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Abstract

Mucopolysaccharidosis Type I (MPS I) is caused by deficiency of α-L-iduronidase.

Short stature and growth deceleration are common in individuals with the attenuated

MPS I phenotype. Study objectives were to assess growth in individuals with attenu-

ated MPS I enrolled in The MPS I Registry while untreated and after initiation of

enzyme replacement therapy (ERT) with laronidase (recombinant human iduronidase).

Individuals in the MPS I Registry with at least one observation for height and

assigned attenuated MPS I phenotype as of September 2020 were included. The

cohort included 142 males and 153 females 2–18 years of age. Age and sex adjusted

standardized height-for-age z-scores during the natural history and ERT-treatment

periods were assessed using linear mixed model repeated measures analyses. Growth

curves were estimated during both periods and compared to standard growth charts

from the Center for Disease Control (CDC). There was a significantly slower decline

in height z-scores with age during the ERT-treated period compared to the natural

history period. Estimated average height z-scores in the ERT-treatment versus the

natural history period at age 10 were �2.4 versus �3.3 in females and �1.4 versus

�2.9 in males (females first treated 3 year; males <4.1 year). While median height

remained below CDC standards during both the natural history and ERT-treated

periods for individuals with attenuated MPS I, laronidase ERT was associated with

slower declines in height z-scores.
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1 | INTRODUCTION

Glycosaminoglycan (GAG) homeostasis is important for normal skele-

tal development (Clarke, 2011). Consequently, growth failure is com-

mon in inherited metabolic disorders caused by genetic defects in

GAG metabolism, including the mucopolysaccharidoses (MPS). GAG

accumulation and secondary alterations in complex cellular pathways

result in multi-systemic disease with variable disease course and a

spectrum of clinical manifestations that include growth failure and

short stature (Melbouci et al., 2018).

Mucopolysaccharidosis type I (MPS I) has an incidence of

approximately 1/100,000 live births (Giugliani et al., 2017; Moore

et al., 2008). Deficiency of α-L-iduronidase (IDUA) resulting in the

accumulation of GAG substrates, dermatan and heparan sulfate,

leads to progressive multisystem disease with a natural history

spectrum ranging from severe (Hurler syndrome, OMIM 607014) to

attenuated (Hurler-Scheie OMIM 607015 and Scheie syndromes,

OMIM 607016). Enzyme replacement therapy (ERT) with the

recombinant human IDUA laronidase (Aldurazyme) is FDA and

EMEA approved for MPS I. Laronidase is well tolerated, and treat-

ment not only decreases urinary GAG levels, but also improves

respiratory function, physical capacity, and organomegaly (Kakkis

et al., 2001; Wraith, 2005; Wraith et al., 2004). As MPS I is a pro-

gressive multisystem disorder, the benefit of ERT appears to be

most pronounced when treatment is initiated in the early stages of

the disease natural history (Gabrielli et al., 2016; Wraith

et al., 2007).

Growth failure and short stature are common in MPS disorders,

as are other bone and skeletal manifestations (Morishita &

Petty, 2011; Müller et al., 2021; Rozdzynska-Swiatkowska

et al., 2015; Tylki-Szymanska et al., 2010; Vijay & Wraith, 2005). In

untreated individuals with attenuated MPS I, disease-specific growth

charts show that growth deviates from reference curves by 2 years

of age and median height is below the third percentile by 9 years of

age (Guffon et al., 2019; Viskochil et al., 2019). There are limited

data available regarding the impact of ERT on longitudinal growth in

individuals with attenuated MPS I. Data from an open-label study of

laronidase showed that growth rate increased by 35%–192% in five

children age 8–12 years with attenuated MPS I after 1 year of

treatment (Kakkis et al., 2001). In a 1-year study, three of four chil-

dren with attenuated MPS I showed a net increase in height-for-age

z-scores after initiation of laronidase treatment (Wraith et al., 2007).

Other studies in small numbers of patients suggest that ERT has a

positive impact on height, especially if initiated early in the disease

natural history (Al-Sannaa et al., 2015; Laraway et al., 2016;

Sifuentes et al., 2007; Wraith et al., 2007). In contrast, one study of

14 individuals showed no significant impact of ERT on height,

regardless of the age when ERT was initiated (Tylki-Szymanska

et al., 2010).

The purpose of this study was to assess growth responses after

initiation of ERT in individuals with attenuated MPS I enrolled in the

MPS I Registry.

2 | METHODS

2.1 | Ethical standards

Institutional review boards or ethics committees at all study sites

approved the study. Patients and/or their parents/guardians provided

written informed consent in compliance with local regulations.

2.2 | Study design

Data were obtained from The MPS I Registry (NCT00144794), an

observational global longitudinal database funded by Sanofi

(Cambridge, MA) and established to capture standard of care clinical

and biochemical assessments of patients with MPS I and to evaluate

clinical outcomes. Individuals are referred to the MPS I Registry by

their clinician and participate voluntarily. Data are collected both

retro- and prospectively as previously described (Pastores

et al., 2007). A Board of Advisors comprised of physicians oversee the

Registry that is sponsored by Sanofi.

2.3 | Study population

Patients in the MPS I Registry with attenuated disease, known birth date,

known treatment status, and, among treated patients, known date of first

ERT treatment were eligible for inclusion in the analysis (Table 1). Data

reported from the initiation of the Registry in 2003 through September

2020 were included; some data are from measurements performed prior

to 2003 since the Registry allows retrospective data entry. Patients were

included if they had at least one height measurement between ages

2 and 18 years entered in the Registry, and all available height observa-

tions during that age period were included in the analysis.

2.4 | Analysis

Data were stratified by sex and age for the analysis of height observa-

tions classified by treatment period. The natural history period

includes measurements from up to 6 months after the first ERT treat-

ment. The ERT-treated period includes measurements from 6 months

onward after the first treatment. Because most patients had multiple

height observations over time, they could contribute data to one or

both periods. Height measurements were determined to be outliers

and excluded if they were evaluated as biologically implausible

(i.e., height measurements ≤90 cm from age 5 to <10 years, and

≤100 cm from age 10 to <18 years), or if the change from the previ-

ous measurement resulted in a growth rate of more than 25 cm/year

or a decrease of more than 25 cm/year.

Descriptive analyses were performed with means, standard devia-

tions, medians and 25% and 75% percentiles determined for continu-

ous variables, and percent for categorical variables. Age- and sex-
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stratified standardized growth data were used from the Centers for

Disease Control (CDC) growth charts (DepartmentHHS, 2002).

Height-for-age z-scores (the number of standard deviations from the

reference population) were determined using normative growth data

from the CDC (https://www.cdc.gov/growthcharts/cdc_charts.htm).

Individuals with z-scores greater than two standard deviations below

the mean (i.e., z-scores ≤ �2) were considered to have short stature.

Height z-scores over time and investigation of rate of change in

z-scores for the natural history versus ERT-treated periods were

assessed using linear mixed effects models to account for repeated

measures over time. z-Scores were calculated based on CDC growth

charts. The age range included in these models was cut off when

there were fewer than 10 height records for either the natural history

or ERT-treated groups in a given year, resulting in an age range for

TABLE 1 Characteristics of MPS I registrants with height/length measurementsa

Males N = 142b Females N = 153b

Overall
N = 295

Natural history
period N = 110

ERT-treated
period N = 107

Natural history
period N = 130

ERT-treated
period N = 120

Number of

records, n

2704 394 926 439 945

2003c or earlier,

n (%)

445 (16.5) 199 (50.5) 5 (0.5) 213 (48.5) 28 (3.0)

After 2003, n

(%)

2259 (83.5) 195 (49.5) 921(99.5) 226 (51.5) 917 (97.0)

Age at MPS I diagnosis, year

Mean (SD) 5.6 (4.1) 5.8 (4.0) 4.9 (3.4) 6.0 (4.3) 4.8 (3.4)

Median (25th,

75th)

4.5 (3.1, 7.5) 4.6 (3.2,7.3) 4.1 (2.9,6.2) 4.9 (3.2,8.4) 4.1 (2.3,6.5)

Age at first ERT treatment, year

Mean (SD) 9.3 (6.3) 7.1 (4.3) 7.9 (4.1)

Median (25th,

75th)

7.9 (4.6,

12.7)

NA 5.7 (4.1, 9.4) NA 7.7 (4.4, 11.0)

Natural history follow-up time, year

Mean (SD) 2.0 (3.0) 2.1 (3.4) NA 1.9 (2.6) NA

Median (25th,

75th)

0.6 (0.0, 3.0) 0.6 (0.0, 2.5) 0.6 (0.0, 3.2)

ERT-treated follow-up time, year

Mean (SD) 4.4 (3.8) NA 4.5 (4.0) NA 4.3 (3.6)

Median (25th,

75th)

3.4 (1.4, 7.2) 3.3 (1.4, 7.4) 3.5 (1.4, 7.0)

Age at first height measurement within specified period, year

Mean (SD) 7.5 (4.4) 7.1 (4.5) 8.8 (4.6) 7.3 (4.1) 9.4 (4.2)

Median (25th,

75th)

6.3 (3.8,

10.7)

5.7 (3.5, 9.8) 7.6 (5.2, 13.0) 6.4 (3.9, 10.0) 9.3 (5.7, 12.8)

Age at last height measurement within specified period, year

Mean (SD) 9.8 (4.8) 9.3 (4.9) 13.3 (4.4) 9.2 (4.3) 13.7 (4.1)

Median (25th,

75th)

9.4 (5.5,

14.0)

8.0 (4.8, 14.3) 14.7 (9.9, 17.3) 8.6 (5.3, 11.9) 15.2 (11.1, 17.1)

Geographic region n (%)

JAPAC 7 (2.4) 2 (1.4) 5 (3.3)

Europe 146 (49.5) 62 (43.7) 84 (54.9)

North America 96 (32.5) 51 (35.9) 45 (29.4)

Latin America 46 (15.6) 27 (19.0) 19 (12.4)

Abbreviation: NA, not applicable.
aIncludes only records with physiologically plausible data as described in Section 2.
bOf the 142 males, 35 contributed height records only to the Natural History period, 32 contributed only to the ERT-treated period, and 75 contributed to

both. Of the 153 females, 33 contributed height records only to the Natural History period, 23 contributed only to the ERT-treated period, and 97

contributed to both.
cLaronidase ERT was introduced in 2003.
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males of 3 to <18 years, and for females of 3 to <13 years. An

unstructured covariance matrix was used, and models were estimated

using restricted maximum likelihood. The final models included ran-

dom effects for the intercept (z-score at age 3), age, and age-squared

(with age in years shifted to age �3, the start of the age range in the

models), and included fixed effects for age, age-squared, and the inter-

actions of age and age-squared by treatment status (i.e., ERT-treated

vs. natural history observations). The age-squared variables allow the

model to reflect the association between age and height z-scores dur-

ing childhood/adolescence more accurately, rather than assuming a

linear change in z-scores across all ages. The interaction of age (mod-

eled as age and age-squared) with treatment status allows the associa-

tion between age and height z-scores to differ between natural

history and ERT-treated measurements. Models also included fixed

effects for age at diagnosis (in quartiles for both males and females)

and age at first treatment (in quartiles for males; continuous years for

females; based on model fit), because both covariates are associated

with height and treatment status. Final models were selected based

on minimizing the Akaike Information Criterion (AIC); additional

details on final models and model selection are included in Table 2.

The General Additive Models for Location Scale and Shape

(GAMLSS) package for R statistical software (https://www.gamlss.

com/) (Rigby & Stasinopoulos, 2005) was used to estimate growth

curves separately for the natural history and ERT-treated height-by-

age data, stratified by sex. Growth curves were estimated for the

same age ranges as were used for the z-score models described

above. The Box-Cox normal, Box-Cox t, and Box-Cox power exponen-

tial distributions (all with log-links for mu and cubic splines for

smoothing) were compared to select the best-fitting model for each

group, based on minimizing the value of the generalized AIC (GAIC).

The median, 3rd, and 97th percentile curves based on the selected

model for each group were plotted and compared to CDC growth

curves.

3 | RESULTS

3.1 | Participants and characteristics

Among 425 individuals classified with attenuated disease in the MPS I

Registry, 26 were excluded because of treatment with HSCT and

103 were excluded due to absence of height records. After review for

outlier data, the final study population consisted of 295 individuals

with 2704 height records. Growth curve and modeling analyses

TABLE 2 Linear mixed model estimates for height z-scorea based on age and treatment status. Linear mixed model regression coefficients for
the age-related terms predicting height z-score, by sex

Parameter

#

patients

# height

records Estimate SE p-value

95% CI lower

limit

95% CI upper

limit

Males, age 3 to <18 years 138 1282 - - - - -

Age, per 1 year increaseb - - �0.335 0.0511 <0.0001 �0.435 �0.234

Age-squared, per 1 unit increaseb - - 0.010 0.0030 0.0013 0.004 0.016

Age � Treatment Interactionc - - 0.281 0.0461 <0.0001 0.190 0.371

Age-squared � Treatment

Interactionc
- - �0.012 0.0027 <0.0001 �0.017 �0.007

Females, age 3 to <13 years 133 914 - - - - -

Age, per 1 year increaseb - - �0.545 0.0646 <0.0001 �0.672 �0.417

Age-squared, per 1 unit increaseb - - 0.026 0.0054 <0.0001 0.016 0.037

Age � Treatment interactionc - - 0.315 0.0609 <0.0001 0.196 0.435

Age-squared � Treatment

interactionc
- - �0.021 0.0043 <0.0001 �0.030 �0.013

Notes: The terms “Age � Treatment Interaction” and “Age-squared � Treatment Interaction” reflect the difference in height z-scores over time for ERT-

treated patients compared to natural history patients (i.e., the referent group). In addition to the age-related terms presented in the table, the final models

are also adjusted for age at diagnosis (in quartiles) and age at first treatment (for ERT-treated observations only; in quartiles for males and continuous years

for females). The final models included random effects for the intercept (z-score at age 3), age, and age-squared (with age in years shifted to age �3, the

start of the age range in the models). The models used an unstructured covariance matrix and were estimated using restricted maximum likelihood. The full

difference in predicted z-scores for ERT-treated versus natural history at a given age will depend on the coefficients for “age � treatment interaction” and
“age-squared � treatment interaction” and the coefficient for the age at first treatment of the ERT-treated patient (estimates not shown). Age at first

treatment was parameterized differently for males and females based on selecting the model with the lowest Akaike information criterion (AIC) separately

for each group. In addition to the fixed effects included in the final models, we also considered models adjusting for: Region (Europe/Middle East/Africa,

North America, Latin America, Japan/Asia-Pacific); age at diagnosis without age at first treatment, and vice versa; and age at diagnosis and age at first

treatment parameterized as quartiles or as continuous variables. We also considered models with and without age-squared terms. The final models

presented above reflect those with the lowest AIC values for males and females.

Abbreviations: CI, confidence interval; SE, standard error.
aHeight-for-age z-score calculated based on age in months at height measurements using US CDC growth charts.
bAge = (age in years �3), i.e., shifted to begin at 3 years, which is the start of the age range included in the models.
cInteraction terms reflect the additional change in z-score per 1-unit increase in age or age-squared for patients receiving ERT.
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excluded records for individuals <3 years and analyses for females

were truncated at 13 years since there were fewer than 10 available

height records for the natural history period after that age resulting in

analysis population of 273 individuals with 2198 height records.

Table 1 shows participant characteristics, median follow-up times,

and the median ages at diagnosis stratified by sex and treatment

period. Among 142 males, 110 had data during the natural history

period and 107 during the ERT-treated period. Among 153 females,

130 had data during the natural history period and 120 during the

ERT-treated period. Of the 142 males, 35 contributed height records

only to the natural history period, 32 contributed only to the ERT-

treated period, and 75 contributed to both. Of the 153 females,

33 contributed height records only to the natural history period,

23 contributed records only to the ERT-treated period, and 97 contrib-

uted to both. Approximately half of the natural history records were

from 2003 or earlier whereas almost all (>99% for males, 97% for

females) height records for the ERT-treated period occurred after

2003 reflecting approval of laronidase in 2003. Most individuals (82%)

were from either Europe or North America, and 18% were from either

Japan/Asia-Pacific or Latin America.

Median ages at MPS I diagnosis and median follow-up times were

generally similar by sex. Median age (25th,75th percentile) at ERT

(a)

(b)

F IGURE 1 Z-scores by age. Individual height-for-age z-scores for females (a) and males (b) with attenuated MPS I during the natural history
and ERT-treated periods. Data for females is based on 130 people with 439 height measurements for the natural history period and 120 people
with 945 measurements for the ERT-treated period. Data for males is based on 110 people with 394 height measurements for the natural history
period and 107 people with 926 height measurements for the ERT-treated period. Height-for-age z-scores were calculated based on age in
months at height measurements using US CDC growth charts. Horizontal gray line indicates the z-score two standard deviations below the
mean (�2.0)
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initiation in the ERT-treated group was 2 years later in females com-

pared to males (7.7 [4.4, 11.0] years vs. 5.7 [4.1, 9.4] years, respec-

tively), and varied by region: 7.7 (4.3, 10.9) years versus 5.1 (4.1, 10.6)

years for females and males, respectively, in Europe; 8.1 (3.4, 9.4)

years versus 5.6 (2.3, 8.1) years for females and males, respectively, in

Latin America; and 7.4 (5.0, 12.1) years versus 7.4 (4.3, 9.7) years for

females and males, respectively in North America.

3.2 | Height-for-age z-scores

Individual height-for-age z-scores are shown for females (Figure 1a)

and males (Figure 1b) with attenuated MPS I during the natural history

and ERT-treated periods. To determine rate of change in z-scores for

the natural history versus ERT-treated periods and account for varia-

tion in ages at diagnosis and treatment onset, linear mixed models of

estimated z-scores over time were generated. Representative esti-

mated height z-scores over time for the natural history and ERT-

treated periods are shown in Figure 2 for females (a) and males (b).

The age-squared variables were highly significant (p < 0.0001) in all

models, suggesting that the decrease in height z-scores for individuals

with MPS I was not linear throughout childhood. There was a signifi-

cantly slower decline in z-scores with age during the ERT-treated

period compared to the natural history period in both males and

females (p-values for interactions between treatment status and age

[modeled as age and age-squared] were <0.0001 for both sexes

(Table 2). The embedded table on each figure shows the z-scores for

representative ages based on the models. Within the designated time

frames, the estimated z-scores for the ERT group were less negative

relative to z-scores during the natural history period for individuals of

the same age. Results were similar for different ages at diagnosis and

first treatment as shown in Table 3. Table 3 also lists the age at which

short stature (z-score ≤ �2) is estimated to occur for females and

males in the different age at diagnosis and age at first treatment

groupings. Consistently in both sexes, the age at which short stature

is estimated to occur is later during the ERT-treated period than dur-

ing the natural history period.

3.3 | MPS I height-for-age plots for females and
males with attenuated MPS I disease

Estimated growth trajectories for the natural history and ERT-treated

periods for females and males plotted against CDC reference growth

curves are shown in Figure 3. For both males and females, median

growth (50th percentile) is below the CDC reference median in both

natural history and ERT-treated periods.

For females, median height during the natural history period was

similar to the CDC third percentile for height from age 8 through

12 years of age (Figure 3a). During the ERT-treated period (Figure 3b),

median height remained above the CDC third percentile until 12 years

of age. Median heights at 13 years of age during the natural history

and ERT periods were between 135 and 140 cm. Individual subject

height data from the natural history and ERT-treated periods for

females are shown in Figure S1 and individual data overlaid on CDC

growth curves are shown in Figure S3.

In males (Figure 3c), median height for the natural history period

fell below the CDC third percentile at approximately 9 years of age.

During the ERT-treated period (Figure 3d) the age at which median

growth fell below the CDC third percentile was between 14 and

15 years. The median height achieved at 18 years of age was approxi-

mately 155 cm compared to 145 cm during the natural history period.

(a) (b)

F IGURE 2 Impact of ERT treatment on height z-scores. Linear mixed model repeated measures analyses of growth during the natural history
(NH, blue line) and ERT-treated periods (ERT, red line) for females (a), N = 133 with 914 height records and males (b), N = 138 with 1282 height
records. 95% confidence intervals are indicated by blue and red shading. See Table 2 for additional information. The representative curves are for
individuals diagnosed in the earliest quartile of age at diagnosis (before age 3.2 years for boys, 2.6 years for girls). The ERT-treated curves are for
individuals first treated at age 3. Embedded tables are the estimated height z-scores for the indicated ages. Results were similar for different ages
at diagnosis and treatment cutoffs (Table 3)
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Individual subject height data from the natural history and ERT-

treated periods for males are shown in Figure S2 and individual data

overlaid on CDC growth curves for the natural history and ERT-

treated periods are shown in Figure S4.

4 | DISCUSSION

Few large studies have evaluated the long-term impact of laronidase

ERT on growth of individuals with attenuated MPS I. In other MPS

disorders, studies suggest that ERT has a positive impact on growth

compared to untreated individuals (Cho et al., 2014; Harmatz

et al., 2017; Jones et al., 2013; Patel et al., 2014; Schulze-Frenking

et al., 2011). Data from the MPS I Registry provide the opportunity to

assess longitudinal growth in large numbers of individuals during both

untreated and ERT-treated time periods. Our results indicate a posi-

tive association between ERT and growth in patients with attenuated

MPS I and support findings from laronidase clinical trials and case

studies (Al-Sannaa et al., 2015; Kakkis et al., 2001; Laraway

et al., 2016; Sifuentes et al., 2007; Wraith et al., 2007).

Estimates of median growth during both the natural history and

ERT-treated periods were significantly below CDC standard growth

curves, and height z-scores declined over time in both periods. Data

interpretation and the ability to draw conclusions based on unad-

justed growth curve or z-score data are confounded by varying ages

at MPS I diagnosis and ERT initiation, and due to some individuals in

TABLE 3 Linear mixed model estimates of height z-scores over time, for patients with different ages at diagnosis and first treatment

Females

Estimated z-score (95% confidence interval) at age

Age when estimated z-score is �25 years 10 years

Diagnosed <2.6 years (Quartile 1)

Untreated �1.73 (�2.16, �1.31) �3.27 (�3.79, �2.76) 5.7

ERT-treated, age at first treatment 3 year �1.46 (�1.89, �1.03) �2.39 (�2.91, �1.86) 7.8

Diagnosed 2.6 to <4.4 years (Quartile 2)

Untreated �1.03 (�1.44, �0.62) �2.57 (�3.09, �2.06) 7.7

ERT-treated, age at first treatment 5 year �0.94 (�1.37, �0.52) �1.87 (�2.36, �1.39) 10.9

Diagnosed 4.4 to <7.5 years (Quartile 3)

Untreated - �2.25 (�2.74, �1.76) 8.9

ERT-treated, age at first treatment 7 year - �1.73 (�2.21, �1.26) 11.8

Diagnosed 7.5 years or later (Quartile 4)

Untreated - �1.93 (�2.47, �1.38) 10.5

ERT-treated, age at first treatment 10 year - �1.69 (�2.24, �1.13) 12.1

Males

Estimated z-score (95% confidence interval) at age
Age when estimated
z-score is �25 years 10 years 15 years

Diagnosed <3.2 years (Quartile 1)

Untreated �1.68 (�2.19, �1.16) �2.91 (�3.48, �2.34) �3.64 (�4.24, �3.03) 6.2

ERT-treated, age at first treatment

<4.1 year (Quartile 1)

�1.07 (�1.57, �0.56) �1.44 (�1.97, �0.91) �1.92 (�2.47, �1.36) 15.8

Diagnosed from 3.2 to <4.5 years (Quartile 2)

Untreated �1.08 (�1.57, �0.59) �2.31 (�2.84, �1.78) �3.04 (�3.60, �2.48) 8.6

ERT-treated, age at first 4.1 to <5.7 year

(Quartile 2)

�1.26 (�1.76, �0.75) �1.63 (�2.14, �1.11) �2.11 (�2.64, �1.57) 14.1

Diagnosed 4.5 to <6.6 years (Quartile 3)

Untreated - �2.06 (�2.57, �1.54) �2.79 (�3.33, �2.24) 9.8

ERT-treated, age at first treatment 5.7 to

<9.4 year (Quartile 3)

- �1.57 (�2.08, �1.06) �2.05 (�2.58, �1.52) 14.6

Diagnosed 6.6 years or later (Quartile 4)

Untreated - �2.14 (�2.67, �1.61) �2.87 (�3.40, �2.33) 9.4

ERT-treated, age at first treatment

≥9.4 year (Quartile 4)

- �1.96 (�2.52, �1.40) �2.44 (�2.98, �1.90) 10.6

Notes: The linear mixed models adjust for age at diagnosis and age at first treatment. The model for females is adjusted for quartiles of age at diagnosis

and, for treated estimates, continuous age at first treatment. The age at first treatment used are the medians for age at first treatment for each quartile of

age at diagnosis. The model for females was based on observations from age 3 through 13, so estimates for z-score at age 15 are not presented. The

model for males is adjusted for quartiles of age at diagnosis and, for treated estimates, for quartiles of age at first treatment.
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the Registry having only single data points while others had multiple

height measurements. Therefore, linear mixed modeling was used to

adjust for multiple variables including age at diagnosis and age at first

treatment and accounted for varying numbers of height measure-

ments per individual, to determine whether z-scores differed between

the natural history and ERT-treated periods. The models showed that

height z-scores decreased over time in both the natural history and

ERT-treated periods. However, during the period that individuals

received laronidase, the decline in z-scores was significantly slower

than in the natural history period, and short stature, when it occurred,

was at a later age.

The magnitude of the abatement in height z-score decline over

time was less pronounced in females than in males. For the earliest

diagnosis and treatment group (by 3–4 years of age) the estimated

ages at which short stature (i.e., z-score ≤ �2.0) occurred in the ERT-

treated group was >15 years for males compared to 8 years for

females, versus <6 years of age for both sexes in the natural history

period. Other than smaller numbers of natural history observations

for females, it is not clear why the results differ by sex. One possibility

could be differences in age at initiation of ERT. We observed that

while ages at diagnosis were similar for males and females, females

had a later onset of ERT initiation compared to males (by up to 2 years

on average), particularly in some geographic regions. The linear mixed

effects models for z-scores provided adjustments for both age at diag-

nosis and age at first treatment, but the study was not specifically

designed to assess the impact of early laronidase treatment on

(a) (b)

(c) (d)

F IGURE 3 Estimated height growth trajectories for individuals with attenuated MPS I. Estimated growth trajectories from MPS I registry data
for females (red) during the natural history period (a) or ERT-treated period (b) and males (blue) during the natural history period (c) or ERT-
treated period (d) overlaid on CDC standard curves. CDC median and 97th and 3rd percentiles curves are shown in black. Individual data points
are indicated by gray circles
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growth. However, in both females and males, later age at first treat-

ment was associated with worse growth. Previous studies suggest

that earlier treatment with laronidase can have a greater impact on

outcomes, including growth. A case study of two siblings with attenu-

ated MPS I showed that linear growth rate was normalized in a child

who began ERT at the age of 5 months (97th percentile for height at

12 years) in contrast to a sibling who began ERT at the age of 5 years

(10th percentile for height at 17 years) (Gabrielli et al., 2016). Simi-

larly, in an assessment of nine sibships where younger siblings were

diagnosed and treated earlier (Al-Sannaa et al., 2015), the majority of

older siblings had attained height z-scores greater than two standard

deviations below the mean (z-score < �2) while those for younger sib-

lings were closer to the mean, and at comparable ages the heights of

the younger siblings were greater than those of their older siblings.

Another potential factor contributing to the sex differences is the lim-

ited numbers of observations for females compared to males and that

data analyses for females could only be made up to age 13 compared

to age 18 for males. Suboptimal pubertal growth spurts and growth

cessation at age 13 have been described for untreated females with

attenuated MPS I and attenuated MPS IV (Guffon et al., 2019).

The impact of ERT on growth observed in the current analysis is

likely to be the result of multiple factors, including both direct and

indirect effects of decreased GAG accumulation with alterations of

signal transduction pathways, modulation of cytokines and other

inflammatory mediators, and alteration of the intracellular targeting

pathways, endocytosis, apoptosis, and autophagy (Clarke, 2011;

Kingma & Jonckheere, 2021). GAG storage triggers a complex patho-

genic cascade of abnormal biological mechanisms, and MPS animal

models have shown early abnormalities of chondrocyte organization

in the growth plate and architecture of cortical bone (Heppner

et al., 2015; Holley et al., 2011; Silveri et al., 1991; Simonaro

et al., 2001; Wilson & Bromme, 2010). The transformation of cartilage

into bone is disrupted by GAG accumulation in chondroblasts and is

an early manifestation of MPS that alters normal bone growth and

impacts final height (Jiang et al., 2020; Müller et al., 2021).

In the absence of randomized controlled studies, the MPS I Regis-

try provides a valuable source of international, longitudinal data for

individuals with both severe and attenuated disease. The limitations

of this retrospective study are inherent to registry-based data analy-

sis, including the lack of randomization between individuals in the nat-

ural history and ERT-treated groups, and the greater number of

records available during the ERT-treated period compared to the nat-

ural history period. There were potential variations in height measure-

ments due to use of different methods at each clinical site, although it

is expected that within each center multiple observations from a sin-

gle individual resulted in reasonably accurate reporting of longitudinal

data. Our height estimates were also only compared to CDC growth

charts, which might not fully reflect standards for an international

patient cohort. Limitations of the analysis also include the limited data

during the natural history period in older teen years for females and at

age 3 years or less for both sexes. No data were available regarding

Tanner stage or secondary sex traits in the population and growth

related to puberty or potential therapies for growth failure were not

assessed. Individuals with MPS I may experience pubertal failure, as

well as precocious puberty (Gardner et al., 2011; Polgreen &

Miller, 2010), and initiation of ERT prior to puberty has been shown

to have a substantial impact on growth compared to starting ERT after

puberty (Sifuentes et al., 2007). Also, joint contractures and spinal

deformities have been reported for participants in the MPS I registry

(Beck et al., 2014) and likely play a role in final height determinations

for individuals with MPS I. While early ERT may impact progression of

skeletal abnormalities (Al-Sannaa et al., 2015), these clinical manifesta-

tions may also vary among MPS I patients by geographic region

(Munoz-Rojas et al., 2011). In our study, the impact of spinal abnor-

malities or contractures of the hips and knees on height were not

assessed. Finally, MPS I Registry data were limited for individuals from

Asia-Pacific and Latin America, although sites in other regions includ-

ing Asia, Latin America and the Middle East have recently opened to

enhance representation from other ethnic groups in the Registry, but

these data were not available for the current analyses.

We found that growth is improved but not normalized with

ERT in individuals with attenuated MPS I. Short stature remains a

common manifestation even with long-standing ERT use. Additional

understanding of persistent growth plate and other skeletal abnor-

malities may provide insight to pathways important for optimization

of growth in individuals with attenuated MPS I. Based on our find-

ings, there is a need for early ERT, and adjunctive therapies focused

on improving growth in individuals with attenuated MPS I. We

anticipate optimization of the effects of ERT on final height with

implementation of newborn screening for MPS I and subsequent

interventions early in the disease process. Understanding the impact

of ERT on growth and final height is important information for phy-

sicians, patients, and caregivers. Growth charts presented here can

be used as a reference in clinical practice to interpret an individual

patient's response to ERT.

5 | CONCLUSION

In conclusion, this study represents a large comparative analysis of

longitudinal growth patterns during natural history and ERT-treated

periods for individuals with attenuated MPS I and suggests that ERT

with laronidase has a positive impact on height.
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