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Abstract
Objective
Previous research suggests attention and white matter (WM) abnormalities in individuals with
mucopolysaccharidosis type I (MPS I); this cross-sectional comparison is one of the first to
examine the relationship ofWM structural abnormalities as measured by corpus callosum (CC)
volumes with attention scores to evaluate this relationship in a larger sample of patients with
MPS I.

Methods
Volumetric MRI data and performance on a computerized measure of sustained attention were
compared for 18 participants with the severe form of MPS I (MPS IH), 18 participants with the
attenuated form of MPS I (MPS IATT), and 60 typically developing age-matched controls.

Results
The MPS I groups showed below-average mean attention scores (p < 0.001) and smaller CC
volumes (p < 0.001) than controls. No significant associations were found between attention
performance and CC volume for controls. Attention was associated with posterior CC volumes
in the participants with MPS IH (p = 0.053) and total (p = 0.007) and anterior (p < 0.001) CC
volumes in participants with MPS IATT.

Conclusions
We found that attention and CC volumes were reduced in participants withMPS I compared to
typically developing controls. Smaller CC volumes in participants with MPS I were associated
with decreased attention; such an association was not seen in controls. While hematopoietic cell
transplantation used to treat MPS IH may compound these effects, attention difficulties were
also seen in the MPS IATT group, suggesting that disease effects contribute substantially to the
clinical attentional difficulties seen in this population.
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We investigated abnormalities in attention and white matter
(WM) in mucopolysaccharidosis (MPS) type I, given atypical
WM findings in canine models1,2 and our recent studies of
MPS I and II.3,4 MPS I is an autosomal recessive metabolic
disorder in which lysosomal-enzyme (α-L-iduronidase) de-
ficiency promotes cellular accumulation of glyco-
saminoglycans, resulting in multisystem dysfunction.4 Now
recognized as a continuum of severity,4 3 phenotypes have
been described. Early cognitive and physical decline and
childhood mortality characterize the severest form, Hurler
syndrome (MPS IH). Hematopoietic cell transplantation
(HCT) decreases mortality and morbidity.4 Hurler-Scheie
and Scheie syndromes have a later onset, slower progression,
and enzyme replacement therapy (ERT) treatment.5 Without
quantified biological distinctions, we combined them into an
attenuated group (MPS IATT).

Caregivers of children with MPS I report concerns such as
lack of focus and poor processing, suggesting attention diffi-
culties. In patients with MPS I, inattention was found to be
associated with WM abnormality as measured by diffusion
tensor imaging (DTI) in the corpus callosum (CC).5 Smaller
CC volumes have been found in children with attention-
deficit/hyperactivity disorder (ADHD) compared to
controls.6,7 Because the HCT preparative regimen has been
shown to affect WM integrity and attention in other
populations,8,9 transplantation for MPS IH may compound
disease-related abnormalities.

We associate an attention measure with CC volumes in
patients with MPS IH and MPS IATT. We hypothesized that
attention test performance will be impaired in both groups
compared to controls, with MPS IH most impaired; that CC
volumes will be smaller in both MPS groups than controls but
smallest in MPS IH; and that attention will be associated with
CC volumes.

Methods
Participants
Eighteen participants with MPS IH and 18 with MPS IATT
meeting the inclusion criteria from the pool of participants in
the multicenter study Longitudinal Studies of Brain Structure
and Function in MPS Disorders (U54NS065768) of the
Lysosomal Disease Network (Rare Disease Clinical Research
Network) were compared to 60 typically developing age-

matched controls enrolled in 4 other Institutional Review
Board–approved studies collecting attention data and MRI
data on the same scanner during the same period as the
current study.10–13

All participants with MPS I who met the inclusion criteria
were used. Criteria included the following: (1) participants
were between 5 and 22 years of age; (2) all participants with
MPS IH had undergone HCT with or without ERT; (3) all
participants with MPS IATT were currently treated with ERT,
and (4) as indicated by the protocol, all participants had
completed attention testing and a structural MRI within 3
months of each other.

Standard protocol approvals, registrations,
and patient consents
Institutional ethics standards committees on human experi-
mentation approved all studies from which participants were
drawn. Institutional Review Board–approved written in-
formed consent was obtained from all individuals or legal
guardians; assent was obtained from children and those ≥18
years of age with legal guardians.

Measures

MRI acquisition and processing
MRIs were acquired with a harmonized brainMRI protocol at
each center for 3T Siemens (Trio or Skyra; Siemens, Malvern,
PA) or Philips (at 1 center; Philips, Best, the Netherlands)
scanners. Each participating center submitted quality-control
scans to ensure that scan sequences were acceptable for
analyses. Volumetric MRI data were acquired with compara-
ble sequences for the control participants. In the post-
processing period, motion correction techniques were used to
correct slight movement artifact.

Magnetization-prepared rapid acquisition with gradient echo
sequences were used. All scans were centrally analyzed at the
University of Minnesota. Automated segmentation of brain
structures was carried out with FreeSurfer Image Analysis
Suite, version 5.3.14 All analyzed images were inspected for
accuracy because morphologic abnormalities are known to
cause gray matter/WM segmentation failure in patients with
MPS. Scans in which segmentation was aberrant were man-
ually adjusted and reprocessed. Midanterior, anterior, central,
midposterior, and posterior CC sections were automatically
delineated by FreeSurfer. Regions were analyzed by summing

Glossary
ADHD = attention-deficit/hyperactivity disorder; CI = confidence interval; CC = corpus callosum; CCPT = Conners’
Continuous Performance Task II; CE = commission errors; DMCC = Data Management and Coordinating Center; DTI =
diffusion tensor imaging; ERT = enzyme replacement therapy; HCT = hematopoietic cell transplantation; MPS =
mucopolysaccharidosis;MPS IATT = attenuated form of mucopolysaccharidosis type I;MPS IH = Hurler syndrome form of
mucopolysaccharidosis type I;OE = omission errors;TOVA =Test of Variables of Attention;VRT = consistency of the reaction
time; WM = white matter.
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the midanterior and anterior regions to represent the anterior
region and the midposterior and posterior regions to repre-
sent the posterior region. The anterior, central, and posterior
region values were summed for a total CC volume.

Attention testing
Attention testing for the participants withMPS I was conducted
with the Test of Variables of Attention (TOVA), a computer-
ized continuous-performance task15 that has been suggested to
be useful for assessing attention symptoms in individuals ≥5.5
years of age.16 The TOVA is a 21.6-minute test consisting of
randomly presented geometric targets; the individual presses
a microswitch when the target is presented and inhibits pressing
the switch for the nontarget. For children 4 to 5.49 years old, the
task is shorter, lasting 10.8 minutes. Instructions are simulta-
neously presented in text and auditory format by the computer
before each administration. A brief practice test before the full
test ensures task understanding. An examiner remains in the
room during the administration. Stimuli are presented for 100
milliseconds with targets presented at varied time intervals.16

We selected all standard, relevant variables of attention yielded
by the TOVA corresponding to those used for control partic-
ipants, including failures to respond to targets (omission errors
[OE]), responses to nontargets (commission errors [CE]),
reaction time for correct responses (RT), and consistency of the
reaction time (VRT). Raw scores and standard scores are
yielded for each variable. The visual TOVA is normed on 1,596
healthy individuals 4 to >80 years of age, stratified by age and
sex.17 For participants with MPS I from 5 to 7 years of age, the
raw scores from a 10-minute version of the TOVA were com-
pared to scores from a same-age healthy control group who had
the 10-minute TOVA, an abbreviated measure of IQ, and an
MRI.13

For the control participants ≥10 years of age, the Conners’
Continuous Performance Task II (CCPT) was used.18 Like
the TOVA, the CCPT is a computerized continuous-
performance task that assesses attention in individuals ≥6
years old. The individual presses the space bar to the target
letters and inhibits responding to the nontarget letter.
Instructions are provided in text on the screen; the examiner
can read them if the individual cannot read them on his or her
own. A brief practice test administered before the full test
ensures understanding. Interstimulus intervals of targets vary
among 1, 2, and 4 seconds.18 Normative data are from 1,920
healthy individuals.18 CCPT scores have been found to be
correlated with observations of inattentive/hyperactive be-
havior during the administration of the CCPT.19 Although
the targets differ, the samemeasurement parameters (OE, CE,
RT, and VRT) were used from the CCPT and transformed so
that, like the TOVA, higher scores indicated better perfor-
mance. Combination of variables from both the TOVA and
the CCPT has precedent in other peer-reviewed studies.3,20

Statistical analyses
No effect size was chosen; all participants were part of a pro-
spective natural history study of MPS. There was not a power

analysis. All participants meeting inclusion criteria were in-
cluded. No data were missing for our outcome variables. De-
scriptive statistics, including mean and SD for continuous
variables and frequency for categorical variables, were tabulated
for controls and theMPS groups. Groupmean differences were
evaluated with a t test with unequal variance andWelch degrees
of freedom for confidence intervals (CIs) and p values. First-
order linear trends of the association between brain substructure
volumes and neuropsychological metrics and between neuro-
psychological scores and age were based on least-squares simple
regression estimates. Adjusted analyses were similarly based on
multiple linear regression and the t distribution with corre-
sponding model degrees of freedom for CIs and p values. All
analyses were conducted with R version 3.2.4 (R Foundation for
Statistical Computing, Vienna, Austria).21

Data availability
All data were entered into the Data Management and Co-
ordinating Center (DMCC) for the Rare Diseases Clinical
Research Network. The DMCC is a secure clinical data
management system that collects and stores data on a variety
of rare diseases from organizations across the United States.
The data are held in the DMCC for 5 years, after which they
are released to the database of Genotypes and Phenotypes.

Results
Participants
Characteristics were summarized by phenotype (MPS IH or
MPS IATT) and the control group (table). Age and IQ differed
between groups. The MPS IATT group was slightly older in
mean age than the other 2 groups. The MPS IH group had
a below-average mean IQ. The mean IQ of the MPS IATT
groupwas within the average range but lower than the expected
mean of 100, while the mean IQ of the control group was also
within the average range but higher than the expected mean.

Six patients with MPS IATT had 1 L238Q mutation. Pre-
viously, this mutation (when paired with a severe nonsense
mutation or deletion) had been found to be associated with
low IQ and psychiatric disorder.22 This group had greater
attention difficulties compared with other participants with
MPS IATT (OE: −31.20 mean standard score difference, 95%
CI −49.94 to −12.47, p = 0.001; VRT: −20.26 mean standard
score difference, 95% CI −36.90 to −3.63, p = 0.017). Because
significant differences in attention were seen between the
participants with MPS IATT without the mutation and those
with MPS IH (OE: −45.87 mean standard score difference,
95% CI −57.19 to −34.55, p < 0.001; VAR: −34.21 mean
standard score difference, 95% CI −46.06 to −22.35, p <
0.001), all patients with MPS IATT were included in the fol-
lowing analyses.

Attention performance
Results were similar with or without adjustment for IQ.
Without adjustment for IQ, both MPS I groups had a mean
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TOVA performance below the average range of the age-based
standardization sample (defined as within 1 SD of the pop-
ulation mean, 85–115, with higher scores equaling better per-
formance) onOE and VRT (figure 1). Only theMPS IH group
performed outside the average range on CE and RT. The
control group performed in the average range on all parame-
ters. For participants with MPS IH, OE was significantly lower
than for participants with MPS IATT and controls (p < 0.001),
and VRTwas significantly lower than for participants withMPS
IATT (p = 0.004) and controls (p < 0.001). Participants with
MPS IATT were significantly lower than controls in OE (p <
0.001), RT (p = 0.014), and VRT (p < 0.001).

CC volumes
CC volume was positively correlated with age in both controls
and participants with MPS IATT; however, the patients with
MPS IH did not show an association between volume and age
(figure 2). Because the MPS I groups differed in age and age is
associated with CC volume, all comparisons of CC volumes
between groups were adjusted for age and sex (figure 3).
Volumes were significantly smaller (p < 0.001) in participants
with MPS IH and MPS IATT than in controls for total and all
segmented regions of the CC. In a comparison of the 2 MPS
groups, significant differences were found in the posterior
region only, with the volumes of the participants withMPS IH
being significantly smaller than that of participants with MPS
IATT (p = 0.009).

Association between volumes and attention
In the MPS IH group, higher scores on OE were associated
with larger posterior CC volumes (35.64 per 1 mL, 95% CI

Table Demographic characteristics and clinical/performance outcomes

Control MPS IH MPS IATT

No. 60 18 18

Age, mean (SD), y 12.2 (3.95) 11.2 (3.75) 15.0 (4.89)

Sex, n (%)

Male 35 (58.3) 7 (38.9) 10 (55.6)

Female 25 (41.7) 11 (61.1) 8 (44.4)

IQ, mean (SD)a 112 (12.7) 79.4 (16.3) 90.4 (17.8)

TOVA/CCPT standardized score, mean (SD)a

Omission errors 105 (11.8) 48.2 (16.3) 75.7 (26.5)

Commission errors 100 (16.2) 79.4 (23.9) 92.7 (19.5)

Reaction time 109 (19.4) 84.2 (22.5) 94.1 (23.2)

Variability 105 (16.7) 60.9 (18.8) 81.1 (24.5)

CC volume, mean (SD), mL

Total 3.0 (0.49) 2.08 (0.37) 2.38 (0.34)

Anterior 1.26 (0.21) 0.95 (0.17) 0.98 (0.18)

Central 0.47 (0.11) 0.3 (0.07) 0.34 (0.07)

Posterior 1.27 (0.22) 0.83 (0.17) 1.06 (0.18)

Abbreviations: CC = corpus callosum; CCPT =Conners’Continuous Performance Task II;MPS IATT = attenuated formofmucopolysaccharidosis type I;MPS 1H=
Hurler syndrome form of mucopolysaccharidosis type I; TOVA = Test of Variables of Attention.
a Mean of standardization sample = 100, SD = 15 with higher scores representing better performance.

Figure 1 Mean attention test scores for each domain and
confidence intervals for MPS IH, MPS IATT, and
control groups

Score values are on the x-axis, with the mean standardized score (100)
denoted by solid vertical line and ±1 SD (15) denoted by dashed vertical line.
MPS IATT = attenuated form of mucopolysaccharidosis type I; MPS 1H =
Hurler syndrome form of mucopolysaccharidosis type I.
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−0.53 to 71.80, p = 0.053), higher CE scores were associated
with larger central CC volumes (179.92 per 1 mL, 95% CI
68.27–291.58, p = 0.002), and higher scores on VRT were

associated with increased central CC volumes (84.06 per 1
mL, 95% CI 0.03–168.09, p = 0.050). Other associations were
of similar magnitude although not statistically significant.

For MPS IATT, higher scores on OE were associated with
larger total (37.14 per 1 mL, 95% CI 10.24–64.04, p = 0.007)
and anterior (75.83 per 1 mL, 95% CI 37.48–114.18, p <
0.001) CC volumes; higher scores on RT were associated
with larger total (41.62 per 1 mL, 95% CI 20.44–62.80, p <
0.001), anterior (53.33 per 1 mL, 95% CI 4.37–102.29, p =
0.033), and posterior (83.31 per mL, 95% CI 52.02–114.59,
p < 0.001) CC volumes; and higher scores on VRT were
associated with larger total (40.77 per 1 mL, 95% CI
19.34–62.19, p < 0.001), anterior (66.34 per 1 mL, 95% CI
18.14–114.55, p = 0.007), and posterior (74.91 per 1 mL,
95% CI 32.82–117.00, <0.001) CC volumes (figure 4).
Other associations were of similar magnitude although not
statistically significant.

No significant associations were found between attention
performance and CC volume for controls

Discussion
We found that attention and CC volumes, independently of
age, were significantly reduced in participants with MPS I
compared to typically developing controls. Greater impair-
ment in attention was seen in the severe compared to the
attenuated phenotype. Posterior CC volumes in participants
with MPS IH were significantly smaller than in those with
MPS IATT. Attention and CC volume associations were found
for both patient groups but not the control group.

The CC was chosen as the focus of our analyses because it has
been found to be smaller in a canine model of MPS I23 and
previously was found to be associated with attention in other
patient populations3,24 and in an exploratory study of MPS IH
using DTI.5 CC volumes were positively associated with age
in controls and patients with MPS IATT but not in patients
with MPS IH. For MPS IH, other factors, possibly related to
HCT treatment,8,9 especially at a young age,8,25 or patho-
physiologic differences,26 may affect WM development.

Our results suggest that smaller CC volumes in MPS I are
associated with decreased attention. This association has been
found in individuals with other neurodevelopmental disorders
such as ADHD6,27,28 and in those with strokes secondary to
sickle cell disease.29 In addition, evidence is strong that HCT
for malignancies results in WM damage, implicated in poor
attention as a late effect of treatment.8,9 Therefore, HCT for
MPS IH is likely to have similar effects on the WM integrity
and attention. However, HCT is not the treatment for MPS
IATT, but WM abnormalities and poor attention are none-
theless evident, indicating that HCT alone is not the expla-
nation. Such attention difficulties are also seen in other MPS
disorders such as MPS II and III, which are not treated with

Figure 2 Participant’s age in years (x-axis) and associated
volume (in mL) of their entire corpus callosum (y-
axis) along with a regression line for each group
as a whole (MPS IH, MPS IATT, and controls)

MPS IATT = attenuated form of mucopolysaccharidosis type I; MPS 1H =
Hurler syndrome form of mucopolysaccharidosis type I.

Figure 3 Mean total CC volume and volumes of anterior,
central, and posterior regions of the CC volume
(in mL) for the MPS IH, MPS IATT, and control
groups

CC = corpus callosum;MPS IATT = attenuated formofmucopolysaccharidosis
type I; MPS 1H = Hurler syndrome form of mucopolysaccharidosis type I.
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HCT. Disease effects appear to contribute substantially to the
clinical attentional difficulties seen in MPS I.

While these effect sizes are large in our small sample, we may
have missed additional relationships that could have been
found with a larger sample size. However, a small sample size
is an unavoidable factor in rare-disease research. Other
limitations of this study include an inability to match con-
trols on the basis of age, sex, and IQ to our participant
groups, which would have reduced our group sizes greatly.
IQ differences between the patient group and controls are
inevitable because IQ in patients with MPS IH and in those
with the attenuated L238Q mutation is lower than in the
normative population as a component of the disease. For our
study, finding healthy controls with lower IQs was not fea-
sible. In addition, our control participants had a higher than
average IQ with a small range and may not be an ideal,
generalizable comparison group.

Another limitation is that a computerized continuous-
performance task does not perfectly quantify attention in all
its aspects. In addition, participants 5 to 7 years of age were
given a 10-minute version of the TOVA. Ordinarily, a longer
version is given to those ≥5.5 years of age. In our experience,
5- to 7-year-olds with MPS I were often unable to perform on
the 22-minute version due to fatigue and poor sustained at-
tention. This determined the decision to use the 10-minute
version in the gathering of control data for children 5 to 7
years of age. These control data have not been published.

An additional limitation is that 2 different computerized tasks
were used for this study; however, both purport to measure the
same variables. Each measure also has a different means of
response. For the TOVA, a small microswitch, accurate to ±1
millisecond, is used. For the CCPT, the individual presses the
keyboard space bar to respond.While the small response switch
may have been difficult to use efficiently given the carpal tunnel
and finger contractures common to those with MPS I, because
all those with MPS completed the TOVA, there should not be
within-group variance secondary to the differences in physical
response. It may be that the increased VRT and slower RT
represents the effect of the orthopedic issues in MPS IATT.
Finally, while this study uses volumetric data to estimate po-
tential functional effects of disease, structural volume alone is
a relatively coarse metric. Future work should incorporate DTI
or resting-state fMRI as an additional measure of brain effect.

Clinically, attention is a skill important to every aspect of con-
scious functioning. It is critical for learning and memory, aca-
demic success, efficiency, productivity, and even interpersonal
facility. While the disease process itself is likely associated with
the attention andWM abnormalities, for children with MPS IH,
HCT is likely compounding these abnormalities. A less neuro-
toxic treatment applied early enough to spare WM development
is needed, and advances have been made toward this goal.30 For
the MPS IATT, treatments that reach the brain are needed be-
cause ERT presumably does not cross the blood-brain barrier.31

Until alternative treatments that are applied earlier and ulti-
mately promote improved WM development are developed,

Figure 4 Association between attention scores and CC volumes

Each graph depicts a separate attention
domain. Attention score (y-axis) is a stan-
dard score with a population mean of 100
and SD of 15. Associated corpus callosum
(CC) volume is in milliliters (x-axis). These
are plotted for each participant along with
a regression line for each group as a whole
(Hurler syndrome form of mucopoly-
saccharidosis type I [MPS IH], attenuated
form ofmucopolysaccharidosis type I [MPS
IATT], and controls).
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addressing the attention problems in individuals with MPS I
through behavioral, educational, and medical means may reduce
adverse effects of inattention on academic, vocational, and in-
terpersonal success. Although performance on attention meas-
ures is not diagnostic of an ADHD, like other individuals with
attention difficulties, those with MPS I will benefit from envi-
ronmental supports, parent training, skills training, and behavior
therapy to help make focusing and sustaining attention less ef-
fortful. Given that stimulant medication has been found to be
efficacious for other individuals with attention problems, it is
possible that, pending cardiac status and monitoring, such
treatment could also help those with MPS I found to be
responsive. Although the degree of responsiveness and the side-
effect profile for any medication depend on the individual pa-
tient, individuals with attention deficits due to other conditions
such as those with autism spectrum disorders32 or fetal alcohol
spectrum disorders33 may also have a different responsiveness to
ADHD medications. For those with MPS I, anecdotal caregiver
report suggests benefit in some, but not all, children.

This is one of the first studies to systematically demonstrate,
in a well-characterized sample of young patients with MPS I
(both attenuated and severe), an association between atten-
tion deficits and decreased CC volumes. This study not only
further delineates the clinical phenotype but also provides
further evidence of WM neuropathology in MPS I.
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