA Reaction time. MD was signiﬁcantly associated with lower
scores for TOVA Omission Errors but not the other TOVA variables.
Next, we examined an interaction by the MPS IA and MPS IH groups
(Table 3). For the MPS IA group, only TOVA Omission Errors was associated with FA. However, it is worth noting that this result is primarily
driven by one of the seven participants with MPS IA due to the lack of
variation in FA values in this group. MD was not associated with any
of the TOVA measures. Thus, for the MPS IA sample, neither FA nor
MD was associated with attention as measured by the TOVA.
Notably, for the MPS IH group, FA of the corpus callosum but not
MD was signiﬁcantly related to TOVA reaction time, omission errors,
and variability, see Fig. 2 and Supplementary Fig. 1. Thus, for the MPS
IH sample, lower FA values were associated with poorer performance
on several TOVA measures of attention. Note that those MPS IH participants with the largest number of medical risk factors (4 and 5) had the
lowest scores on TOVA variables and FA (See circled values on Fig. 2
and Supplementary Fig. 1).
4. Discussion

3.2.2. DTI results
FA values in the midline corpus callosum were signiﬁcantly higher
on average among MPS IA participants compared to MPS IH. Conversely, MD values were signiﬁcantly lower for MPS IA. See Table 2.

MPS I has an incidence of about one in 100,000 live births characterized by accumulation of excess heparan and dermatan sulfate due
to deﬁcient alpha-L-iduronidase enzyme activity [24]. Damage to
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10-year-old female with
Hurler Syndrome
(treated with HCT)
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13-year-old female with
Hurler-Scheie Syndrome
(treated with ERT)

10 year old
Hurler

13 year old
Hurler-Scheie

IQ
(normal 100±15)

72

77

D prime (attention)
(normal 100±15)

62

80

FA

0.46

0.66

MD

1.15

0.82

Fig. 1. FA maps for MPS IH and MPS IA participants matched for age and gender. The ﬁgures below show the assigned colors for FA in the white matter tracts for the following directions: red = medio-lateral (left–right), green = anterior–posterior (front–back) and blue = superior–inferior (up–down). Data below the ﬁgure are from these two participants.

multiple organs occurs for the entire range of severity although
children with MPS IH have earlier onset of symptoms and CNS effects.
Although hydrocephalus, hearing and vision difﬁculties as well as

Table 3
Association between DTI measures (FA and MD) and neuropsychological measures
evaluated separately, adjusted for age within MPS IA and MPS IH.
Outcome
TOVA d′

Covariate

Difference (95% CI)

Age (per year)
0.11 (−1.40, 1.63)
FA (per tenth): MPS IA
5.26 (−13.07, 23.58)
FA (per tenth): MPS IH
6.98 (−3.59, 17.55)
Omission errors
Age (per year)
0.35 (−2.47, 3.18)
FA (per tenth): MPS IA
39.21 (5.01, 73.41)
FA (per tenth): MPS IH
21.96 (2.23, 41.70)
Commission errors Age (per year)
1.06 (−2.17, 4.30)
FA (per tenth): MPS IA
−8.72 (−47.89, 30.45)
FA (per tenth): MPS IH
−1.46 (−24.06, 21.14)
TOVA reaction time Age (per year)
−1.50 (−3.90, 0.90)
FA (per tenth): MPS IA −11.11 (−40.12, 17.90)
FA (per tenth): MPS IH
18.56 (1.81, 35.30)
Variability
Age (per year)
−3.01 (−5.87, -0.16)
FA (per tenth): MPS IA
−3.04 (−37.59, 31.51)
FA (per tenth): MPS IH
24.81 (4.87, 44.74)
TOVA d′
Age (per year)
0.38 (−1.01, 1.76)
MD (per tenth): MPS IA
2.75 (−5.10, 10.60)
MD (per tenth): MPS IH
−4.07 (−11.24, 3.10)
Omission errors
Age (per year)
1.45 (−1.69, 4.60)
MD (per tenth): MPS IA −10.16 (−27.92, 7.60)
MD (per tenth): MPS IH −12.21 (−28.43, 4.01)
Commission errors Age (per year)
0.83 (−2.03, 3.69)
MD (per tenth): MPS IA
6.51 (−9.64, 22.66)
MD (per tenth): MPS IH
−1.33 (−16.08, 13.41)
TOVA reaction time Age (per year)
−0.47 (−3.08, 2.15)
MD (per tenth): MPS IA
−0.66 (−15.42, 14.09)
MD (per tenth): MPS IH
−6.16 (−19.63, 7.31)
Variability
Age (per year)
−1.70 (−4.84, 1.45)
MD (per tenth): MPS IA
1.80 (−15.96, 19.56)
MD (per tenth): MPS IH
−8.52 (−24.73, 7.70)

P-value
0.884
0.574
0.196
0.806
0.025
0.029
0.521
0.663
0.899
0.220
0.453
0.030
0.038
0.863
0.015
0.597
0.492
0.266
0.366
0.262
0.140
0.571
0.429
0.860
0.727
0.930
0.370
0.290
0.843
0.303

severe motor involvement contribute to poor cognition and impaired
language, the slowing and decline of cognitive and language development in MPS IH is thought to occur independently of these problems [25,26]. Affected children develop normally in the ﬁrst months of
life; a slowing in cognitive development occurs at one year that accelerates and is evident by age 2 years [24,25]. By age 3 years, without treatment most children with MPS IH are cognitively impaired. A correlation
of −0.58 has been found between mental ability and age in untreated
children [25]. Median life expectancy without treatment is 5.3 with
most children dying by 10 years of age [25]. Unlike other forms of
MPS, children with MPS IH do not have signiﬁcant behavioral difﬁculties until late in their disease course [25,26].
Hematopoietic cell transplant (HCT) arrests CNS deterioration and
ameliorates disease in soft tissue [2–4,27–29]. Survival and continued
new learning in children with MPS IH has been demonstrated but
with residual deﬁcits [30]. While previous studies have indicated steeper developmental growth curves in children transplanted under two
years of age, many of these children continue to have difﬁculty in
their school performance. Could it result from a combination of disease
and HCT treatment effects on the brain?
MPS IA is characterized by later onset and less CNS involvement
[28,31]. Scheie syndrome has a late onset with no easily discernible
effects on the CNS. Hurler–Scheie syndrome is an intermediate
form with onset in middle childhood with learning difﬁculties of
undetermined nature and severity. Children with MPS IA are treated
with ERT; the enzyme does not cross the blood brain barrier to any
signiﬁcant degree but no need for CNS treatment was assumed presumably because no decline in cognition was thought to be present.
However, evidence for a high incidence of speech language problems [31] and clinical observations indicating decline in cognitive
skills suggests more cognitive involvement in MPS IA participants
than previously considered [32,33].
In this exploratory project, differences were hypothesized between MPS IH and MPS IA that might clarify abnormalities of brain
structure and function due to disease severity or treatment.
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Fig. 2. The association of TOVA d-prime and omission errors with fractional anisotropy (FA) and MD (mean diffusivity) for the MPS IH and MPS IA groups. Circled values refer to 2
MPS IH participants with 4 or 5 medical risk factors.

4.1. Group differences

4.2. Relationship between DTI and neuropsychological results

Children with MPS IH did not differ from those with MPS IA in cognitive ability or memory; for both groups the mean IQ was about one
standard deviation below the mean. The low mean IQ in the MPS IA
group dispels any notion that their CNS is entirely intact. While long
term cognitive and adaptive deﬁcits in MPS IH are well known
[30,34], educational and vocational expectations may need to be altered for MPS IA with attention to their cognitive limitations. Four
of the 7 MPS IA participants had shunts for hydrocephalus. Three
had cord compression in contrast to none of the MPS IH participants
who presumably have decreased risk due to HCT. In such a small sample it is hard to determine the impact of these conditions, but future
studies with a larger sample should consider their contribution to
lowered cognitive ability.
TOVA d prime, a measure of signal detection and attention span,
was signiﬁcantly poorer in the MPS IH group (in the impaired
range) compared to the MPS IA group (in the low average range).
While omission and commission errors (both components of d
prime), were two and one standard deviations lower for the MPS IH
group compared to MPS IA group, respectively, group variability and
small sample size may have contributed to the lack of statistical signiﬁcance for these individual variables.
FA when controlled for age was signiﬁcantly different between the
MPS IH and the MPS IA groups with the former showing lower FA,
suggesting poorer white matter integrity in the region of interest.
MD was also signiﬁcantly different with higher values indicating
more diffusion in the MPS IH group. These results are consistent
with other research in pediatric cancer patients [8–10] indicating
that patients who undergo HCT have long-term white matter compromise with decreased FA and white matter volumes. As we do not
have normal controls, we cannot determine whether the MPS IA
values are normal or fall between the normal and MPS IH values.

For the combined sample, FA was signiﬁcantly associated with
TOVA d prime (attention), errors of omission, and variability. MD
values were associated only with omission errors. Analyzing the
groups separately indicated that the associations between DTI measures and measures of attention were driven primarily by the MPS
IH group. The association of TOVA d prime and reaction time with
FA in the MPS IH group was signiﬁcant; poorer stimulus detection
and slower reaction time were associated with lower FA in the corpus
callosum. Poorer connectivity in the pathways that mediate visual attention and processing is likely. Inattention and inefﬁcient processing
have been described consistently by the parents of children with MPS
IH, but not MPS IA.
While HCT can be life saving and prevent cognitive decline in MPS
IH, risks to the CNS may exist from the treatment itself. In children
with ALL treated with chemotherapy or HCT, presumably without a
'brain disease,' late treatment effects have been found in executive
function, speed of processing, and decreased FA [5–10].
HCT treatment requires ablation of the bone marrow with the use
of chemotherapy, and sometime radiation. While the negative effects
of radiation especially at greater than 1800 cGy are well known [35],
all but one of our patients had a brain-sparing protocol and was
below 1400 cGy to minimize effects on cognition. To reduce the negative effects of the preparative regimen yet preserve the beneﬁt of
HCT to MPS IH patients, new protocols that are reduced in intensity
offer hope of preserving cognitive function in these patients.
Medical risk factors were associated with FA across the whole
group, although the association was stronger in the MPS IH group.
The two participants with the most medical risk factors (4 and 5)
had lowest TOVA scores and FA. Thus, in MPS IH, both disease severity
and HCT treatment have a negative effect on attention functions
which are associated with poor white matter integrity.
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This study is limited by a small sample with resultant lack of power to
detect differences, lack of control group, and a wide age range. In addition, we recognize that patients with attenuated MPS I are not a perfect
comparison group. While they did not have HCT treatment, they had
less severe disease. A comparison group with neither MPS nor HCT treatment would not have allowed us to examine either of those factors.
While obtaining larger samples in rare diseases is a challenge, we
are currently conducting a conﬁrmatory prospective longitudinal
study with a larger sample as well as a control group to further explore the role of speciﬁc disease, treatment and risk factors in the
long-term outcomes of children with MPS I.
Supplementary related to this article can be found online at http://
dx.doi.org/10.1016/j.ymgme.2012.07.016.
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