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Introduction: The mucopolysaccharidoses (MPSs) are a group of rare genetic lysosomal disorders with progres-
sive multisystem involvement. An MPS-specific physical symptom scale was developed and introduced a Phys-
ical Symptom Score (PSS) to quantify the somatic disease burden across MPS I, II and VI.
Hypothesis: Somatic burden of disease in patients with attenuatedMPS I, II and VI asmeasured by the PSS will be
positively associated with age and negatively associated with neuropsychological functions [i.e. full scale intelli-
gence quotient (FSIQ) and attention].
Materials andmethods: Forty-eight patientswith attenuatedMPS I (n=24), II (n=14), andVI (n=10) aged6 to
32 years on enzyme replacement therapy who were enrolled in “Longitudinal Studies of Brain Structure and
Functions in MPS Disorders” across seven centers. Somatic disease burden was measured by the PSS. Neuropsy-
chological functions were measured by the Wechsler Abbreviated Scale of Intelligence (WASI) and Test of Vari-
ables of Attention (TOVA).
Results: PSS was positively associated with age in attenuated MPS I (P b 0.001), MPS II (P b 0.01) and MPS VI
(P b 0.05). There was a negative association of PSS with FSIQ in attenuated MPS I (P b 0.001) and in MPS VI
(P b 0.001) but notwithMPS II. Although attention scoreswere below average in all groups, a significant negative
association between PSS and one measures of sustained attention (TOVA d prime) was found only in MPS VI.
Conclusions: Physical Symptom Score increasedwith age in attenuatedMPS I, II and VI, reflecting progressive so-
matic burden of disease despite treatmentwith enzyme replacement therapy. Furthermore, the association of in-
creased somatic disease burden with decreased neurocognitive ability suggests that both measures reflect
disease severity and are not independent.

© 2016 The Authors. Published by Elsevier Inc. This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/).
Keywords:
Mucopolysaccharidosis (MPS)
Physical Symptom Score (PSS)
Somatic disease burden
Neuropsychological measures
Enzyme replacement therapy
1. Introduction

The mucopolysaccharidoses (MPSs) are a group of rare genetic lyso-
somal disorders each caused by a specific enzyme deficiency, leading to
progressively worsening multi-organ dysfunction.

Previously an MPS-specific physical symptom scale was developed
and introduced a Physical Symptom Score (PSS) by quantifying the so-
matic disease burden in attenuated MPS I (Hurler-Scheie and Scheie
syndromes) [1]. A relationship of PSS with age and Daily Living Skills
(DLS) from the Vineland Adaptive Behavior Scales-Second Edition
(VABS-II) [2] and the PhS (Physical Summary) measure of quality of
life from the Child Health Questionnaire Parent Form 50 (CHQ-PF50)
[3] has been found in attenuatedMPS I, providing concurrent validation
for the scale [1]. This study extends our prior work with the PSS to
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(i) examine the validity of this scale in attenuatedMPS I, II and VI longi-
tudinally, (ii) investigate whether associations of PSS with age are also
seen in MPS II and VI, and (iii) examine its association with measures
of neuropsychological functions (i.e. FSIQ and attention) in within and
across these diagnostic groups.

We asked the questionwhether the PSSwould prove validwith pro-
gression of the disease in attenuated MPS I, II and VI in longitudinal
study, and whether it would be valid for other MPS disorders i.e. MPS
II and VI. Further, we investigated whether Physical Symptom Score
was associated with cognitive ability in MPS I, II, and VI.

2. Methods

2.1. Subjects

Forty-eight patients with MPS conditions [attenuated MPS I or MPS
IA = 24 (including Hurler-Scheie and Scheie patients), MPS II = 14
the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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(only the attenuated form) andMPSVI=10 (excluding all transplanted
patients)] from seven centers who were enrolled in LDN-6703 study
“Longitudinal Studies of Brain Structure and Functions in MPS Disor-
ders”, were included. Patients aged 6–32 years were evaluated annually
over the course of 5 years; all were on disease-specific enzyme replace-
ment therapy (ERT). Selection criteriawere: i) documentedMPS I, II and
VI by enzyme assay or genotyping, ii) availability of medical data from
case report forms and medical records review from each visit to obtain
a PSS score, and iii) completion of either theWechsler Abbreviated Scale
of Intelligence (WASI) [4] or the Test of Variables of Attention (TOVA)
[5] at each visit. Exclusion criteria were: i) age: too young (b6 years)
to complete the WASI or too old (N32 years), and ii) absence of both
IQ and attention measures. We excluded patients over 32 years to
keep themean age of patientswere comparable across the three groups.

2.2. Procedures

2.2.1. MPS-specific Physical Symptom Score (PSS)
Medical and treatment histories were obtained by interview with

the patient or parents. The same researcher then reviewed patients'
medical records to corroborate information from the interview and ob-
tain any additional information needed for every patient. Using this in-
formation, a PSS for each patient's visit was derived using a scoring
system that was devised to quantify abnormalities across six domains
and scored by a system of frequency and severity of symptom in rele-
vant organ systems (Table 1). The overall summary score is based on
scores from six domains, which were, skeletal/orthopedic, vision, hear-
ing, and cardio-respiratory, the number of surgical procedures, and
presence or absence of hydrocephalus with or without shunt place-
ment. Each of the 6 domains was scored 0 (absent) to 3 (severe). Total
summary scores were calculated by totaling each domain score. The
range of total summary scores could be from0 to 18. The specific criteria
for coding each domain are provided in Table 1. Higher Physical
Table 1
MPS-specific physical symptom scale.

Feature Score Description

Skeletal/orthopedic 0 No orthopedic symptom
1 1–2 symptoms
2 3–4 symptoms
3 5–6 symptoms or cord compression

Skeletal/orthopedic symptoms include limited range of motion, kyphosis, scoliosis,
hip dysplasia, knock knee and high arch foot

Vision 0 No visual impairment or symptom
1 Mild corneal clouding or glaucoma or cataract
2 Moderate corneal clouding or both glaucoma and

cataract
3 Severe corneal clouding or retinal degeneration

Hearing 0 None
1 Mild hearing loss
2 Moderate hearing loss
3 Severe hearing loss

Cardio-respiratory 0 None
1 1–2 cardiac or respiratory symptoms
2 3–4 symptoms or presence of sleep apnea
3 5–6 symptoms or history of cardiac surgery

Cardiac and respiratory symptoms include murmur, hypertension, valve disease,
cardiac surgery, chronic nasal discharge/obstruction, tonsils/adenoids,
respiratory infection/reactive airway disease and sleep apnea

Hydrocephalus 0 Absent
1 Hydrocephalus without shunt
2 Hydrocephalus with shunt
3 Revision of shunt

Number of
surgeries

0 No surgery
1 b4 surgeries
2 4 to 8 surgeries
3 N8 surgeries

Total score = 0–18
Symptom Scores reflect greater disease burden. The reliability and con-
current validity of the PSS was demonstrated in previous publication [1].

2.2.2. Cognitive measure
To measure neuropsychological functions, the Wechsler Abbreviat-

ed Scale of Intelligence (WASI) [4] was used to estimate Full Scale IQ.
FSIQ provides a brief, reliable measure of cognitive ability for use in re-
search settings. The Test of Variables of Attention (TOVA) [5] was used
to assess attention. The TOVAyields 5 scores: d prime (measure of signal
detection or howquickly performanceworsens), omission errors (num-
ber of targets missed by a subject), commission errors (number of im-
pulsive responses by a subject), reaction time (average time it takes
the subject to respond correctly to a target), and variability of reaction
time (measure of the variability in the subject's response time on accu-
rate responses). Commission errors were not included in this study. IQ
and TOVA scores are reported as standard scores with a mean of 100
and standard deviation of 15.

2.2.3. Ethical considerations
All patients and/or their legal guardians provided written informed

consent to participate in the study. This studywas approved by the Uni-
versity of Minnesota Institutional Review Board: Human Subjects Com-
mittee. The protocol was approved by each site's institutional review
board or independent research ethics committee.

2.2.4. Statistical analysis
Descriptive statistics were tabulated separately for each MPS group.

These included the mean and standard deviation for continuous vari-
ables and the frequency and percentage for categorical variables. The as-
sociation of PSS with age and each neuropsychological measure with
PSS was estimated for each MPS group with generalized estimating
equations and a working independence correlation structure. The anal-
yses of IQ and attention were adjusted for age at first treatment. Confi-
dence intervals and P-values were based on robust variance estimation
to account for the correlated nature of longitudinal measurements. All
analyses were conducted using R v3.1.1 (R Core Team, 2014) [6].

3. Results

Patient characteristics and outcomes of interest are presented in
Table 2. Here we can see that MPS II patients were treated earlier and
younger age at 1st assessmentwith narrower age range than attenuated
MPS I andMPS VI. AttenuatedMPS I andMPS VI, they were almost sim-
ilar in age at 1st assessment and age at 1st treatment. PSS average was
lowest in MPS II and highest in MPS VI and IQ average was highest in
MPS II and lowest in attenuated MPS I. Overall, attention scores were
Table 2
Patient characteristics and outcomes of interest; values presented as mean (SD) or N (%)
where indicated.

Patient characteristics MPS IA
(N = 24)

MPS II
(N = 14)

MPS VI
(N = 10)

Male 11 (50.0%) 14 (100.0%) 3 (30.0%)
Age at first assessment (years) 15.23 (6.11) 10.27 (2.79) 16.06 (5.58)
Number of visits 2.38 (1.10) 2.93 (0.83) 2.10 (1.29)
Age at first treatment (years) 8.98 (5.31) 7.52 (2.97) 9.76 (4.81)
Number of years on treatment
(years)

6.25 (3.39) 2.75 (1.84) 6.30 (2.52)

Outcomes of interest
PSS 8.88 (2.98) 8.07 (1.44) 9.60 (2.84)
FSIQ 93.46 (18.43) 98.21 (15.46) 96.30 (20.91)
TOVA: d prime 81.91 (14.40) 81.14 (13.89) 77.10 (11.06)
TOVA: omission errors 76.77 (25.50) 76.07 (27.27) 67.20 (29.20)
TOVA: reaction time 93.64 (21.38) 87.86 (22.23) 100 (13.71)
TOVA: variability 83.36 (22.67) 75.64 (25.21) 84.40 (21.51)

Notes: AttenuatedMPS I orMPS IA includes bothHurler-Scheie and Scheie patients. 2MPS
IA patients did not have TOVAs; n = 22 for the TOVA in this group.



Table 4
Association of PSS with FSIQ for each MPS group as obtained from regression analyses.

Outcome Covariate Association with FSIQ (95% CI) P-value

PSS MPS IA (per PSS point) 1.68 (1.10, 2.27) b0.001
MPS II (per PSS point) 1.30 (0.33, 2.27) 0.008
MPS VI (per PSS point) 1.43 (0.18, 2.68) 0.025

Notes: Number of observations 118 across 48 patients, one of the patients missing one
visit. Attenuated MPS I or MPS IA includes both Hurler-Scheie and Scheie patients.

Table 3
Association of PSS with age for each MPS group as obtained from regression analyses.

Outcome Covariate Association with age (95% CI) P-value

PSS MPS IA (per 5 years) 1.68 (1.10, 2.27) b0.001
MPS II (per 5 years) 1.30 (0.33, 2.27) 0.008
MPS VI (per 5 years) 1.43 (0.18, 2.68) 0.025

Notes: Number of observationswas 119. AttenuatedMPS I orMPS IA includes bothHurler-
Scheie and Scheie patients.
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below average in TOVA-d prime, omission errors and variability for all 3
groups, only TOVA-reaction time scores were within the average range
for all 3 MPS groups.

Table 3 shows the association of PSS with age in each MPS group. A
statistically significant positive association of PSSwith age was found in
MPS I (P b 0.001),MPS II (P b 0.01) andMPSVI (P b 0.05) (Table 3, Fig. 1)
such that with increasing age, the disease burden was greater.

Table 4 shows the association of PSS with FSIQ in eachMPS group. A
statistically significant negative association of PSS occurred with FSIQ in
MPS I (P b 0.001) and in MPS VI (P b 0.001) adjusting for age at first
treatment (Table 4, Fig. 2) such that the greater the disease burden,
the lower the IQ. The association was in similar direction for MPS II,
though was not statistically significant.

Table 5 shows the association of PSS with FSIQ and TOVA domains,
with and without measurements from a highly influential MPS VI pa-
tient. PSSwas statistically significantly negatively associatedwith atten-
tion in MPS VI (in the domains of TOVA-d prime) but no significant
association of PSS with attention was found in MPS I and MPS II
(Table 5). However, one of the patient in the MPS VI group was highly
influential. The influential patient was N2 standard deviations (SDs)
below the MPS VI group mean for both IQ and attention measures as
well as being 2 SDs above the mean on the PSS. Here FSIQ was 54,
TOVA: d prime 62, omission errors 40, reaction time 78, variability 60
and PSS 17. Given these outlying scores, we also evaluated the associa-
tion of PSS with FSIQ and TOVA domains in MPS VI excluding the influ-
ential measurements from that patient. Results for PSS compared with
IQdid not changemeaningfully but results for PSS comparedwith atten-
tion changed markedly. The association of PSS and TOVA d prime was
no longer significantly negatively associated in MPS VI, instead the esti-
mate switched to a positive association and association of PSS with
other 3 domains of TOVA, from no association, estimates turned to
Fig. 1. Association of PSS with age in MPS I, II and VI.
significant positive association (Table 5); which was not in accordance
with one of our hypotheses.
4. Discussion

The primary goal of this study was to evaluate the association of so-
matic disease burden with age and with neuropsychological function-
ing. Other chronic illnesses have been shown to have an association
between duration of disease severity and neuropsychological impair-
ment [7,8,9]. There were no previous studies that examined the
association of somatic disease burden in MPS disorders with neuropsy-
chological functions. This question is important for several reasons.
First, does the severity of disease in MPS disorders extend to the neuro-
psychological domain? Whether patients with MPS diseases who have
more severe physical disease also have more cognitive impairment
has not been addressed through any empirical research. Second, if
there is an association, then steps to intervene through rehabilitation
therapies and educational interventions can be carried out earlier in
the disease course with the knowledge that such children are at greater
risk for cognitive impairment. The findings demonstrate that all three
groups, attenuated MPS I, II, and VI, despite being on ERT, showed in-
creasing somatic disease burden with age, with older patients showing
more disease burden (Table 3, Fig. 1). Both MPS I and MPS VI showed
significant association of PSS with FSIQ demonstrating that increased
disease burden was related to lower FSIQ score. For MPS II, the associa-
tion was not statistically significant, though we observed similar direc-
tion as the other groups. The lack of statistical significance may be due
to the slightly higher IQ and lower variability of IQ in this group. It has
been previously noted that attenuated MPS II patients present with
symptoms and complications that usually lead to progressive physical
disability retaining normal or nearly normal intelligence [10,11,12]. It
also may be due to the younger age of the MPS II patients at both
Fig. 2. Association of PSS with FSIQ in MPS I, II and VI.



Table 5
Association of PSS with FSIQ and TOVA domains, with and without measurements from a highly influential MPS VI patient.

Outcome Covariate Association with outcome (95% CI)
with influential patient

P-value with
influential patient

Association with outcome (95% CI)
without influential patient

P-value without
influential patient

FSIQ MPS IA (per PSS point) −2.82 (−4.46, −1.18) b0.001 −2.81 (−4.45, −1.18) b0.001
MPS II (per PSS point) −4.11 (−11.17, 2.95) 0.254 −4.11 (−11.17, 2.95) 0.254
MPS VI (per PSS point) −5.83 (−7.82, −3.83) b0.001 −5.52 (−10.05, −0.98) 0.017

d prime MPS IA (per PSS point) 0.03 (−1.99, 2.05) 0.979 0.09 (−1.92, 2.11) 0.927
MPS II (per PSS point) 2.19 (−3.11, 7.48) 0.418 2.24 (−3.08,7.55) 0.409
MPS VI (per PSS point) −3.04 (−5.64, −0.43) 0.022 1.11 (−1.47, 3.68) 0.400

Omission errors MPS IA (per PSS point) −0.46 (−3.73, 2.80) 0.781 −0.33 (−3.62, 2.96) 0.843
MPS II (per PSS point) 0.29 (−6.38, 6.95) 0.933 0.40 (−6.28, 7.08) 0.906
MPS VI (per PSS point) −2.28 (−7.29, 2.73) 0.372 5.57(0.47, 10.68) 0.032

Reaction time MPS IA (per PSS point) 0.73 (−0.90, 2.36) 0.380 0.85 (−0.75, 2.44) 0.297
MPS II (per PSS point) 0.16 (−5.91, 6.22) 0.960 0.26 (−5.81, 6.32) 0.933
MPS VI (per PSS point) 0.50 (−3.51, 4.52) 0.806 7.51 (4.91, 10.12) b0.001

Variability MPS IA (per PSS point) 1.10 (−1.58, 3.77) 0.422 1.23 (−1.49, 3.95) 0.374
MPS II (per PSS point) 1.35 (−6.57, 9.28) 0.738 1.47 (−6.45, 9.39) 0.716
MPS VI (per PSS point) −0.38 (−5.20, 4.45) 0.878 7.72 (3.74, 11.70) b0.001
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evaluation and start of treatment compared toMPS I and VI. One should
note that neurological factors such as hydrocephalus and abnormalities
onMRI are equally common inMPS II as inMPS I [13] orMPS VI [14]. At-
tention was chosen as previous studies have found abnormal attention-
al function in MPS disorders [15,16,17]. It has been hypothesized that
attention is related to white matter abnormalities in MPS conditions
[18]. Overall, attention scores were below the average range for the d
prime, omission errors, and variability for all three groups. Reaction
time was within the average range for all three groups. However, for
all three groups no significant associationwas foundwith PSS. Although
it was hypothesized that attention would be negatively associated with
somatic disease burden, the associations were not as strong as with IQ
and were not statistically significant for MPS I and II. This is the first
such study that quantified severity of somatic disease and then associat-
ed it with neuropsychological functions in MPS disorders. There is sur-
prisingly little information on the relationship between severity of
disease burden and neuropsychological functioning in children with
chronic medical conditions. Although Suris et al. [19] state that it is un-
likely that chronic illness “affects the basic neuronal maturational
mechanisms that underlie the development of abstract thinking capa-
bilities in adolescence,” with the exception of inherited metabolic dis-
eases, evidence for neuropsychological effects of disease processes in
type I diabetes [7,8] sickle cell disease (without cerebrovascular acci-
dents) [20] congenital heart disease [9] and multiple sclerosis [21]
have been found. These reports indicate that these diseases most often
affect visual spatial ability but often only tests of cognitive ability have
been given without more specialized testing, limiting the conclusions
that have beenmade. In these selected reports, quantification of the dis-
ease burden was disease-specific and included congenital heart disease
severity whichwas coded as complex,moderate and simple, in diabetes
age of onset/duration, severity of hypo/hyper-glycemic events were ex-
amined, but in multiple sclerosis cognitive impairment was related to
physical disability (which was measured by a disability scale) not relat-
ed to duration of the disease. In the case of the MPS disorders, multiple
body systems are involved and the effects of multiple surgeries, as well
as sensory and orthopedic and cardio-respiratory abnormalities on cog-
nitive ability are for the first time quantified and associated. Our find-
ings suggest that as individuals with MPS I, II and VI age, they appear
to be at greater risk for worsening physical symptoms. It will be impor-
tant to pursue treatment that will both ameliorate as many physical
symptoms as possible while also recognizing that early interventions
for cognitive abnormalities will be necessary for improving long term
outcomes and quality of life inMPS disorders.While problems in cogni-
tion amongMPS I patients have been well documented [15], the abnor-
malities in MPS VI have only been alluded to in the literature and not
well described. It should be noted that the PSS score forMPS VI is higher
than the others, and the patients started treatment later. For these
patients, earlier treatment, as is seen in theMPS II group,may have pos-
itive benefits for both somatic and neuropsychological function.

5. Conclusions

We found that a standardized method for measuring MPS-specific
Physical Symptom Score (PSS) increased with age in attenuated MPS I,
II and VI, reflecting progressive somatic burden of disease despite treat-
mentwith enzyme replacement therapy. Furthermore the PSSwas neg-
atively associated with FSIQ in both MPS I and MPS VI. In MPS II, who
were treated earlier, had younger and narrower age range, a significant
associationwith FSIQwas not found though results showed a similar di-
rection as the other groups. The association of increased somatic disease
burden with decreased neurocognitive ability suggests that both mea-
sures reflect disease severity and are not independent.

Future research is needed to provide a better understanding of the
relationships between somatic burden of disease with attention and
other neuropsychological measures in these patients, with more longi-
tudinal data as well as brain imaging.
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