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Abstract Objective: To assess impact of a 52-week elosul-
fase alfa enzyme replacement therapy (ERT) on exercise
capacity in Morquio A patients and analyze cardiorespiratory
and metabolic function during exercise to uncover exercise
limitations beyond skeletal abnormalities.

Methods: Morquio A patients aged �7 years, able to walk
>200 m in the 6-minute walk test (6MWT), received
elosulfase alfa 2.0 mg/kg/week (N ¼ 15) or 4.0 mg/kg/
week (N ¼ 10) for 52 weeks in the randomized, double-
blind MOR-008 study (ClinicalTrials.gov NCT01609062)
and its extension. Exercise capacity was assessed by
6MWT, 3-minute stair climb test (3MSCT), and cardiopul-
monary exercise test (CPET; N ¼ 15 dosage groups
combined).
Results: Changes over 52 weeks in 6MWT and 3MSCTwere
minimal. Baseline CPET results showed impaired weight-
adjusted peak oxygen uptake (VO2), partly attributable to
inability to increase tidal volume during exercise. CPET
measures of exercise function showed significant improve-
ment at 25 and/or 52 weeks in exercise duration, peak
workload, O2 pulse, and peak tidal volume (% increases in
duration, 16.9 (P ¼ 0.0045) and 9.4 (P ¼ 0.0807); peak

Communicated by: Roberto Giugliani, MD, PhD

Electronic supplementary material: The online version of this
article (https://doi.org/10.1007/8904_2017_70) contains
supplementary material, which is available to authorized users.

K. I. Berger (*) :G. M. Pastores :H. Lau
New York University School of Medicine, New York, NY, USA
e-mail: Kenneth.Berger@nyumc.org

K. I. Berger
André Cournand Pulmonary Physiology Laboratory, Bellevue
Hospital, New York, NY, USA

B. K. Burton
Ann & Robert H. Lurie Children’s Hospital of Chicago, Northwestern
University Feinberg School of Medicine, Chicago, IL, USA

G. D. Lewis
Massachusetts General Hospital, Boston, MA, USA

M. Tarnopolsky
McMaster University Medical Centre, Hamilton, ON, Canada

P. R. Harmatz
UCSF Benioff Children’s Hospital Oakland, Oakland, CA, USA

J. J. Mitchell
Montreal Children’s Hospital, Montreal, QC, Canada

N. Muschol
University Medical Center Hamburg-Eppendorf, Hamburg, Germany

S. A. Jones
Willink Unit, St Mary’s Hospital CMFT, MAHSC, University of
Manchester, Manchester, UK

V. R. Sutton
Baylor College of Medicine, Texas Children’s Hospital, Houston, TX,
USA

G. M. Pastores
University College Dublin, Mater Misericordiae University Hospital,
Dublin, Ireland

R. Sparkes
Alberta Children’s Hospital, Calgary, AB, Canada

A. J. Shaywitz
BioMarin Pharmaceutical Inc., Novato, CA, USA

JIMD Reports
DOI 10.1007/8904_2017_70

http://crossmark.crossref.org/dialog/?doi=10.1007/8904_2017_70&domain=pdf
http://clinicaltrials.gov
http://dx.doi.org/10.1007/8904_2017_70


workload, 26.5 (P ¼ 0.0026) and 21.2 (P ¼ 0.0132); O2

pulse, 10.7 (P ¼ 0.0187) and 2.3 (P ¼ 0.643); peak tidal
volume, 11.7 (P ¼ 0.1117) and 29.1 (P ¼ 0.0142)). In
addition, decreased VO2/work ratio was noted (% decrease
�7.6 [�11.9, 1.3] and �9.2 [�25.7, 5.1]), indicating
performance of work at reduced oxygen cost.

Conclusions: CPET uncovers limitation in exercise
capacity in Morquio A related to reduced lung function.
ERT improves exercise capacity and efficiency of oxygen
utilization, not attributable to changes in cardiac or
pulmonary function. Further study of the long-term impact
of ERT on exercise capacity and the clinical relevance of
the observed changes is warranted.

Introduction

Morquio A syndrome (mucopolysaccharidosis IVA; OMIM
253000) is a rare autosomal recessive disease (1 per 71,000
to 1 per 500,000 live births) caused by a deficiency of the
enzyme N-acetylgalactosamine-6-sulfatase (GALNS; EC
3.1.6.4); it is characterized by systemic accumulation of
keratan sulfate (KS) and chondroitin-6-sulfate and disrup-
tion of cellular processes (Muenzer 2011; Yasuda et al.
2013; Leadley et al. 2014). The disease is genotypically and
phenotypically very heterogeneous. Characteristic features
include bone and joint abnormalities, short stature, obstruc-
tive airway/restrictive pulmonary disease, cardiac disease
characterized by valve abnormalities and reduced stroke
volume, spinal cord compression and/or atlantoaxial insta-
bility, hearing loss, impaired vision, and hepatomegaly
(Montaño et al. 2007; Harmatz et al. 2013; Hendriksz et al.
2013, 2015).

Elosulfase alfa 2.0 mg/kg/week has been approved as
enzyme replacement therapy (ERT) for Morquio A (Sanford
and Lo 2014). In the pivotal phase 3 study (N ¼ 176),
treatment with 2.0 mg/kg/week was associated with a
significant impact on endurance in the 6-minute walk test
(6MWT) and an acceptable safety profile (Hendriksz et al.
2014). In parallel, a phase 2, randomized, double-blind, pilot
study (MOR-008, ClinicalTrials.gov identifier NCT01609062)
assessed the safety and efficacy of elosulfase alfa 2.0 and
4.0 mg/kg/week in 25 Morquio A patients. The primary
outcome was safety over 27 weeks. Endurance in the 6MWT
and 3-minute stair climb test (3MSCT) and exercise capacity
in a cardiopulmonary exercise test (CPET) were secondary
efficacy measures assessed at 24 and 25 weeks, respectively.
Baseline CPET data showed reduced exercise capacity relative
to the general population (Ten Harkel et al. 2011; Burton et al.
2015). At 25 weeks, a positive change in exercise capacity
(increase in exercise duration, peak workload, and O2 pulse)

and a decrease in oxygen uptake relative to work (VO2/watt)
were observed (Burton et al. 2015). 6MWT and 3MSCT
outcomes remained essentially unchanged during the primary
treatment phase.

The present study evaluates the effect of ERT for
52 weeks on exercise capacity, as assessed by CPET and
measures of endurance. In addition, given the multisystem
involvement characteristic of Morquio A disease, detailed
analysis of cardiorespiratory function was performed from
the CPET data to uncover limitations to exercise beyond
skeletal abnormalities.

Methods

Study Design

MOR-008 is a multinational, multicenter, phase 2, two-arm,
randomized, double-blind, pilot study. Inclusion and exclu-
sion criteria and study design of the primary treatment
phase have been described previously (Burton et al. 2015).
Briefly, after a 3-week screening period, 25 patients aged
�7 years able to walk >200 m in the 6MWT and to
perform an exercise test were randomized in a double-blind
fashion to elosulfase alfa 2.0 mg/kg/week (N ¼ 15) or
4.0 mg/kg/week (N ¼ 10) for 27 weeks. Randomization
was stratified by cohort: CPET (N ¼ 15) and no CPET
(N ¼ 10). The primary endpoint was safety and tolerability
of elosulfase alfa over 27 weeks. Secondary endpoints were
effect on endurance, exercise capacity, respiratory function,
muscle strength, cardiac function, pain, and urinary KS
level. Patients who completed the primary treatment phase
were enrolled in the extension, during which all patients
continued on the same dose of elosulfase alfa up to
52 weeks. Each participant, or his/her legally authorized
representative, provided written informed consent before
entering the study.

Evaluation of Endurance and Exercise Capacity

Endurance was measured by the 6MWT (American
Thoracic Society 2002) and the 3MSCT at screening, week
12, week 24 (primary treatment phase), and week 52
(extension) as previously described (Burton et al. 2015).
Each test was performed twice at each time point within a
7-day window, with only one test allowed per day.

Exercise capacity during CPET was assessed in the first
15 patients enrolled in the study by cycle ergometry using
an incremental workload protocol at baseline, week 25, and
week 52. The workload was increased every minute to
determine each patient’s peak exercise capacity. Expired O2

and CO2 concentrations were analyzed using a metabolic
cart; heart rate was monitored by continuous 3- or 12-lead
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ECG, and O2 saturation was measured via pulse oximetry.
Breath-by-breath calculations, including exhaled minute
ventilation (VE), O2 uptake (VO2), CO2 production
(VCO2), respiratory exchange ratio (RER), and peak and
rest tidal volume (volume of air displaced between normal
inhalation and exhalation), were made from conventional
equations. The O2 pulse was derived as the oxygen uptake
per heart beat (VO2/HR). VO2 at the ventilatory threshold
(VT; the level of oxygen consumption above which aerobic
energy production is supplemented by anaerobic mecha-
nisms) was calculated by the V-slope method (Albouaini
et al. 2007).

Statistical Methods

As the sample size of the study was not determined by
statistical power considerations, the primary analysis plan
was to perform descriptive statistics at baseline, 24 weeks
(endurance) or 25 weeks (CPET; primary treatment phase),
and 52 weeks (extension). Correlations between peak
VO2, determined at each patient’s maximal workload, and
6MWT and 3MSCT results were estimated using the
Pearson correlation coefficient (r). Post hoc, paired t-test
analysis was performed on the CPET variables to evaluate
for significant changes at week 25 and week 52 compared
with baseline. In addition, linear regression analysis was
performed to determine if the change in peak workload
from baseline to either week 25 or 52 was related to an
improvement in an individual patient’s ability to increase
tidal volume during exercise. Results are presented for the
modified intent-to-treat (MITT) population consisting of all
patients who were randomized to study treatment, received

at least one dose of study drug, and had at least one
posttreatment observation.

Results

Patient Characteristics

All 25 patients (median age 12 years; range 8–21 years)
completed the primary treatment phase and were enrolled in
and completed 52 weeks of the extension study. One patient
stopped ERT at 24 weeks (after having missed four
previous infusions) when she moved further away from
the study site but remained on the study. Another patient
had a last infusion at 39 weeks. Demographics and baseline
characteristics for all patients have been presented in a
previous publication (Burton et al. 2015). Table 1 shows
baseline characteristics for the 15 patients included in the
CPET analysis. Baseline characteristics were reasonably
well balanced between treatment groups. 6MWT and
3MSCT results were better than in the phase 3 study
(Table 2) (Hendriksz et al. 2014). Lung function was
impaired, as evidenced by a low median forced vital
capacity (FVC; 1.17 L) and forced expiratory volume in
1 s (FEV1; 0.93 L).

Endurance Outcomes

There were no meaningful changes from baseline in walk
distance in the 6MWT in either dose group at 12 or
24 weeks (Table 2) (Burton et al. 2015). An improvement
was seen after 52 weeks in the 4.0 mg/kg/week treatment

Table 1 Demographics and baseline characteristics of patients included in the cardiopulmonary exercise test (CPET) analysis (modified intent-to-
treat population)

Elosulfase alfa 2 mg/kg/week N ¼ 10 Elosulfase alfa 4 mg/kg/week N ¼ 5 Total N ¼ 15

Age at enrolment (years)
Median (range)

11 (8, 21) 12 (8, 14) 12 (8, 21)

Sex, N (%)
Female

7 (70) 3 (60) 10 (66)

Height (cm)
Median (range)

102.0 (85, 167) 108.0 (96, 147) 106.5 (85, 167)

Weight (kg)
Median (range)

26.5 (12, 54) 22.0 (17, 49) 26.4 (12, 54)

6MWT (m)
Median (range)

327 (273, 466) 338 (281, 453) 331 (273, 466)

3MSCT (stairs/min)
Median (range)

61 (28, 84) 55 (30, 87) 58 (28, 87)

FVC (L)
Median (range)

0.96 (0.68, 4.56) 1.24 (0.90, 2.77) 1.17 (0.68, 4.56)

FEV1 (L)
Median (range)

0.76 (0.57, 3.94) 1.12 (0.84, 2.20) 0.93 (0.57, 3.94)

3MSCT 3-minute stair climb test, 6MWT 6-minute walk test, FEV1 forced expiratory volume in 1 s, FVC forced vital capacity
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group (N ¼ 10); mean and median increases from baseline
were 31.8 m (95% CI �7.2, 70.8) and 22.1 m, respectively
(Supportive online material 1). Mean and median changes
from baseline in the 2.0 mg/kg/week group were 9.0 m
(95% CI �18.9, 37.0) and 1.9 m, respectively.

3MSCT results improved from baseline at both 24 and
52 weeks in the 4.0 mg/kg/week treatment group only
(Supportive online material 1). The small sample size does
not allow any conclusions regarding a dose-response effect
of elosulfase alfa on endurance.

CPET Outcomes

Baseline and 25-week data that have been presented
previously showed impaired weight-adjusted peak VO2

rates: mean baseline 30.7 (SD 7.5) mL/kg/min vs. �40 mL/
kg/min in healthy individuals (Table 3) (Ten Harkel et al.
2011; Burton et al. 2015). Similarly, peak heart rate during
CPET averaged 164 beats/min, which is below age-matched
reference values of 199–212 beats/min (for age range
8–21 years) (Table 3). Although peak exercise capacity was
reduced, the peak RER (VCO2/VO2) at baseline was >1
indicating that patients exercised to workload that was
beyond VT, compatible with adequate patient effort during
the study (Table 3).

Further exploration of baseline data showed a resting
respiratory rate (mean 24.5 breaths/min) that was relatively
high for children and above the upper limit of normal for
adults (Charbek 2015). Although the peak respiratory rate
(mean 47.4 breaths/min) remained below the upper limit of
normal of 60 breaths/min (ATS and ACCP 2003), there was
evidence of an abnormal ventilatory response to exercise.
Specifically, a minimal <2-fold increase in tidal volume
was noted in most patients (vs. �2–3 times increase in
healthy individuals, Santuz et al. 1997) (Supportive online
material 2). The tidal volume response to exercise was
particularly low in patients with a low FVC and low FEV1

but comparable with healthy individuals in those with
higher FVC and FEV1 (Supportive online material 3).
There was no evidence of dynamic cardiac impairment

based on appropriate increase in stroke volume as assessed
by O2 pulse during exercise.

CPET data at 25 and 52 weeks showed a positive change
in exercise capacity (Table 3, Fig. 1a–e). Exercise duration,
peak workload, VO2 at VT, peak tidal volume, and D tidal
volume all increased with treatment. A small increase from
baseline in O2 pulse was seen after 25 weeks, but not
sustained at 52 weeks. Work efficiency improved as defined
by a decrease in the required O2 uptake per unit of work
(VO2/watt) (not significant at week 52). There were
numerical differences between the 2.0 mg/kg dose and the
4.0 mg/kg dose at week 25 and week 52 (Fig. 1a–e), but
the small sample size did not allow statistical comparison
between doses. Peak RER remained >1 after 25 and
52 weeks of treatment with values that were similar to
baseline. Peak heart rate and respiratory rates remained
stable.

The main reasons for discontinuing CPET were
generalized fatigue or leg fatigue (N ¼ 13 at baseline).
Other reasons were shortness of breath or labored breathing
(N ¼ 2) and pain (N ¼ 1). These reasons did not change
markedly over time.

Linear regression analysis demonstrated that patients
who were able to increase their tidal volume during
exercise more at week 25 compared with baseline demon-
strated the greatest improvement in peak exercise workload
(r2 ¼ 0.37, P ¼ 0.02). This relationship was less obvious at
week 52 (r2 ¼ 0.1622, P ¼ 0.1622) (Supportive online
material 4).

Correlations Between Endurance Measures and Peak VO2

(Supportive online material 5)

Correlation analysis showed strong positive relationships
between peak VO2 and endurance measures at baseline
(6MWT, r ¼ 0.61, and 3MSCT, r ¼ 0.55). Changes from
baseline to week 25 or 52 in peak VO2 were not correlated
with changes in 6MWT over the same period (r ¼ �0.10
and r ¼ 0.05, respectively); there was a moderately positive
correlation between changes in peak VO2 and 3MSCT at 25

Table 2 Endurance outcomes at baseline and after follow-up at 24 and 52 weeks (modified intent-to-treat population)

N
Baseline

Week 24 Week 52

Mean (SD) Mean (SD) Median change (IQR) Mean (SD) Median change (IQR)

6MWT (m) 25a 372.2 (80.6) 364.5 (86.4) 1.4 (�29.3, 6.9) 395.6 (96.3) 9.9 (�15.8, 36.5)

3MSCT (stairs/min) 25b 65.0 (21.7) 68.6 (24.4) 4.8 (�3.6, 11.3) 66.3 (24.5) 0.4 (�8.2, 5.5)

IQR interquartile range, 3MSCT 3-minute stair climb test, 6MWT 6-minute walk test
aN ¼ 24 at week 52
bN ¼ 24 at week 24

12 JIMD Reports



and 52 weeks (r ¼ 0.35 and r ¼ 0.38, respectively).
Positive correlations were not observed between the
changes in VO2 at VT with either 6MWT or 3MSCT at
any time point.

Discussion

MOR-008 is the first study to use an incremental workload
CPET in addition to volitional endurance tests (6MWT and
3MSCT) to evaluate exercise capacity in Morquio A patients.
This study provided new insights into the pathophysiology
and symptomatology of patients with Morquio A and the
impact of ERT.

MOR-008 was specifically designed to recruit a patient
population healthy enough to perform CPET and endurance
tests. Therefore, the patients had better endurance results
than those from the phase 3 study, i.e., a median of 331 m
in the 6MWT versus approximately 220 m in the phase 3

study and a median of 58 stairs/min in the 3MSCT versus
approximately 30 stairs/min in the phase 3 study (Hendriksz
et al. 2014). Nevertheless, all patients showed reduced
maximal exercise capacity, and the majority had an abnormal
ventilatory response to exercise compared with healthy
individuals (Ten Harkel et al. 2011). Baseline mean peak
VO2 and peak heart rate during CPET were considerably
below age-/weight-matched reference values (ATS and
ACCP 2003). Baseline tidal volume response was limited,
related to the patients’ reduced lung function and height.
Resting respiratory rate was correspondingly elevated.

Maximal exercise capacity numerically increased after
25 weeks of elosulfase alfa treatment and remained
relatively stable thereafter up to week 52 (Table 3). The
greatest increases were seen in the tidal volume at peak
workload and in the VO2 at VT, indicating that patients
were able to breathe more efficiently and to exercise to a
higher workload before reaching their VT. Of note, the VO2

at VT is not dependent on patient effort indicating that the

Table 3 Cardiopulmonary exercise test (CPET) outcomes at baseline and after follow-up at 25 and 52 weeks (two dose groups combined;
modified intent-to-treat population)

N

Baseline
Week 25

P-
value

Week 52

P-valueMean (SD) Mean (SD)
Median % change
(IQR) Mean (SD)

Median % change
(IQR)

Exercise duration
(min)

15 7.7 (2.3) 8.6 (2.5) 16.9 (�0.5, 23.1) 0.0045 8.4 (2.4) 9.4 (�5.7, 20.2) 0.0807

Peak VO2 (mL/min) 15 807.1
(412.7)

890.1
(469.67)

5.3 (�6.3, 31.7) 0.0665 856.7
(486.9)

9.8 (�21.3, 25.9) 0.3597

Peak VO2

(mL/kg/min)
15 30.7 (7.5) 32.5 (10.3) 3.1 (�14.2, 20.5) 0.3449 29.4 (8.8) �0.8 (�27.8, 16.9) 0.4588

O2 pulse (mL/beat) 15a 4.9 (2.2) 5.3 (2.5) 10.7 (1.3, 19.8) 0.0187 5.2 (2.4) 2.3 (�21.2, 26.8) 0.6343

Peak workload (watts) 15 40.9 (25.9) 50.3 (29.9) 26.5 (5.1, 42.4) 0.0026 48.7 (31.0) 21.2 (0.0, 47.5) 0.0132

VO2/work ratio
(mL/watt)

14 13.3 (3.2) 12.2 (3.2) �7.6 (�11.9, 1.3) 0.0173 11.6 (4.1) �9.2 (�25.7, 5.1) 0.2476

Peak RER 15 1.1 (0.1) 1.1 (0.2) 4.0 (�3.9, 10.8) 0.2899 1.0 (0.2) 0.0 (�8.1, 7.5) 0.4915

VO2 at VT (mL/min) 15b 492.8
(217.0)

533.0
(250.4)

9.2 (�0.9, 19.5) 0.0650 592.3
(306.7)

18.3 (4.9, 30.7) 0.0472

Peak heart rate
(beats/min)

15 164.3
(16.3)

167.3 (21.0) 4.0 (�9.6, 11.0) 0.6174 164.4
(19.6)

�0.7 (�3.5, 6.8) 0.9815

Rest RR (breaths/min) 15c 24.5 (5.8) 23.6 (8.0) �6.3 (�18.2, 0.0) 0.7171 23.3 (6.6) �6.1 (�27.6, 22.7) 0.2361

Peak RR
(breaths/min)

15c 47.4 (10.9) 47.8 (13.5) 6.1 (�15.6, 16.7) 0.5501 45.6 (10.3) �2.3 (�12.9, 1.8) 0.1000

Rest tidal volume
(mL)

15d 324.3
(119.8)

331.6
(148.4)

�2.8 (�6.5, 7.9) 0.9493 383.2
(177.3)

23.9 (0.9, 38.2) 0.0879

Peak tidal volume
(mL)

15d 578.9
(400.5)

663.0
(429.1)

11.7 (�0.0, 26.4) 0.1117 762.4
(523.6)

29.1 (3.3, 46.2) 0.0142

D tidal volume (mL) 15d 254.6
(300.5)

331.4
(297.2)

56.2 (17.1, 98.1) 0.1385 379.2
(379.6)

38.3 (�6.4, 237.1) 0.0457

D tidal volume (calculated as peak minus rest)
IQR interquartile range, RER respiratory exchange ratio, RR respiratory rate, VT ventilatory threshold, VO2 oxygen uptake
aN ¼ 14 at week 52
bN ¼ 13 at week 52
cN ¼ 14 at week 25 and 13 at week 52
dN ¼ 14 at week 25
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changes seen in the CPET variables reflected physiological
improvement. The VO2 at VT continued to increase beyond
25 weeks (week 25, +9%; week 52, +18%) indicating
progressive improvement in exercise capacity throughout
the study period. Analysis of the remaining CPET
parameters provided additional objective support that the
increase in exercise capacity is not attributable to volitional
factors. At baseline, mean peak RER was >1 indicating

that patients exercised to a workload beyond VT, in
accordance with adequate patient effort at study entry.
While this does not preclude small test-to-test differences in
volitional effort between subjects, the peak RER remained
unchanged on subsequent CPET evaluations at weeks 25
and 52, indicating that patient performance did not change
during the study. Moreover, patients showed minimal
differences in peak heart rate and respiratory rate between
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baseline and week 52 (which remained below age-adjusted
norms), indicating that exercise was terminated at similar
cardiorespiratory stress levels at each study visit.

These results illustrate how CPET provides an assessment
of exercise capacity that is more comprehensive than the
6MWT and 3MSCT, which are submaximal and volitional
tests that may depend on self-motivational factors (ATS and
ACCP 2003; Guazzi et al. 2009; Crescimanno et al. 2015).
The 6MWT and 3MSCT do not require special equipment or
training to implement, but only provide indirect assessments
of endurance and functionality (Fleming and Powers 2012)
with no information on the factors that limit exertion.
Although more complicated, CPET provides an integrated
assessment of exercise responses from the cardiovascular,
pulmonary, and skeletal muscle systems, thereby allowing
evaluation of both submaximal and peak exercise responses
(ATS and ACCP 2003; Albouaini et al. 2007). The
fundamental differences between these tests might (partly)
explain the apparent lack of correlation between CPET and
endurance outcomes. While positive correlations between
peak VO2 and endurance measures were seen at baseline,
changes in both measures over 25 or 52 weeks were not
(6MWT) or only moderately (3MSCT) correlated. Changes
in VO2 at VT were also not positively correlated with
endurance outcomes.

Despite the improvements observed in CPET measures
of exercise capacity and work efficiency, improvements in
endurance measures were small. These findings suggest
that patients continued to self-regulate their performance to
a similar degree on the volitional tests despite improvement
in maximal exercise capacity. Alternatively, the relatively
good endurance of the study population at baseline left little
room for further improvement in the 6MWT or 3MSCT,
particularly given the orthopedic abnormalities in these
patients (50% with knee deformity, 40% with joint pain,
and 27% with hip dysplasia at baseline) (Burton et al.
2015). Because of this ceiling effect, the 6MWT and
3MSCT test may be less suitable to assess treatment effects
in patients with relatively good baseline endurance.

It is unlikely that a cardiac effect contributes to the effect
of elosulfase alfa on exercise capacity, as no impact was
seen on ejection fraction over 52 weeks (data on file,
BioMarin). This was in accord with expectations based on
data from the phase 3 study after 120 weeks of treatment
(data on file, BioMarin). In the absence of a change in
cardiac function, the increase in VO2 at VT is compatible
with improvements in either peripheral O2 extraction or
mitochondrial function. The rapid increases seen in work
efficiency and VO2 at VT are consistent with reports of
improved sense of well-being and decreased fatigue in
patients on elosulfase alfa in the phase 3 study, even before

changes in height and lung function are seen (data on file,
BioMarin). Overall, these findings suggest that ERT
improves aerobic efficiency as evidenced by performance
of work at reduced metabolic demand during CPET.
Patients receiving ERT seem to better extract and/or utilize
O2 when exercising, despite their inability to increase tidal
volume or further maximize heart or respiratory rate, which
were already at maximal capacity prior to ERT. The effect
of growth on exercise capacity was not assessed.

Limitations of the study design that should be considered
when interpreting these results include the small sample
size, which does not allow for statistical comparison
between treatment groups, the lack of a control arm, and a
possible training effect of some CPET variables (e.g.,
exercise duration) with repeated testing.

Conclusions

Overall, use of CPET in the evaluation of exercise capacity
in patients with Morquio A uncovered a limitation in
exercise performance related to reduced lung function (i.e.,
restrictive respiratory disease). In addition, the 52-week
CPET outcomes of the MOR-008 pilot study provide
evidence for a positive effect of elosulfase alfa on exercise
capacity and efficiency of oxygen utilization that was not
attributable to changes in either cardiac or respiratory
function. As orthopedic challenges may limit the impact
of treatment on endurance test results in these patients,
analysis of data obtained during CPET may be a valuable
addition to the 6MWT and 3MSCT to monitor treatment
effects on cardiorespiratory capacity. Further study of the
impact of ERT on exercise capacity in larger patient groups
and with longer follow-up is warranted to establish the
clinical relevance of the observed changes and the
usefulness of CPET in the evaluation of Morquio A patients
in clinical practice.
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Take-Home Message

Morquio A patients have a limitation in exercise perfor-
mance, which is related to reduced lung function; elosulfase
alfa enzyme replacement therapy for 52 weeks has a
positive effect on exercise capacity and efficiency of
oxygen utilization, not attributable to changes in either
cardiac or pulmonary function.
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