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Abstract Objectives: We quantified medical signs and
symptoms to construct the Physical Symptom Score (PSS)
for use in research to assess somatic disease burden in
mucopolysaccharidoses (MPS) to track disease and monitor
treatments. We examined scoring reliability, its concurrent
validity with other measures, and relationship to age in
MPS type 1.

Methods: Fifty-four patients with MPS 1 (36 with Hurler
syndrome treated with hematopoietic cell transplant and 18
with attenuated MPS 1 treated with enzyme replacement
therapy), ages 5 to 18 years, were seen longitudinally over 5
years. The summation of frequency and severity of signs of
specific organ involvement, surgeries, and hydrocephalus
drawn from medical histories comprise the PSS.
We examined relationship to age and to daily living skills
(DLS) from the Vineland Adaptive Behavior Scale and
physical quality of life from the Child Health Questionnaire
(CHQ) for each group.

Results: The PSS was associated with age in both groups,
indicating increase in disease burden over time. The PSS
was significantly negatively associated with DLS (r =
—0.48) and CHQ (» = —0.55) in the attenuated MPS I but
not in the Hurler group.
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Conclusions: The association of somatic disease burden
with physical quality of life and ability to carry out daily
living skills suggests that the PSS will be useful in the
measurement of disease and treatment effects in the
attenuated MPS 1 group. Earlier treatment with transplant
and differing parental expectations are possible explanations
for its lack of association with other outcomes necessitating
an adaptation for Hurler syndrome in the future.

Introduction

Patients with mucopolysaccharidoses type I (MPS 1) have
medical problems in many organ systems (Neufeld and
Muenzer 2001; Clarke and Heppner 2002; Muenzer et al.
2009). They are often severe and likely contribute signifi-
cantly to their health-related quality of life (QOL) and
adaptive status. However, there is no single score that can
summarize their disease burden for clinical research pur-
poses. Quantification of these problems will assist in
understanding how medical problems contribute to other
outcome measures. We have developed a Physical Symptom
Score (PSS) to measure disease burden based on the severity
and frequency of symptoms in relevant organ systems; we
have assessed its scoring reliability and validated it with
quality of life and daily living skills measures.

MPS I is one of the lysosomal storage disorders which is an
autosomal recessive multi-organ system disease caused by a
deficiency of the enzyme, alpha-L-iduronidase (Neufeld and
Muenzer 2001; Hopwood and Morris 1990), with an
incidence of 1:100,000 live births (Neufeld and Muenzer
2001; Meikle et al. 1999; Moore et al. 2008). The pheno-
types of MPS I disorder are historically classified into
three syndromes: severe Hurler, milder disorder Scheie, and
the intermediate disorder Hurler—Scheie. Hurler—Scheie and
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Scheie syndromes also have been referred collectively as
attenuated MPS I and cannot be easily differentiated
diagnostically using clinical, biochemical, or molecular
criteria (Neufeld and Muenzer 2001; Clarke and Heppner
2002; Pastores et al. 2007; D’Aco et al. 2012). Hearing
difficulties, corneal clouding, organomegaly, skeletal or
orthopedic abnormalities, cardiorespiratory problems, central
nervous system problems like hydrocephalus with or without
shunt placement, other neurological problems such as carpal
tunnel syndrome, headache, cognitive impairment, and
sometimes cervical cord compression impede functionality
on a day-to-day basis and contribute to disease burden.
These physical signs and symptoms together with increased
urinary excretion of GAG (glycosaminoglycan), and absent
or deficient alpha-L-iduronidase enzyme activity are
observed in all forms of MPS I (Terlato and Cox 2003;
Scott et al. 1995; Beesley et al. 2001), but no method exists
to accurately summarize phenotypic disease burden in
retrospective or prospective research studies. Genotype—phe-
notype correlations have been established to a limited degree
in Hurler syndrome and even more limited in the attenuated
forms (Pastores et al. 2007; Terlato and Cox 2003; Scott
et al. 1995; Beesley et al. 2001; Bertola et al. 2011; Ahmed
et al. 2014a). Standard of care treatments such as hema-
topoietic cell transplant (HCT) (Peters et al. 1996; Peters
et al. 1998; Souillet et al. 2003; Staba et al. 2004) in Hurler
syndrome and enzyme replacement therapy (ERT) (Kakkis
et al. 2001; Wraith et al. 2004) for the attenuated syndromes
ameliorate some but not all symptoms. This scale will
provide a summary score that could be used to assess the
overall impact on disease burden of treatments over time.

Our goal is to establish a quantified measure of disease
burden by creating a summative scale of the history of
medical problems in multiple organ systems. We hypo-
thesize that it will be associated with age, with the ability to
carry out daily living skills (DLS), and with quality of life
(QOL) outcomes in MPS I. The latter measures will
provide information about concurrent validity.

Methods
Subjects

Subjects with MPS 1 were drawn from four centers
contributing to a natural history study “Longitudinal Studies
of Brain Structure and Function in MPS Disorders,”
NCTO01870375 of the Lysosomal Disease Network (Rare
Disease Clinical Research Network-RDCRN). Inclusion
criteria were (1) age range of 5 to 18 years, (2) availability
of medical data to create PSS score at each visit, and (3)
completion of either Vineland Adaptive Behavioral Scales
(VABS), Second Edition, or Child Health Questionnaire
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Parent Form 50 (CHQ-PF50), for at least one visit. Each
patient had between one and five visits over 5 years.

Procedures
Development of the PSS Scale

Medical and treatment histories, as gathered from interviews
with patients or parents of patients and review of medical
records, were recorded on case report forms developed for the
longitudinal study. When available all clinical files and
medical records of patients were reviewed. A scoring system
was devised to quantify abnormalities in four medical
domains: skeletal/orthopedic, vision, hearing, and cardio-
respiratory. These data were scored by a system of frequency
and severity of the organ system involvement (Ahmed et al.
2014b). The scoring system also quantified the patient’s
number of surgical procedures using general anesthesia, and
the absence or presence of hydrocephalus with or without
shunt placement. Medical records were examined together
with historical information for each domain. For example,
to score the skeletal/orthopedic domain, we would collect
appropriate information from the physician medical encoun-
ters and comments on symptoms such as limited range of
motion, hip dysplasia, kyphosis, etc., and determine the
frequency of these symptoms. Because we could not always
determine the severity, each symptom was categorized as
present or absent. Each of the 6 domains was scored
0 (absent) to 3 (severe). The specific criteria for coding
each domain are provided in Table 1. Total summary scores
were calculated by totaling each domain score. The range of
total summary scores could be from 0 to 18.

Reliability

To investigate the inter-rater scoring reproducibility, 30 MPS
I patients were chosen in a random order and independently
scored by an expert who is involved in MPS research and
previously was a health professional (E.R.) and compared
with the PSS scoring of the author (A.A.). Inter-rater
reliability is reported on the total score based on history and
medical record review. All the items were scored in a similar
manner according to the MPS-specific Physical Symptom
Scale by both raters (Table 1).

Validation Measures

We compared the PSS with physical summary (PhS) measure
from the Child Health Questionnaires Parent Form 50 (CHQ-
PF50) and the daily living skills (DLS) domain from Vineland
Adaptive Behavioral Scales (VABS), Second Edition. These
two scales were selected because they have embedded
measures of functional outcomes of somatic burden of
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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
1
2
3
Hearing 0
1
2
3
Cardiorespiratory 0
1
2
3

No visual impairment or symptom

Mild corneal clouding or glaucoma or cataract
Moderate corneal clouding or both glaucoma and cataract
Severe corneal clouding or retinal degeneration
None

Mild hearing loss

Moderate hearing loss

Severe hearing loss

None

1-2 cardiac or respiratory symptoms

3—4 symptoms or presence of sleep apnea

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
Absent
Hydrocephalus without shunt

Hydrocephalus 0
1
2
3
Number of surgeries 0
1
2
3

Total score = 0—18

Hydrocephalus with shunt
Revision of shunt

No surgery

Less than 4 surgeries

4 to 8 surgeries

More than 8 surgeries

disease (Physical Summary Measure of Quality of Life and
Daily Living Skills), allowing for concurrent validation.
Ideally, a measure such as the HAQ (Health Assessment
Questionnaire) (Pastores et al. 2007) might be used to
validate the PSS; however, normative data is not available
for children, and the HAQ was not selected as a measure for
the longitudinal study for the same reason.

The Child Health Questionnaire Parent Form 50 (CHQ-
PF50) is a 50-item, parent-completed questionnaire designed
to measure children’s general functional health and/or health-
related quality of life from parent’s perspective (Landgraf
et al. 1996). The CHQ-PF50 has been validated in multiple
settings and various childhood disease groups and normed
in a large national study of children from 5 to 18 years of
age. We used the 7-scores (where M = 50 and SD = 15)
for the physical summary (PhS) measure. Lower scores on
the CHQ indicate greater impairment in functioning. This

measure was chosen because it reflects the impact of disease
burden on the perception of how it affects physical quality
of life.

Vineland Adaptive Behavioral Scales (VABS), Second
Edition, is an observer-rated measure of personal and social
skills needed for everyday living (Sparrow et al. 2005). This
adaptive level of functioning measures along four broad
domains (communication, daily living skills (DLS), social-
ization, and motor skills) and is designed for assessing
individuals between ages of 0 and 90 years. The daily living
skills domain is a measure of practical skill of self-care, care
of home, and community participation. We used the standard
scores (where M = 100 and SD = 15) of parent-reported
DLS for comparison. Lower scores on the DLS indicate
greater impairment in functioning. This measure was chosen
because it reflects the impact of disease burden on the day-
to-day functioning of the patient.
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Table 2 Patient descriptives; values presented are mean (SD) or N (%) where indicated

Hurler Attenuated
Covariate (N =36) (N =18)
Male 18 (50.0%) 9 (50.0%)
Age at first visit (years) 9.53 (3.64) 11.70 (4.49)
Age at treatment (years) 1.42 (0.77) 7.57 (5.02)
Time on treatment (years) 8.11 (3.83) 4.13 (2.74)
PSS score at first visit 9.39 (2.05) 7.89 (2.76)

Statistical Analysis

Descriptive statistics were tabulated separately for attenuated
and Hurler forms of MPS I. These included the mean and
standard deviation for continuous variables and frequency for
categorical variables. Correlations were estimated with
generalized estimating equations using normalized covariates
with a working independence correlation structure, which
corresponds to Pearson’s product moment correlation coeffi-
cient (Diggle et al. 2002). Confidence 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).

Results

The attenuated group was slightly older than the Hurler group
(Table 2). The age at treatment and years from treatment
were also different for the two groups due to differences in
standards of care for the age of diagnosis and timing at each
treatment. All of the Hurler patients underwent hemato-
poietic cell transplantation, and all of the attenuated patients
were on enzyme placement therapy only.

Reliability: Inter-rater reliability of the PSS scoring was
good (intra-class correlation [ICC] = 0.99).

In Table 3 both groups showed a significant correlation
with age such that older patients showed more disease
burden in both groups (Fig. 1). Of those with multiple visits,
no patient showed a decrease and several showed an
increase in PSS: 6/22 (27%) for the Hurler patients and
3/11 (27%) for the attenuated patients.

In the attenuated group, PSS was negatively associated
with the PhS from the CHQ (Fig. 2) and DLS from the
Vineland (Fig. 3) such that lower scores for quality of life
and daily living skills are associated with higher PSS,
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indicating more functional impairment. PSS was not
significantly associated with PhS from CHQ and DLS from
Vineland in the Hurler group.

Discussion

We have constructed a somatic disease severity score to
reflect the degree of disease burden based on a multicenter
longitudinal cohort of Hurler and attenuated (Hurler—Scheie
and Scheie) forms of MPS I patients. Our goal was to
design an MPS-specific physical symptom scale to quantify
somatic disease burden for comparison with other outcome
measures and for use in clinical trials.

Our analysis supports the scoring reliability of this
measure for both MPS I groups and the validity of the PSS
for attenuated MPS I patients. We have presented evidence
for the association of PSS with age in both MPS I groups. In
both groups, the percent increase of PSS was the same.

We know that despite ERT treatment, patients with
attenuated forms of MPS I continue to undergo surgeries for
orthopedic problems, cervical cord compression, and shunt
placement for hydrocephalus. However, a good treatment
response would be avoiding further decline. To be most
useful, treatments would need to start early, before substantial
progression (i.e., high PSS).

The PSS provides a shorthand measure of these accumu-
lated problems. We found that these problems are associated
with difficulties in carrying out activities of daily living and
physical quality of life in the attenuated MPS I patients.
While other measures such as the HAQ, a direct measure of
disability, might also provide concurrent validation, the
advantage of the VABS and the CHQ is that they both have
normative data for children. The association of
physical handicap with activities of daily living is consistent
with previous reports that on a direct measure of
physical performance, MPS I patients have difficulties in
conducting daily functional activities (Haley et al. 2006).
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Table 3 Correlation of PSS with Hurler and attenuated groups

Variable Group Correlation (95% CI) P-value
Age Hurler 0.39 (0.20, 0.55) <0.001
Age Attenuated 0.58 (0.31, 0.76) 0.001
CHQ-PhS Hurler —0.14 (—0.36, 0.09) 0.235
CHQ-PhS Attenuated —0.56 (—0.76, —0.25) 0.001
Vineland DLS Hurler —0.11 (-0.31, 0.11) 0.328
Vineland DLS Attenuated —0.48 (—0.70, —0.18) 0.003

PSS Score
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Fig. 1 Association of PSS with age among Hurler and attenuated MPS 1 groups
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Fig. 2 Association of PSS with CHQ-PhS among Hurler and attenuated MPS I groups
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Fig. 3 Association of PSS with Vineland DLS among Hurler and attenuated MPS 1 groups

Correlation with such a measure in future studies might
provide additional validity for the PSS.

In contrast to the attenuated group, while showing an
increase with age, the PSS was not associated with decreased
daily living skills or quality of life among Hurler patients.
There are several possible factors. As the majority of
problems occurred in these patients at the time of HCT, the
elapsed time since the occurrence of these symptoms is long.
Because they occurred earlier, they may not be as handi-
capping, the symptoms are more stable, or they may have
learned to live with their disease burden. Further work is
necessary to adapt the PSS for children with Hurler syndrome
for it to be a useful measure of late effects.

For the attenuated MPS 1 group, this measure of disease
burden can be both a marker of long-term treatment efficacy
and tracking individual domains of somatic involvement in
disease progression. In MPS II, effects of PSS were
documented in a previous publication where it was found that
for every PSS point, a measure of variability in attention is
decreased by 12 points (p value <0.001) in mild mucopoly-
saccharidosis type II (Yund et al. 2015).

It should be noted that this scale is not meant to be a clinical
tool. It is a summary of the patient’s history of medical
problems. Thus, it does not define specific approaches to the
severity or method of obtaining medical data. Because this
scale is based on medical records, it relies on many physician
assessments, which may not use the same criteria to judge a
sign of MPS. Thus, while the scoring may be reliable, we are
basing this scoring on the judgment of physicians who may
differ in the criteria they use or their data collection methods.
This is similar to the problem encountered in registry data.
Pastores et al. note that registries suffer from a lack of
standardization of assessment and data collection methods
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(Pastores et al. 2007). It should be noted that multiple sites
enter data to a registry, but in this case, single well-trained
personnel are compiling data for the PSS, eliminating one
source of variation.

In conclusion, a reliable MPS I-specific Physical Symp-
tom Score (PSS) has been developed which may be useful in
future investigations of the effects of treatment and disease
progression. The association of somatic disease burden with
outcomes such as age, physical quality of life, and ability to
carry out daily living skills supports the validity of this
measure in attenuated MPS I patients. Research needs to be
carried out to adapt the measure so it is more sensitive in
children with Hurler syndrome. Future investigations will
also focus on other correlates such as emotional and social
status, genotypes, biomarkers, and MRI markers of the brain.
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burden and used to evaluate treatment outcomes and disease
progression for research purposes in the attenuated group of
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