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ABSTRACT

First reported in 1948, hypophosphatasia (HPP) 
is a rare systemic disease caused by deficient 
activity of tissue-nonspecific alkaline phos-
phatase (ALP) enzyme. Patients with HPP expe-
rience skeletal and dental manifestations such as 
rickets/osteomalacia, fractures, pseudofractures, 

and premature tooth loss, as well as nonskeletal 
symptoms such as pain and muscle weakness, 
which result in impaired mobility and poor 
quality of life. For decades, no specific treatment 
was available for HPP and the disease was often 
fatal in infants. Asfotase alfa is a tissue-nonspe-
cific ALP enzyme replacement therapy (ERT) 
that received first regulatory approval in 2015 
in Japan, the European Union, and the United 
States for the treatment of HPP. This review 
draws from clinical trial findings, real-world 
evidence, and relevant case study data demon-
strating the safety and effectiveness of asfotase 
alfa in improving a broad range of skeletal and 
nonskeletal manifestations in both pediatric and 
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adult patients. Asfotase alfa has been shown to 
be well tolerated, with manageable side effects. 
Further, asfotase alfa treatment has improved 
survival and respiratory outcomes, skeletal out-
comes, physical and motor function, pain, dis-
ability, and quality of life in patients with HPP. 
This evidence-based review aims to generate a 
foundation for improving the understanding of 
disease pathophysiology, hence enhancing the 
effectiveness of ERT in patients with HPP.

PLAIN LANGUAGE SUMMARY

We conducted this research to understand the 
efficacy in clinical trials, effectiveness in real-
world studies, and overall safety of asfotase 
alfa. Asfotase alfa is a treatment for hypophos-
phatasia, a rare disease identified in 1948. This 
review marks 10 years since asfotase alfa’s first 
approval in 2015. Hypophosphatasia leads to a 
variety of health issues, including bone prob-
lems like rickets and fractures, premature tooth 
loss, and muscle weakness, pain, and poor qual-
ity of life. Before asfotase alfa, there was no spe-
cific treatment, and the disease could be deadly 
in infants. We gathered and analyzed data from 
clinical trials, real-world patient experiences, 
and case studies. This comprehensive review 
focused on various outcomes in both children 
and adults with hypophosphatasia. We looked 
at survival rates, the need for respiratory sup-
port, improvements in bone and dental health, 
physical abilities, pain, disability, and overall 
quality of life. We also reviewed the safety of 
asfotase alfa. The findings from the past decade 
show that asfotase alfa is effective in managing 
the wide range of symptoms associated with 
hypophosphatasia, from bone-related issues to 
muscle weakness. It has significantly improved 
survival in infants showing symptoms before six 
months of age. Asfotase alfa has also enhanced 
patients’ quality of life. These results provide 

a solid base for healthcare providers to assess 
and treat hypophosphatasia and guide future 
research directions to further benefit patients.

Graphical Abstract: 
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Key Summary Points 

Asfotase alfa is the first and only approved 
drug for the treatment of patients with 
hypophosphatasia (HPP).

Treatment with asfotase alfa increases over-
all survival, decreases the requirement for 
ventilatory support, and improves skeletal 
outcomes in infants and young children with 
HPP.

Accumulated real-world data from the past 
decade of prospective and retrospective 
studies complement clinical trial data and 
support the effectiveness of asfotase alfa in 
improving both skeletal and nonskeletal out-
comes, including physical and motor func-
tion, pain and disability, and quality of life in 
children and adults with HPP.

The safety of asfotase alfa has been docu-
mented in patients with HPP who were 
enrolled in clinical trials and in real-world 
analyses; injection-site reactions are the most 
common adverse event reported with treat-
ment.

DIGITAL FEATURES

This article is published with digital features, 
including a graphical abstract to facilitate under-
standing of the article. To view digital features 
for this article, go to https:// doi. org/https:// doi. 
org/ 10. 6084/ m9. figsh are. 29467 706.

INTRODUCTION

HPP is a rare, inherited, systemic metabolic 
disease that affects people of all ages with a 
broad range of clinical manifestations, high dis-
ease burden, and substantial negative impact 
on quality of life (QoL) [1–3]. The first case of 
hypophosphatasia (HPP) was reported in 1948 
by John Rathbun [4]. The patient, a 3-week-old 
infant, presented with weight loss, severe rickets, 

undermineralized bone, and seizures that clini-
cally resembled those seen with other skeletal 
disorders such as osteogenesis imperfecta. How-
ever, the patient also presented with low alkaline 
phosphatase (ALP) activity, which suggested a 
novel disease [4]. For decades, there was no spe-
cific treatment for HPP and the disease was often 
fatal in infants [5, 6]. The tissue-nonspecific ALP 
enzyme replacement therapy (ERT) asfotase alfa 
 (Strensiq®; Alexion, AstraZeneca Rare Disease, 
Boston, MA, USA) was the first drug developed 
for treatment of HPP and is currently the only 
treatment available specifically for this disease. 
Asfotase alfa received regulatory approval in 
2015 in Japan for the treatment of patients with 
HPP and in the United States and the European 
Union for the treatment of patients with pedi-
atric-onset HPP [7–10]. In the European Union, 
asfotase alfa is indicated for patients with pedi-
atric-onset HPP to treat the bone manifestations 
of the disease [8].

Signs and symptoms of HPP are variable, 
although age at clinical presentation or diag-
nosis is moderately associated with different 
sets of symptoms [1, 2, 11]. In infants, clini-
cal manifestations of HPP may include respira-
tory failure and vitamin  B6-responsive seizures 
historically leading to high morbidity and 
mortality [11, 12]. Children can present with 
rickets, failure to thrive, craniosynostosis, early 
nontraumatic loss of primary teeth with intact 
roots, and delayed motor milestones [11, 13, 
14]. Adults with HPP may also have a history 
of these conditions or may not have significant 
manifestations until adulthood [11, 15]. Mani-
festations that are more common among adults 
include fractures and pseudofractures (particu-
larly metatarsal and atypical femoral), impaired 
fracture/pseudofracture healing, chondrocal-
cinosis and other rheumatic manifestations, 
including pain and muscle weakness [1, 16, 
17]. Manifestations that are common in both 
children and adults include impaired mobility, 
muscle weakness, fatigue, chronic musculoskel-
etal pain, nephrocalcinosis, and dental prob-
lems [2, 11].

HPP is typically caused by variants in ALPL, 
the gene encoding tissue-nonspecific ALP. The 
diagnosis of HPP is made based on low serum 

https://doi.org/
https://doi.org/10.6084/m9.figshare.29467706
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ALP activity, which is indicative of tissue-non-
specific ALP activity in tissues, and clinical and 
radiographic disease manifestations [18, 19]. 
Genetic testing is often used, when available, 
although it is not required to confirm HPP diag-
nosis. More than 400 ALPL variants with variable 
penetrance and expressivity have been identified 
in patients with HPP, contributing to the het-
erogeneous clinical manifestations of the disease 
[20, 21]. Variants in ALPL may be inherited in 
an autosomal dominant (monoallelic) or auto-
somal recessive (biallelic) manner, with autoso-
mal recessive inheritance more frequently found 
in patients who present with life-threatening 
symptoms before 6 months of age [16, 20, 22]. 
Patients with autosomal dominant inheritance 
may carry variants that exert a dominant-neg-
ative effect, thereby reducing ALP activity [23, 
24]. The comprehensive HPP genetic analysis 
in the Global ALPL Gene Variant Classification 
Project [24] has provided some insight into the 
broad spectrum of phenotypic variability associ-
ated with ALPL variants, although the correla-
tion between genotype and phenotype in HPP 
requires further investigation.

While infants who present with symptoms in 
the first 6 months of life may have life-threat-
ening disease, the burden of disease is often 
similar between patients who first manifest HPP 
in childhood, after 6 months of age, and adult 
patients [3, 14, 25]. Disease burden is uniformly 
high for patients regardless of number of ALPL 
variants, presence or absence of skeletal mani-
festations, and, to some extent, age at first dis-
ease presentation [3, 20, 25, 26]. Patients with 
biallelic disease report skeletal, dental, muscular, 
and neurologic manifestations more frequently 
than patients with monoallelic disease, although 
patient-reported outcomes seem to be similar 
among both groups [26]. In addition, patients 
who first experience symptoms of HPP in child-
hood report comparable numbers of fractures 
sustained over their lifetime and use of adaptive 
strategies to overcome disability compared with 
those who first experience symptoms of HPP in 
adulthood [3].

The clinical manifestations of HPP are attrib-
uted to the downstream effects of deficient 

ALP. Inorganic pyrophosphate (PPi) is dephos-
phorylated by ALP in a reaction that releases 
inorganic phosphate (Pi) [19]. Thus, deficient 
ALP activity leads to extracellular accumula-
tion of PPi, a key inhibitor of bone minerali-
zation, and reduced production of Pi [2, 19, 
27]. Hydroxyapatite formation is impacted by 
extracellular PPi accumulation and the altered 
ratio of PPi to Pi, leading to poor mineraliza-
tion of bones and teeth and related sequelae, 
including increased risk of fractures or pseu-
dofractures, bone deformities, and prema-
ture loss of teeth [2, 15, 19, 27–29]. PPi is also 
involved in crystal formation in the synovial 
fluid, contributing to conditions such as cal-
cium pyrophosphate deposition disease [30]. In 
addition to PPi, pyridoxal 5’-phosphate (PLP), 
the circulating form of vitamin  B6, is dephos-
phorylated by ALP to form pyridoxal (PL) [19]. 
This dephosphorylation of PLP is necessary for 
cellular uptake of vitamin  B6. Once inside the 
cell, PL is rephosphorylated to PLP to resume 
its active role within cellular processes [31]. 
Intracellular PLP deficiency secondary to defi-
cient ALP activity is associated with vitamin 
 B6-responsive seizures in infants with HPP, and 
evidence from preclinical models of HPP sug-
gests a role for PLP in muscular function [19, 
32]. Phosphoethanolamine (PEA) is an addi-
tional known substrate of ALP. While the clini-
cal consequences of PEA accumulation in HPP 
are not completely understood, detection of 
elevated urinary PEA can help support a diag-
nosis in individuals with suspected HPP, mak-
ing it a useful assessment tool [33]. Patients 
with HPP who have biallelic disease typically 
have greater elevations of PPi and PLP than 
monoallelic patients, although disease burden 
can be significant regardless of ALPL variant 
state [20, 26].

Asfotase alfa functionally replaces defi-
cient ALP enzyme activity, thus treating the 
direct cause of HPP manifestations [7]. Clini-
cal research and real-world evidence analyses 
have generated data on short- and long-term 
safety and efficacy of asfotase alfa. This review 
summarizes the accumulated data on safety, 
clinical efficacy, and real-world effectiveness of 
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asfotase alfa 10 years post-approval. The infor-
mation highlighted in this review is intended 
to enhance awareness among healthcare pro-
fessionals and provide the most current data 
in the hope of optimizing care of pediatric 
and adult patients with HPP. This review arti-
cle did not require institutional review board 
or institutional animal care and use commit-
tee approval, as it is based on previously con-
ducted studies and does not contain any new 
studies with human participants or animals 
performed by any of the authors.

OUTCOMES OF ASFOTASE ALFA 
TREATMENT

The earliest data showing the efficacy of 
asfotase alfa were from animal models of HPP. 
A murine model with homozygous knockout of 
tissue-nonspecific ALP (Alpl−/−) was developed 
in 1997 that recapitulated the HPP pheno-
type seen in human infants, including weight 
loss and seizures [34]. Asfotase alfa treatment 
restored normal skeletal morphology and pre-
vented lethal seizures in Alpl−/− mice [35]. In 
subsequent analyses, asfotase alfa treatment 
rescued craniofacial bone and root dentin 
mineralization, as well as defective enamel 
formation in teeth of Alpl−/− mice [36–38]. 
Recent preclinical studies have shown subtle 
advantages of initiating prenatal asfotase alfa 
treatment rather than starting treatment at 
birth [39, 40].

Disease assessments in patients with HPP 
typically include clinical and radiographic 
evaluations to assess for rickets, pseudofrac-
tures, or fractures (Tables 1, 2) [5, 6, 20, 29, 
41–76], and laboratory data to assess altera-
tions in serum levels of HPP biomarkers [19]. 
These clinical, radiographic, and biochemical 
endpoints are often used to evaluate ERT effec-
tiveness in clinical trials and observational 
studies. Assessment of patients with HPP has 
historically focused on the radiologically 
demonstrated effects on bone pathology and, 
among infants with life-threatening disease, 
overall survival. The emergence of new assess-
ment methods, better understanding of disease 

burden across all ages, and availability of ERT 
have prompted rethinking of how patients 
with HPP are diagnosed and evaluated. While 
increasing survival among infants remains an 
important treatment goal in this age group, 
the clinical focus has expanded to address 
improving nonskeletal outcomes, including 
physical and motor function, mobility, pain, 
and disability in patients with late-onset 
(first manifestations after 6 months of age), 
non–life-threatening HPP, because of their sig-
nificant impact on patients’ QoL. 

Survival and Respiratory Support

Survival was low among untreated patients 
who manifested signs and symptoms of HPP 
before 6 months of age (early-onset HPP) but 
was greatly improved by asfotase alfa treatment 
[5, 12, 76]. In a retrospective chart review of 
untreated patients with HPP, 73% (35/48) who 
developed life-threatening symptoms of HPP 
before 6 months of age died before reaching 
14 months of age [12]. In another analysis of 
data from patients with life-threatening disease, 
survival after 1 year was 95% among patients 
treated with asfotase alfa compared with only 
42% among historical controls (Fig. 1A) [5]. In a 
5-year real-world analysis of asfotase alfa effec-
tiveness, which included 6 patients younger 
than 1 year of age, all patients survived after 
initiating asfotase alfa treatment, highlighting 
the impact of treatment on survival [76].

Patients with life-threatening, early-onset HPP 
frequently require respiratory support owing to 
hypomineralization of the ribs and pulmonary 
hypoplasia, both of which can cause respiratory 
failure [6, 65, 77]. Types of respiratory support 
include use of supplemental oxygen, continu-
ous positive airway pressure, biphasic positive 
airway pressure, or tracheostomy with mechani-
cal ventilation [5, 6, 65, 69]. Across four stud-
ies, the percentage of patients who required 
respiratory support before starting asfotase alfa 
treatment ranged from 35% to 91% (Fig. 1B) [5, 
6, 65, 69]. In these studies, asfotase alfa treat-
ment decreased dependence on respiratory sup-
port, with one study showing that only 10% of 
patients still needed support at last follow-up 
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Table 1  Clinical endpoints assessed in patients with HPP

Method Description

Bone

RGI-C (Radiographic Global Impression of Change) Validated 7-point scoring system to measure skeletal mani-
festations in infants and children; evaluates changes in 
irregularity of the provisional zone of calcification, phy-
seal widening, metaphyseal flaring, fraying, radiolucen-
cies, altered osteosclerosis, altered ratio of mid-diaphyseal 
cortex-to-bone thickness, gracile bones, absence of some 
or all bones, and recent fractures [42]

 Age range Children ≤ 12 years

 Change indicating improvement Increased score

RSS (Rickets Severity Scale) Rates growth plate abnormalities at the wrists and knees on 
a 11-point scale [43]

 Age range Children aged 1–14 years

 Change indicating improvement Decreased score

Physical function

6MWT (6-Minute Walk Test) Validated measure of how far an individual is able to walk 
on a hard, flat surface during 6 min; measures walking 
endurance and fatiguability [44, 45]. An MCID of 31 m 
for children aged 5–12 years, 33 m for adolescents aged 
13–17 years, and 31 m for adults aged ≥ 18 years has 
been established [45]. Results are reported as an absolute 
value in meters or as percent predicted for age, with a 
value < 80% indicating subnormal [64]

 Age range Children and adults aged ≥ 5 years

 Change indicating improvement Increased (larger) distances; increased percent predicted

Bleck Scale Rates patients on a 9-point scale ranging from a score of 
1 for being unable to walk to 9 for being able to walk 
the same distance as their age-adjusted peers without 
crutches or canes [46–48]

 Age range Children and adults aged ≥ 2 years of age

 Change indicating improvement Increased scores

TUG (Timed Up-and-Go) Measures the time taken for an individual to stand up from 
a standard armchair, walk a distance of 3 m, turn, walk 
back to the chair, and sit down again while wearing usual 
footwear and any customary walking aid [49]

 Age range Adults ≥ 18 years; test is validated in frail individuals aged 
70–84 years
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Table 1  continued

Method Description

 Change indicating improvement Faster (shorter) times

SPPB (Short Physical Performance Battery) Performance measure consisting of a balance test, gait 
speed, and a repeated Chair-Rise Test, summarized 
on a 12-point scale [52] The repeated Chair-Rise Test 
measures the time taken for the patient to stand and sit 
down again 5 times as quickly and safely as possible, with 
hands folded across the chest [50–52]. The test assesses 
functional mobility, with a focus on the axial skeleton 
and hip joint [51]

 Age range Adults aged ≥ 18 years; test is validated in adults 
aged ≥ 65 years

 Change indicating improvement Increased summary score; faster (shorter) times for gait 
speed and repeated chair-rise test

LEFS (Lower Extremity Functional Scale) Measures physical function of the lower extremities on an 
80-point scale with an MCID of 9 points [41]

 Age range Adolescents and adults aged ≥ 13 years [20, 41]

 Change indicating improvement Increased scores

Motor function

BSID-III (Bayley Scales of Infant and Toddler Development 
III)

Validated instrument comprised of 5 subtests for evalua-
tion of developmental functioning; measures both gross 
and fine motor skills in infants and toddlers [53]

 Age range Children aged 16 days to 42 months

 Change indicating improvement Increased scores

BOT-2 (Bruininks–Oseretsky Test of Motor Proficiency, 
Second Edition)

Measure of fine and gross motor skills in children and 
adults aged 4–21 years. The test highlights motor 
performance in the areas of stability, mobility, strength, 
coordination, and object manipulation [54]

 Age range Children, adolescents, and adults aged 4–21 years

 Change indicating improvement Increased scores

PDMS-2 (Peabody Developmental Motor Scales, second 
edition)

Measure of gross and fine motor skills in children. The test 
includes reflexes, stationary equilibrium, locomotion, 
object manipulation, grasping, and visual-motor integra-
tion [55]

 Age range Children from birth through 5 years of age

 Change indicating improvement Increased scores
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Table 1  continued

Method Description

BAMF (Brief Assessment of Motor Function) Validated measure of gross and fine motor function of the 
upper and lower extremities, oral motor deglutition, and 
oral motor articulation in children [56]

 Age range Infants, adolescents, and adults aged 2 months to 28 years

 Change indicating improvement Increased scores

Disability

HAQ-DI (Health Assessment Questionnaire-Disability 
Index)

Measure of functional ability with a focus on activities of 
daily living, including dressing, rising, eating, walking, 
maintaining hygiene, reaching, gripping, and completing 
usual activities. Assessments are made on a scale from 0 
(no disability) to 3 (complete disability) [57]

 Age range Adults aged ≥ 18 years

 Change indicating improvement Decreased scores

PODCI (Pediatric Outcomes Data Collection Instrument) Measure of functional status in children with a focus on 
musculoskeletal health [58]

 Age range Children aged 2–18 years

 Change indicating improvement Increased scores

Pain

BPI-SF (Brief Pain Inventory-Short Form) Self-reported assessment of pain severity in 4 categories 
(pain at its worst, its least, its average, and pain right 
now), each reported on a scale from 0 (no pain) to 10 
(pain as bad as you can imagine). The BPI also measures 
pain interference within 7 daily activities (general activ-
ity, walking, work, mood, enjoyment of life, relations 
with others, sleep) [59]

 Age range Adults aged ≥ 18 years

 Change indicating improvement Decreased scores

QoL

PedsQL (Pediatric Quality of Life Inventory) Survey determining quality of life in children aged 2 to 
18 years that can be completed by the child and/or 
parent; assessments include 23 items related to physical, 
emotional, social, and school functioning [60]

 Age range Children aged 2–18 years

 Change indicating improvement Increased scores

SF-36v2 (Short Form-36 version 2) Survey determining quality of life; assessments include 
both physical health and mental health [61, 62]
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(up to 5.5 years) [5]. In two of these studies, 
ventilator-free survival, defined as the percent-
age of patients who were alive and not receiving 
ventilator support after asfotase alfa treatment, 
was achieved in 84% (38/45) and 100% (5/5) of 
patients [65, 69].

Seizures

Vitamin  B6-responsive seizures are reported 
in approximately 10% of all children enrolled 
in the Global HPP Registry, although this pro-
portion is higher among children < 6 months 
of age [1, 14]. In a small analysis of historical 
controls who experienced seizures and did not 
receive ERT, none of the 10 patients survived 
[5]. However, survival was 77% (10/13) among 
patients who received asfotase alfa treatment 
[5]. In a case study, asfotase alfa treatment led 
to cessation of seizures in an infant who started 
treatment at post-natal day 2 [78]. The patient 
experienced seizures again after treatment inter-
ruption, which progressed to acute encephalop-
athy [78]. Seizures were again mitigated upon 
reinitiation of asfotase alfa treatment [78], sug-
gesting the efficacy of asfotase alfa in preventing 
seizures in infants with HPP.

Skeletal and Dental Parameters

Fractures

Over one-third of adults assessed in the Global 
HPP Registry have a history of recurrent and 
poorly healing fractures [1]. Limited evidence 
suggests that asfotase alfa treatment can improve 
fracture healing and reduce fracture incidence in 
patients with HPP. In a case series of 2 adults 
with HPP, treatment with asfotase alfa was asso-
ciated with marked healing of pre-existing frac-
tures. One of these patients had a history of a 
femoral pseudofracture with little evidence of 
healing over the course of 17 years, but experi-
enced notable healing 11 months after initiat-
ing treatment with asfotase alfa, as evidenced 
by near resolution [79]. An additional case series 
of 2 adults with femoral fractures showed that 
4–6 months of treatment with asfotase alfa pro-
moted fracture healing [16]. Accelerated fracture 
consolidation with asfotase alfa was associated 
with improved clinical symptoms and pain-free 
normal motor function [79, 80]. In an observa-
tional study, 13% (3/24) of adults experienced 
fractures after 1 year of treatment with asfotase 
alfa [48]. In contrast, the prevalence of fractures 

Table 1  continued

Method Description

 Age range Adolescents and adults aged ≥ 14 years

 Change indicating improvement Increased scores

EQ-5D-3L Survey determining quality of life; survey comprises 5 
dimensions (mobility, self-care, usual activities, pain/dis-
comfort, and anxiety/depression), which are each rated 
by the user as no problems, some problems, or extreme 
problems with scores of 1, 2, or 3. These scores are often 
then translated to quality-adjusted life-years on a scale 
from 0 (0 is the health equivalent to death) to 1 (perfect 
health) [63]

 Age range Adults aged ≥ 18 years
 Change indicating improvement Increased scores

MCID minimal clinically important difference
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among untreated adults has been shown to 
range from 37% to 95% [1, 73, 81, 82].

Osteomalacia

In another study, osteomalacia was assessed by 
bone histomorphometry of samples obtained via 
transiliac bone biopsy in patients 13–66 years of 
age who received asfotase alfa compared with 
controls [68]. Mean osteoid volume per bone 
volume decreased by 0.8% after 1 year of treat-
ment with asfotase alfa but increased by 0.2% 
after 6  months in untreated patients. Mean 
osteoid thickness was 109% of that reported in 
a healthy population at baseline and did not 
significantly change with asfotase alfa treat-
ment. Baseline mean mineralization lag time in 
patients with HPP was 891% of that of a healthy 
population and was significantly decreased by 
580% after 1 year of asfotase alfa treatment, 
suggesting improvement. The improvements in 
osteomalacia were accompanied by normaliza-
tion of biomarkers of disease, including median 
reductions of 2.2 µM in serum PPi and 254.5 ng/
mL in serum PLP after 6 months of asfotase alfa 
treatment. Median PPi concentration among all 
patients was 3.4 µM (normal range in adults: 
1.0–5.8 µM; normal range in adolescents aged 
13–18 years: < 0.8–4.8 µM) and median PLP 
concentration was 39.9 ng/mL (normal range 
in adults: 2.8–26.7  ng/mL; normal range in 
adolescents: 5.7–61.2 ng/mL) after 6 months of 
treatment.

Bone Metabolism Biomarkers

Asfotase alfa treatment significantly improves 
biochemical markers of bone and mineral 
metabolism, indicating that treatment-mediated 
mineralization may enable bone remodeling and 
turnover of previously unmineralized bone. In 
one study measuring markers of bone turno-
ver, including osteocalcin, procollagen type 1 
N-propeptide, and tartrate-resistant acid phos-
phatase 5b, transient changes occurred after 
3 and 6 months of treatment and reverted to 
near-baseline levels after 12 months [29]. Sta-
tistically significant but transient increases in 
parathyroid hormone were also observed at 
3 and 6 months after initiating asfotase alfa 
[29]. Serum calcium or phosphorus are some-
times elevated in patients with HPP, although 
no significant change in either marker was 
observed over the course of up to 2 years of 
asfotase alfa treatment [29, 73]. In an inde-
pendent analysis of adults who first had signs 
and symptoms of HPP in childhood, asfotase 
alfa treatment decreased plasma PPi in a dose-
dependent manner [70]. Relative to PPi values 
among patients treated with 0.5 mg/kg asfotase 
alfa, the least squares mean changes in PPi 
were  −  1.2  µM among patients treated with 
2.0 mg/kg asfotase alfa and − 1.9 µM among 
those treated with 3.0  mg/kg asfotase alfa; 
similarly, least squares mean changes in PLP 
were − 29.5 ng/mL and − 34.0 ng/mL, respec-
tively. In this study, normal ranges for PPi and 
PLP in adults aged > 18 years were 1.0–5.8 µM 
and 2.8–26.7 ng/mL, respectively [29].

Rickets

Nearly one-third of children with HPP present 
with rickets before initiating asfotase alfa treat-
ment [14]. The Radiographic Global Impression 
of Change (RGI-C) is a validated 7-point scale 
developed for assessment of radiographic fea-
tures, including rickets, in children with HPP 
[42]. A 2-point improvement in RGI-C score 
was observed as early as 6 weeks after asfotase 
alfa treatment initiation among children in 
clinical trials; results were sustained at long-
term follow-up of 5–7 years (Fig. 2A) [6, 64, 67, 

Fig. 1  Asfotase alfa treatment improves survival and 
decreases need for respiratory support in infants and young 
children with life-threatening HPP. (A) Survival in histori-
cal controls and treated patients with life-threatening HPP, 
reproduced from Whyte et  al. 2016, with permission [5]. 
(B) Respiratory support requirement; studies included 
children with HPP who first displayed signs and symp-
toms of HPP at age < 6 months [5, 6, 65, 69]. Follow-up 
time varies as indicated: Whyte et  al. 2012—48  weeks; 
Whyte et al. 2016—up to 5.5 years; Kitaoka et al. 2017—
up to 1.8 years; Hofmann et al. 2019—up to 6 years. a84% 
observed survival; 31 of 37 treated patients survived to 
5 years of age

◂



 Adv Ther

69]. Historical controls showed no improve-
ment in RGI-C score at any time point [64]. In 
one study, patients achieved an improvement 
in RGI-C score of 2 points or higher during or 
shortly after discontinuing ventilatory support, 
suggesting a link between bone development 
and respiratory function [5]. Children also expe-
rienced significant improvements of up to 3.4 
points on the 11-point Rickets Severity Scale 
(RSS) score after 12 weeks of asfotase alfa treat-
ment, with continued improvements reported 
at later time points (Fig. 2B) [6, 43, 64, 65, 67, 

69]. Skeletal improvements were accompanied 
by a 79% decrease in serum PPi concentrations 
to 1.1 nM after 24 weeks of asfotase alfa treat-
ment in children ≤ 3 years of age [6]. Decreased 
PPi theoretically underlies the improvements 
in rickets in these patients [19]. The decreases 
in PPi were maintained through up to 7 years 
of follow-up [67], but treatment did not affect 
serum calcium or inorganic phosphate levels [6]. 
Serum PPi and PLP levels were similarly within 
normal reference ranges after 6 weeks of treat-
ment in children up to 12 years of age [64, 69].

Fig. 2  Asfotase alfa treatment improves measures of rick-
ets in children. Median improvements in (A) RGI-C score 
and (B) RSS score. For RGI-C, patients were classified as 
treatment responders if their score improved by ≥ 2 points, 
indicating substantial healing [6, 64, 65, 67, 69]. Follow-up 

times varied as indicated: Whyte et  al. 2012—48  weeks; 
Whyte et  al. 2016—5  years; Kitaoka et  al. 2017—
24  weeks; Hofmann et  al. 2019—up to 6  years; Whyte 
et al. 2019—7 years. RGI-C Radiographic Global Impres-
sion of Change, RSS Rickets Severity Scale
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Growth

Although most children with HPP maintain 
height and weight Z-scores in the normal range, 
17% to  20% of children have short stature 
(defined as below the third percentile) [13]. Clin-
ical trials and real-world analyses confirm that 
treatment with asfotase alfa improves length/
height and weight Z-scores for children with 
HPP, although there is heterogeneity in individ-
ual patient responses [64, 67, 69, 76]. Improve-
ments in Z-scores from baseline to last assess-
ment ranged from 0.2 to 0.6 standard deviations 

for height/length and from − 0.07 to 2.4 stand-
ard deviations for weight. Improvements in 
height and weight Z-scores were reported as 
early as 6 weeks after treatment initiation [64]. 
Children also had improved body mass index 
(+ 0.62) and head circumference (+ 0.2) Z-scores 
with asfotase alfa treatment [64, 69].

Dentition

Premature loss of deciduous teeth with intact 
roots is a hallmark symptom of HPP reported in 
approximately half of children and adults with 

Fig. 3  Asfotase alfa improves performance on the 6-Min-
ute Walk Test. Studies shown assess 6-Minute Walk Test 
in children [64, 68, 76] and adults [48, 68, 71, 73, 85]. 
Data are presented as distance walked (darker colors) 
and/or percent predicted distance walked (lighter colors) 
depending on data availability. Follow-up times varied 

as indicated: Whyte et  al. 2016—5  years; Padidela et  al. 
2025—3 months; Kishnani et al. 2019—5 years; Kishnani 
et  al. 2024—1  year; Genest et  al. 2020—1  year; Seefried 
et  al. 2023—1  year; Moss et  al. in preparation—3  years. 
aKishnani, et al. 2019 reports data from 6 adolescents aged 
13 to < 18 years and 13 adults aged ≥ 18 years
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HPP [13, 15]. Infants (n = 5) who started asfotase 
alfa treatment shortly after birth lost fewer pri-
mary teeth prematurely than preschool-aged 
children (n = 6) who were treatment-naive at 
the time of assessment (mean 1.8 vs. 10.2 teeth) 
[72]. Individual case studies also suggest that 
asfotase alfa slows the rate of premature tooth 
loss and reduces premature tooth mobility in 
children, supporting the effects on tooth stabi-
lization and suggesting improved mineralization 
[83, 84].

Physical Function

Children and adults with HPP often have poor 
physical function that may stem in part from 
muscle weakness and fatigue. Studies using 
the 6-Minute Walk Test (6MWT), which is a 
validated measure of walking fatiguability [45], 
demonstrate the efficacy of asfotase alfa in 
improving physical performance in children 
with HPP (Fig. 3). In an open-label trial in chil-
dren 6–12 years of age, asfotase alfa treatment 
significantly improved the percent predicted 
distance walked by 36% at 5 years of follow-
up, with 78% (7/9) of children performing in 
the normal range [64]. In a real-world analysis 
of 6MWT data from children ≥ 5 years of age, 
median distance walked improved by approxi-
mately 110.0 m after 3 months of treatment, 
and improvements were sustained throughout 
4.5 years of follow-up [76]. Children in this 
analysis also maintained modified Bleck scores 
close to 9 throughout follow-up [76]. The Bleck 
scoring scale measures mobility, and a score of 
9 is the highest score on the scale, correspond-
ing to community walkers who do not use 
canes or crutches [47]. Similar findings were 
reported in a case series of patients with HPP, 
in which 2 children had 52 m mean improve-
ments in 6MWT distance walked after starting 
asfotase alfa treatment [83], exceeding the mini-
mum clinically important difference (MCID) of 
20–31 m in children (Supplementary Table S1) 
[45]. MCIDs throughout this review are reported 
based on published literature as a single value if 
only one reference is available in the reviewed 
literature or as a range if multiple references are 
available. Not all MCIDs are established in the 

HPP population, as described in Supplementary 
Table S1.

A wide variety of clinical assessments of phys-
ical function demonstrate the clinical benefit of 
asfotase alfa treatment among adults and ado-
lescents. In a randomized control trial, adults 
treated with asfotase alfa achieved a median 
35-m improvement in 6MWT distance walked 
after 6  months of treatment, exceeding the 
MCID of 23–31 m in adults (Fig. 3; Supplemen-
tary Table S1) [45, 68]. Patients enrolled in the 
Global HPP Registry had mean 93 m, 62 m, and 
45 m improvements in distance walked after 12, 
24, and 36 months of treatment, respectively 
[85]. In an additional real-world analysis, the 
percent predicted distance walked improved 
by a median of 31% after 6 months of asfotase 
alfa treatment [48]. Adults in this analysis also 
achieved a median 2.0-point improvement in 
modified Bleck score after 36 months of treat-
ment, with no patient experiencing a decrease in 
Bleck score throughout follow-up [48]. In other 
studies, improvements in 6MWT performance 
were accompanied by decreased use of assistive 
devices (e.g., canes, walkers). Among 10 patients 
who had documented use of assistive devices 
for the 6MWT before starting asfotase alfa treat-
ment, 6 were able to discontinue the use of assis-
tive devices for the test after treatment initiation 
[68, 71].

A retrospective analysis of medical records 
from 14 adults treated with asfotase alfa in rou-
tine clinical practice reported improvements in 
several functional outcomes after 12 months 
of treatment [71]. Median distance walked on 
the 6MWT significantly improved by 53 m [45, 
71], and median time to complete the Timed 
Up-and-Go (TUG) test improved by 3.1 s (MCID 
range of 0.8–1.4  s; Supplementary Table  S1) 
[71]. Asfotase alfa also significantly improved 
outcomes in the gait speed test and repeated 
Chair-Rise Test (CRT), both of which are com-
ponents of the Short Physical Performance Bat-
tery physical function test. Median speed to 
walk 4 m increased by 0.3 m/s at 12 months of 
treatment (MCID range of 0.03–0.13 m/s; Sup-
plementary Table S1), and 3 of 4 patients no 
longer needed assistive devices to complete the 
test after 6 months of treatment. Median time 
to complete the CRT improved by 9.2 s (MCID 



Adv Ther 

2.3  s; Supplementary Table  S1), and median 
Lower Extremity Functional Scale (LEFS) score 
significantly improved by 29 points (out of a 
maximum score of 80, MCID range of 9–12.5 
points; Supplementary Table S1) [41, 71]. For 
each of these outcomes, results were sustained 
throughout an additional year of follow-up [73]. 
Further, the median urinary PEA/creatinine ratio 
in these patients significantly decreased from 
53.2 mmol/mol creatinine at baseline to near-
normal levels within 6 months of asfotase alfa 
treatment, with levels consistently reduced for 
up to 24 months of follow-up [29]. These results 
may suggest the correction of PEA accumulation, 
which is a hallmark of ALP deficiency. A rand-
omized study further corroborated an improve-
ment in LEFS in 13 patients receiving asfotase 
alfa [68]. Four of these patients receiving 
asfotase alfa had clinically meaningful (≥ 9-point 
increases) improvements in LEFS scores after 
6 months of treatment, and 7 of 18 patients 
had clinically meaningful improvements at last 
follow-up [68]. Furthermore, the improvements 
in LEFS were accompanied by increased bone 
mineralization, as measured by transiliac bone 
biopsy.

Motor Function

Asfotase alfa treatment also improves HPP-
related motor dysfunction. Among children 
enrolled in the Global HPP Registry, almost 
20% have gross motor delays, with nearly all 
infants and young children with HPP expe-
riencing this motor dysfunction [6, 13, 67]. 
In a clinical trial in children ≤ 3 years of age 
at baseline, asfotase alfa treatment improved 
median gross motor scores in the Bayley Scales 
of Infant and Toddler Development, version 
3 (BSID-III) assessment by 5.0 points out of a 
total maximum score of 72 points after 3 years 
(MCID 5 points; Supplementary Table S1) [53, 
67]. Median fine motor and cognitive scores on 
the BSID-III assessment also improved by 4.0 
and 7.0 points, respectively, indicating func-
tion in the normal range after 3 years. As chil-
dren in this study aged throughout follow-up, 
they progressed to the Peabody Developmental 
Motor Scales, second edition (PDMS-2) and the 

Bruininks–Oseretsky Test of Motor Proficiency, 
second edition (BOT-2) assessments of motor 
function. Five of seven children with PDMS-2 
scores > 1 standard deviation below normal at 
baseline improved to within 1 standard devia-
tion of normal. Although patients had been 
treated with asfotase alfa for 5 years at the time 
of their first BOT-2 assessment, all 6 patients 
who completed more than one test showed 
increased age-equivalent scores, with 3 achiev-
ing scores within the normal range by the end 
of the study [67].

An independent clinical trial in children 
6–12  years of age showed that 5  years of 
asfotase alfa treatment led to an 18-point sig-
nificant improvement in the median BOT-2 
score, with median scores in the normal range 
after 1 year of treatment [64]. In a randomized 
study in patients 13–65 years of age with HPP, 
6 months of treatment with asfotase alfa led 
to a 4-point increase in the running speed and 
agility subtest and a 3-point improvement in 
the strength subtest of BOT-2; these results 
were sustained throughout 5 years of follow-up 
[68]. Finally, motor function was assessed using 
the Brief Assessment of Motor Function (BAMF) 
in a real-world analysis of patients younger 
than 4 years of age. Results showed a median 
7.0-point improvement in scores for the lower 
and upper extremity function assessments after 
36 months of asfotase alfa treatment [76].

Muscle weakness, a potential contributor to 
physical and motor dysfunction in patients with 
HPP, is reported by 13% of children and 31% of 
adults enrolled in the Global HPP Registry [1]. 
While muscle weakness in HPP could potentially 
arise from the significant interplay between 
bone and muscle strength or osteomalacia [86, 
87], results of preclinical studies suggest that 
mitochondrial dysfunction may substantially 
contribute to muscle weakness in HPP. A mouse 
model of HPP showed reduced spare respira-
tory capacity, a measure of the cellular ability to 
respond to increased energy demands, in muscle 
fiber bundles relative to wild-type mice, suggest-
ing altered mitochondrial bioenergetics in the 
absence of skeletal manifestations [32, 88]. Fur-
ther perturbations in mitochondrial metabolism 
and mitochondrial ultrastructure have also been 
reported in other mouse and sheep models of 
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HPP [89–91]. Further investigation of the mech-
anism underlying muscle weakness in HPP, its 
potential association with physical functional-
ity, and the effects of ERT are warranted.

Pain and Disability

Physical and motor dysfunction are often 
accompanied by pain, which is commonly 
reported in patients with HPP, with nearly a 
quarter of children and approximately three-
quarters of adults reporting any form of pain 
[1, 15]. In a clinical trial of 13 children aged 
6–12 years, median pain score decreased by 20 
points and median disability score decreased by 
1 point on the Child Health Assessment Ques-
tionnaire. Median scores were 0 for both met-
rics after 5 years of asfotase alfa treatment, indi-
cating no pain or disability [64]. The Pediatric 
Outcomes Data Collection Instrument (PODCI) 
global function median score significantly 
improved by 25 points out of a maximum score 
of 100 after 5 years of treatment in this cohort 
(MCID range of 3.8–7.3 points; Supplementary 
Table S1) [58, 64]. Among children taking anal-
gesics, 54% (7/13) stopped all analgesics after 
up to 5 years of treatment with asfotase alfa and 
none were taking opioids at last follow-up [76].

Several studies have reported that asfotase 
alfa treatment reduces pain as measured by the 
Brief Pain Inventory-Short Form (BPI-SF) among 
adults with HPP [20, 48, 68, 85]. Median aggre-
gate BPI-SF scores improved by 3.5–3.6 points 
out of a maximum score of 10 after up to 5 years 
of asfotase alfa treatment [48, 59, 68]. Pain sever-
ity and interference scores improved by up to 
1.1 points and 1.5 points, respectively, among 
adults throughout 36 months of asfotase alfa 
treatment (MCID range of 1.0–2.16 for pain 
severity, 0.4–2.3 points for pain interference; 
Supplementary Table S1) [85]. Worst pain in 
the past 24 h similarly improved by up to 1.7 
points. In the same analysis, the proportion of 
patients who reported no disability, as meas-
ured by the Health Assessment Questionnaire-
Disability Index, increased from 9% (n = 5) at 
baseline to 18% (n = 11) at month 36 [85]. Two 
analyses that assessed pain in adults using a 
10-point Likert scale showed either no change or 

a 1-point improvement in pain scores through 
up to 2 years of treatment [71, 73]. Two studies 
reporting analgesic use in adults treated with 
asfotase alfa show conflicting results, with one 
study reporting a 50% decrease in patients using 
analgesics after 1 year and the other reporting a 
60% increase after up to 5 years [48, 75]. In the 
latter study, 33% (8/24) of patients discontinued 
at least one opioid during follow-up, with 4 of 
these patients discontinuing all opioid medi-
cations [48]. Finally, an independent analysis 
showed that 33% (4/12) of adults reduced use of 
pain medications from daily to on demand [71]. 
In a recent case study, a woman with HPP who 
reported burning pain in her lower extremities 
had complete relief of symptoms after 9 months 
of asfotase alfa treatment, suggesting improve-
ment of neuropathy [92].

Health‑Related QoL

Bone hypomineralization, physical and motor 
dysfunction, chronic pain, and disability expe-
rienced by children and adults with HPP are 
among the many factors leading to reduced 
QoL in patients with HPP measured with several 
tests [13, 15]. The effect of asfotase alfa treat-
ment on QoL in children with HPP was assessed 
in one study using the Pediatric Quality of Life 
Inventory (PedsQL) survey, which showed that 
the median PedsQL score among 20 children 
improved by 21.7 points on a 100-point scale 
after 5 years of asfotase alfa treatment [60, 76]. 
The MCID for the PedsQL survey is 4.4 points 
(Supplementary Table S1).

The impact of asfotase alfa treatment on QoL 
in adults with HPP was assessed in three studies 
using the 36-item Short Form Health Survey (SF-
36v2), in which patients reported poorer median 
Physical Component Summary scores than the 
survey-defined US population score of 50 before 
starting asfotase alfa treatment [71, 73, 85]. 
Physical Component Summary scores improved 
by approximately 5 points after 6 months of 
asfotase alfa treatment [85], and results were fur-
ther improved or sustained for up to 36 months 
(Fig. 4) [71, 73, 85]. The MCID range for Physi-
cal Component Summary score is 2–7 points, 
with several studies listing 5 points as clinically 
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important (Supplementary Table S1). Baseline 
Mental Component Summary scores across stud-
ies were similar to or below that of the general 
US population and increased by approximately 
3–6 points with asfotase alfa treatment (MCID 
range 2.5–6.3 points; Supplementary Table S1) 
[71, 73, 85]. An additional study assessed QoL 
in adults with the EQ-5D-3L survey, which has a 
maximum score of 1.0 indicating perfect health. 
Median scores among 24 adults improved by 
0.15 after 6 months of treatment and 0.39 after 
36 months (MCID range of 0.04–0.1 points; Sup-
plementary Table S1) [48]. A recent publication 
assessed additional health-related QoL outcomes 
among adults with HPP. After 1 year of asfotase 
alfa treatment, 66% fewer adults reported mod-
erately severe depression, 65% fewer reported 
presenteeism, and no patients reported absentee-
ism as measured using the Patient Health Ques-
tionnaire-9 and Work Productivity and Activity 
Impairment Questionnaire: Specific Health Prob-
lem surveys [75]. High proportions of patients 
also reported treatment satisfaction (72%) and 
responded favorably when asked whether they 
thought that treatment with asfotase alfa was 
good for them (93%) per the Treatment Satisfac-
tion with Medications Questionnaire [75].

Safety

The safety of asfotase alfa has been rigorously 
documented throughout the clinical trials and 
real-world analyses cited above. Asfotase alfa 
treatment is well tolerated in both children and 
adults. The most commonly reported adverse 
event for patients of all ages is injection-site 
reactions with transient erythema or pyrexia [6, 
64, 65, 67–71, 73, 74]. Of note, some patients 
have experienced hypersensitivity reactions or 
lipodystrophy after injection [67, 68, 70, 71, 73, 
74]. Accordingly, the Strensiq US prescribing 
information lists each of these events as occur-
ring in ≥ 10% of treated patients [7]. Ectopic 
calcifications have been reported in ≥ 10% of 
treated patients; however, ectopic calcifica-
tions are also a well-documented feature of HPP 
among patients who are not treated with ERT 
[7, 93].

Discontinuation

Evidence on the effects of asfotase alfa discon-
tinuation or interruption are sparse but generally 

Fig. 4  Asfotase alfa treatment improves SF-36v2 scores. Studies show improvements in Mental and Physical Component 
Summary scores in patients in the observational EmPATHY study after up to 2 years of follow-up [71, 73]
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support that treatment interruption can lead to 
a return of clinically significant manifestations. 
The occurrence of seizures was tied to asfotase 
alfa treatment status in a patient who started 
asfotase alfa treatment at postnatal day 2, with 
seizures ceasing after treatment start, returning 
after interruption, and ceasing again after reini-
tiation [78]. In a patient who started asfotase alfa 
treatment at age 4 months, treatment discon-
tinuation at age 6 years led to hypercalcemia, 
seizures, severe nausea and vomiting, and death 
[94]. Among 5 adults with HPP, 4 patients had 
worsening pain after interruption of asfotase alfa 
treatment [95]. Pain improved after reinitiation 
of treatment, although 3 patients reported that 
pain had a higher impact on QoL after reinitiat-
ing treatment [95].

DISCUSSION

The accumulated evidence from clinical trials 
and real-world evidence analyses described in 
this review consistently demonstrate the efficacy 
and effectiveness of asfotase alfa in improving 
both skeletal and nonskeletal manifestations of 
HPP, including physical and motor function, 
which may stem in part from muscle weakness. 
Since its first approval 10 years ago, a sizeable 
population of patients has been treated with 
asfotase alfa, increasing survival of infants and 
reducing disease burden and improving QoL 
among children, adolescents and adults with 
HPP. The Global HPP Registry began enrolling 
patients in 2015, and, as of November 2024, 
636 (42%) of the 1520 patients enrolled in the 
Registry have been treated with asfotase alfa, 
creating a large pool of data to further assess 
clinical effectiveness and safety of ERT. Further, 
outcomes of assessments used in real-world 
analyses, including analyses of the Global HPP 
Registry, have reshaped the way we think about 
HPP burden, diagnosis, and treatment [25, 26, 
81, 85].

The range of clinical endpoints used to inves-
tigate HPP disease burden and clinical efficacy 
of asfotase alfa varies greatly between studies, 
but similar and consistent patterns are observed. 
The efficacy of asfotase alfa in improving bone 

mineralization is determined by examining the 
changes in radiographs before and after treat-
ment. Similarly, radiographic data are used to 
identify pseudofractures and fractures, includ-
ing atypical femoral fractures and metatarsal 
fractures that are prevalent among adults with 
HPP [96], and to document the healing of these 
fractures/pseudofractures after initiation of ERT. 
However, radiographic assessments of the effects 
of ERT on fracture healing are mostly subjec-
tive and lack precise quantification of skeletal 
changes over time. Recent efforts have been 
made to develop a graded scoring scale with 
the potential to semi-quantify the effect of ERT 
on pseudofracture healing. The 4B Scale, which 
refers the 4 stages of pseudofracture healing 
(Breach–Beak–Bump–Bridge), serves as a model 
to identify and characterize pseudofractures and 
may potentially be used to document pseudof-
racture healing throughout ERT treatment [97]. 
An additional method for quantifying disorgan-
ized bone components on X-ray images has also 
been reported [98].

Other measures to assess the effect of ERT on 
skeletal signs include RGI-C and RSS, which are 
often used in children with open growth plates 
[6, 14, 64, 67]. However, the use of RGI-C is 
not generalizable given that it requires special 
expertise to administer [42]. The RGI-C was vali-
dated against the RSS [42], which may be more 
readily adopted into clinical practice. Use of 
dual-energy X-ray absorptiometry is not recom-
mended in HPP to either confirm the diagno-
sis or to quantify disease burden because this 
measure fails to discriminate between osteoma-
lacia, a hallmark of HPP, and osteoporosis, and 
bone mineral density scores are typically within 
or above the normal range [16, 96, 99]. Other 
imaging modalities, such as magnetic resonance 
imaging and high-resolution computed tomog-
raphy, could be useful future tools to assess bone 
marrow edema, bone structure, and the effect 
of ERT on bone pathology in patients with HPP 
[18, 100].

Several measures are used to assess the non-
skeletal effects of ERT in HPP, including assess-
ing changes in muscle weakness, which can be 
observed in the absence of skeletal manifesta-
tions [25]. The physical and motor dysfunction 
reported in patients with HPP can be associated 



Adv Ther 

with chronic musculoskeletal pain and reduced 
QoL. In patients who are mobile, the CRT, TUG 
test, 6MWT, and LEFS are measures that effec-
tively assess fatiguability, mobility, and strength, 
and improvement in the scores on these tests may 
be used as markers of ERT efficacy/effectiveness 
in reducing HPP disease burden [41, 45, 49]. The 
CRT measures how long it takes an individual to 
perform 5 repeated sit-to-stands from a standard-
sized chair and provides data on muscle strength 
of the proximal thigh muscles [50, 51]. The test 
takes only seconds to complete [50]. Another 
version of the CRT measures how many sit-to-
stands an individual can achieve in 30 s [101]. 
While this 30-s sit-to-stand test has not been used 
in patients with HPP, the method offers similar 
clinical utility to the CRT and may be used to 
assess a wide variety of physical ability levels. 
The TUG test records the time to stand up from 
a seated position, walk 3 m, turn, walk back, and 
return to a seated position [49]. Like the CRT, the 
TUG can be completed in seconds. The 6MWT is 
a validated test, the results of which have been 
shown to correlate with changes in other meas-
ures of physical function in HPP, such as LEFS, 
PODCI, and BPI-SF [45], and, as a result, serves as 
a valuable indicator of overall disease burden in 
patients with HPP. Shorter distances walked on 
the 6MWT test are also correlated with higher 
mortality in older adults [102]. The 6MWT has 
been used in combination with LEFS in clini-
cal trials and in real-world analyses in patients 
with HPP [68, 71, 73]. Among children, distance 
walked in the 6MWT also correlates with scores 
on the modified Performance-Oriented Mobility 
Assessment-Gait (mPOMA-G) test. mPOMA-G is 
designed to measure gait impairment in children 
who are mobile and has been validated in chil-
dren with HPP [103]. To date, no clinical trials 
or real-world analyses have evaluated the impact 
of asfotase alfa on mPOMA-G scores. Impairment 
in bone mineralization and the resulting physical 
and motor dysfunction culminate in chronic pain 
and reduced QoL, both of which can be improved 
by ERT, and these improvements can be measured 
using several tests in the form of questionnaires 
including SF-36v2 and EQ-5D-3L in adults or Ped-
sQL in children with HPP. Asfotase alfa improves 
scores in these and other surveys, corresponding 

with improvements in radiographic and func-
tional outcomes [48, 71, 73, 75, 76, 85].

This review has some limitations. Because HPP 
is a rare disease with potentially lethal outcomes, 
there are relatively few randomized control stud-
ies to establish asfotase alfa clinical efficacy. Rand-
omized studies to assess asfotase alfa efficacy have 
also enrolled small numbers of patients, again in 
line with HPP being a rare disease. At present, data 
showing the effects of asfotase alfa on fracture 
healing and dental outcomes are limited to small 
observational studies or case studies. Illustrative 
case studies describing the effects of asfotase alfa 
on these outcomes were included in this review, 
although other case studies were excluded if 
data could instead be reported from larger stud-
ies. Finally, HPP does not have an ICD-10 code, 
which makes evaluation of claims and electronic 
medical records challenging and could lead to a 
paucity of data.

FUTURE DIRECTIONS

This review highlights robust evidence on the 
clinical efficacy and safety of asfotase alfa in 
improving skeletal and nonskeletal manifesta-
tions in pediatric and adult patients with HPP. 
HPP is a systemic disease that can affect other tis-
sues and organs beyond the skeleton. The physi-
cal and motor dysfunction observed in many 
patients with HPP may stem from muscle weak-
ness and fatigue. Data from preclinical models 
suggest that muscle weakness in HPP may be 
due in part to mitochondrial dysfunction inde-
pendent of impaired skeletal mineralization or 
reduced oxidative phosphorylation and ATP syn-
thesis [32, 91, 104]. Although it remains to be 
determined whether mitochondrial dysfunction 
is a PLP-mediated phenomenon, it is notewor-
thy that intracellular PLP is a cofactor in over 
140 enzymatic reactions throughout the body, 
potentially contributing to nonskeletal manifes-
tations of HPP [105].

Data derived from clinical trials and real-
world analyses of asfotase alfa efficacy over the 
past 10 years are encouraging, creating a founda-
tion for further improvement in the understand-
ing of HPP pathology. Future research is needed 
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on novel bone imaging technologies, which may 
allow for easier quantification of bone pathol-
ogy in HPP [98]. In addition, more research is 
required to set MCIDs for clinical assessments in 
HPP to fully characterize the potential benefits 
of ERT. The long-term safety, sustained clinical 
efficacy, and well-characterized repertoire of 
clinical assessments used to evaluate asfotase 
alfa support the investigation of efzimfotase alfa, 
a novel ALP ERT currently in development [106].

ACKNOWLEDGEMENTS 

Medical Writing, Editorial, and Other Assis-
tance. Medical writing and editorial support of 
this manuscript, including its graphical abstract, 
was provided by Violet Kiesel, PhD, of Peloton 
Advantage, an OPEN Health company, and was 
funded by Alexion, AstraZeneca Rare Disease.

Author Contributions. Aliya A. Khan, Eric 
T. Rush, Craig Wakeford, Daniel Staub, and 
Maria Luisa Brandi contributed to the study con-
ception and design, contributed and commented 
throughout the drafting of the manuscript, and 
read and approved the final manuscript. The 
first draft of the plain language summary was 
generated using a generative AI model that dis-
tills complex scientific publications into plain 
language summaries. The first draft of the plain 
language summary was then reviewed and 
edited by all authors. As part of AstraZeneca’s 
commitment to innovation and ethical AI use, 
this summary was generated within the secure 
confines of AstraZeneca’s infrastructure, ensur-
ing both data privacy and adherence to copy-
right laws. The authors are accountable for the 
accuracy and integrity of the final draft of the 
plain language summary.

Funding. Medical writing and editorial sup-
port of this manuscript (including its graphical 
abstract) as well as the journal’s Rapid Service 
Fee and Open Access Fees, were funded by Alex-
ion, AstraZeneca Rare Disease.

Data Availability. Alexion, AstraZeneca 
Rare Disease will consider requests for disclo-
sure of clinical study participant-level data pro-
vided that participant privacy is assured through 
methods like data de-identification, pseu-
donymization, or anonymization (as required 
by applicable law), and if such disclosure was 
included in the relevant study informed con-
sent form or similar documentation. Qualified 
academic investigators may request participant-
level clinical data and supporting documents 
(statistical analysis plan and protocol) pertain-
ing to Alexion-sponsored studies. Further details 
regarding data availability and instructions for 
requesting information are available in the Alex-
ion Clinical Trials Disclosure and Transparency 
Policy at https:// www. alexi oncli nical trial trans 
paren cy. com/ data- reque sts/.

Declarations 

Conflict of Interest. Aliya A. Khan has 
received honoraria from Amgen and Alexion 
and support from Ascendis, Calcilytix, Amolyt, 
and Alexion, AstraZeneca Rare Disease. Eric T. 
Rush has received consulting fees, support for 
attending meetings, and honoraria from Alex-
ion, AstraZeneca Rare Disease. He is also on the 
Alexion advisory board and his institution has 
received grants from Alexion, AstraZeneca Rare 
Disease. Craig Wakeford and Daniel Staub are 
employees of and may own stock/options in 
Alexion, AstraZeneca Rare Disease. Maria Luisa 
Brandi has received consulting fees, support for 
attending meetings, and honoraria from Alex-
ion, AstraZeneca Rare Disease. She is also on the 
Alexion advisory board and her institution has 
received grants from Alexion, AstraZeneca Rare 
Disease.

Ethical Approval. This review article did 
not require institutional review board or institu-
tional animal care and use committee approval, 
as it is based on previously conducted studies 
and does not contain any new studies with 
human participants or animals performed by 
any of the authors.

https://www.alexionclinicaltrialtransparency.com/data-requests/
https://www.alexionclinicaltrialtransparency.com/data-requests/


Adv Ther 

Open Access. This article is licensed under a 
Creative Commons Attribution-NonCommercial 
4.0 International License, which permits any 
non-commercial use, sharing, adaptation, distri-
bution and reproduction in any medium or for-
mat, as long as you give appropriate credit to the 
original author(s) and the source, provide a link 
to the Creative Commons licence, and indicate 
if changes were made. The images or other third 
party material in this article are included in the 
article’s Creative Commons licence, unless indi-
cated otherwise in a credit line to the material. If 
material is not included in the article’s Creative 
Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the 
permitted use, you will need to obtain permis-
sion directly from the copyright holder. To view 
a copy of this licence, visit http://creativecom-
mons.org/licenses/by-nc/4.0/.

REFERENCES

 1. Högler W, Langman C, da Silva HG, et al. Diag-
nostic delay is common among patients with 
hypophosphatasia: initial findings from a longi-
tudinal, prospective, global registry. BMC Muscu-
loskelet Disord. 2019;20(1):80. https:// doi. org/ 10. 
1186/ s12891- 019- 2420-8.

 2. Conti F, Ciullini L, Pugliese G. Hypophosphata-
sia: clinical manifestation and burden of disease 
in adult patients. Clin Cases Miner Bone Metab. 
2017;14(2):230–4. https:// doi. org/ 10. 11138/ 
ccmbm/ 2017. 14.1. 230.

 3. Weber TJ, Sawyer EK, Moseley S, Odrljin T, Kish-
nani PS. Burden of disease in adult patients with 
hypophosphatasia: results from two patient-
reported surveys. Metabolism. 2016;65:1522–30. 
https:// doi. org/ 10. 1016/j. metab ol. 2016. 07. 006.

 4. Rathbun JC. Hypophosphatasia; a new develop-
mental anomaly. Am J Dis Child. 1948;75(6):822–
31. https:// doi. org/ 10. 1001/ archp edi. 1948. 02030 
02084 0003.

 5. Whyte MP, Rockman-Greenberg C, Ozono K, et al. 
Asfotase alfa treatment improves survival for peri-
natal and infantile hypophosphatasia. J Clin Endo-
crinol Metab. 2016;101(1):334–42. https:// doi. org/ 
10. 1210/ jc. 2015- 3462.

 6. Whyte MP, Greenberg CR, Salman NJ, et  al. 
Enzyme-replacement therapy in life-threaten-
ing hypophosphatasia [with Supplementary 

Appendix]. N Engl J Med. 2012;1366(10):904–13. 
https:// doi. org/ 10. 1056/ NEJMo a1106 173.

 7. Alexion Pharmaceuticals. Strensiq [package 
insert]. Boston, MA: Alexion Pharmaceuticals, Inc; 
2024.

 8. Alexion Europe SAS. Strensiq [summary of prod-
uct characteristics]. Levollois-Perret, France: Alex-
ion Europe, 2020.

 9. Report on the Deliberation Results: Strensiq Sub-
cutaneous Injection. Pharmaceuticals and Medical 
Devices Agency, Evaluation and Licensing Divi-
sion, Pharmaceutical and Food Safety Bureau, 
Ministry of Health, Labour and Welfare 2015. 
https:// www. pmda. go. jp/ engli sh/ review- servi ces/ 
revie ws/ appro ved- infor mation/ drugs/ 0001. html# 
selec t19. Accessed May 6, 2025.

 10. Alexion Pharmaceuticals. Strensiq (asfotase alfa) 
receives marketing approval in Japan for treat-
ment of patients with hypophosphatasia (HPP) 
[press release]. Alexion Pharmaceuticals, 2015. 
https:// www. fierc ephar ma. com/ pharma- asia/ 
stren siq% C2% AE- asfot ase- alfa- recei ves- marke 
ting- appro val- japan- for- treat ment- of- patie nts. 
Accessed May 6, 2025.

 11. Kishnani PS, Rush ET, Arundel P, et al. Monitor-
ing guidance for patients with hypophosphata-
sia treated with asfotase alfa. Mol Genet Metab. 
2017;122(1–2):4–17. https:// doi. org/ 10. 1016/j. 
ymgme. 2017. 07. 010.

 12. Whyte MP, Leung E, Wilcox WR, et al. Natural his-
tory of perinatal and infantile hypophosphatasia: 
a retrospective study. J Pediatr. 2019;209:116–24. 
https:// doi. org/ 10. 1016/j. jpeds. 2019. 01. 049.

 13. Högler W, Linglart A, Petryk A, et  al. Growth 
and disease burden in children with hypophos-
phatasia. Endocr Connect. 2023;12(5): e220240. 
https:// doi. org/ 10. 1530/ ec- 22- 0240.

 14. Martos-Moreno G, Rockman-Greenberg C, 
Ozono K, et  al. Clinical profiles of children 
with hypophosphatasia prior to treatment with 
enzyme replacement therapy: an observational 
analysis from the Global HPP Registry. Horm Res 
Paediatr. 2024;97(3):233–42. https:// doi. org/ 10. 
1159/ 00053 1865.

 15. Dahir KM, Seefried L, Kishnani PS, et al. Clini-
cal profiles of treated and untreated adults with 
hypophosphatasia in the Global HPP Registry. 
Orphanet J Rare Dis. 2022;17(1):277. https:// doi. 
org/ 10. 1186/ s13023- 022- 02393-8.

 16. Genest F, Seefried L. Subtrochanteric and 
diaphyseal femoral fractures in hypophos-
phatasia-not atypical at all. Osteoporos Int. 

http://creativecommons.org/licenses/by-nc/4.0/
http://creativecommons.org/licenses/by-nc/4.0/
https://doi.org/10.1186/s12891-019-2420-8
https://doi.org/10.1186/s12891-019-2420-8
https://doi.org/10.11138/ccmbm/2017.14.1.230
https://doi.org/10.11138/ccmbm/2017.14.1.230
https://doi.org/10.1016/j.metabol.2016.07.006
https://doi.org/10.1001/archpedi.1948.02030020840003
https://doi.org/10.1001/archpedi.1948.02030020840003
https://doi.org/10.1210/jc.2015-3462
https://doi.org/10.1210/jc.2015-3462
https://doi.org/10.1056/NEJMoa1106173
https://www.pmda.go.jp/english/review-services/reviews/approved-information/drugs/0001.html#select19
https://www.pmda.go.jp/english/review-services/reviews/approved-information/drugs/0001.html#select19
https://www.pmda.go.jp/english/review-services/reviews/approved-information/drugs/0001.html#select19
https://www.fiercepharma.com/pharma-asia/strensiq%C2%AE-asfotase-alfa-receives-marketing-approval-japan-for-treatment-of-patients
https://www.fiercepharma.com/pharma-asia/strensiq%C2%AE-asfotase-alfa-receives-marketing-approval-japan-for-treatment-of-patients
https://www.fiercepharma.com/pharma-asia/strensiq%C2%AE-asfotase-alfa-receives-marketing-approval-japan-for-treatment-of-patients
https://doi.org/10.1016/j.ymgme.2017.07.010
https://doi.org/10.1016/j.ymgme.2017.07.010
https://doi.org/10.1016/j.jpeds.2019.01.049
https://doi.org/10.1530/ec-22-0240
https://doi.org/10.1159/000531865
https://doi.org/10.1159/000531865
https://doi.org/10.1186/s13023-022-02393-8
https://doi.org/10.1186/s13023-022-02393-8


 Adv Ther

2018;29(8):1815–25. https:// doi. org/ 10. 1007/ 
s00198- 018- 4552-3.

 17. Briot K, Roux C. Adult hypophosphatasia. Curr 
Opin Rheumatol. 2016;28(4):448–51. https:// doi. 
org/ 10. 1097/ BOR. 00000 00000 000286.

 18. Khan A, Brandi ML, Rush ET, et al. Hypophos-
phatasia diagnosis: current state of the art and 
proposed diagnostic criteria for children and 
adults. Osteoporos Int. 2024;35(3):431–8. https:// 
doi. org/ 10. 1007/ s00198- 023- 06844-1.

 19. Salles JP. Hypophosphatasia: biological and clini-
cal aspects, avenues for therapy. Clin Biochem 
Rev. 2020;41(1):13–27. https:// doi. org/ 10. 33176/ 
aacb- 19- 00031.

 20. Kishnani PS, Del Angel G, Zhou S, Rush ET. Inves-
tigation of ALPL variant states and clinical out-
comes: an analysis of adults and adolescents with 
hypophosphatasia treated with asfotase alfa. Mol 
Genet Metab. 2021;133(1):113–21. https:// doi. 
org/ 10. 1016/j. ymgme. 2021. 03. 011.

 21. Mornet E. Molecular genetics of hypophosphata-
sia and phenotype-genotype correlations. Subcell 
Biochem. 2015;76:25–43. https:// doi. org/ 10. 1007/ 
978- 94- 017- 7197-9_2.

 22. Whyte MP, Zhang F, Wenkert D, et al. Hypophos-
phatasia: validation and expansion of the clinical 
nosology for children from 25 years experience 
with 173 pediatric patients. Bone. 2015;75:229–
39. https:// doi. org/ 10. 1016/j. bone. 2015. 02. 022.

 23. Jandl NM, Schmidt T, Rolvien T, et al. Genotype-
phenotype associations in 72 adults with sus-
pected ALPL-associated hypophosphatasia. Calcif 
Tissue Int. 2021;108(3):288–301. https:// doi. org/ 
10. 1007/ s00223- 020- 00771-7.

 24. Farman MR, Rehder C, Malli T, et al. The Global 
ALPL Gene Variant Classification Project: dedi-
cated to deciphering variants. Bone. 2024;178: 
116947. https:// doi. org/ 10. 1016/j. bone. 2023. 
116947.

 25. Dahir KM, Kishnani PS, Martos-Moreno GA, et al. 
Impact of muscular symptoms and/or pain on dis-
ease characteristics, disability, and quality of life 
in adult patients with hypophosphatasia: a cross-
sectional analysis from the Global HPP Registry. 
Front Endocrinol. 2023;14:1138599. https:// doi. 
org/ 10. 3389/ fendo. 2023. 11385 99.

 26. Kishnani PS, Seefried L, Dahir KM, et  al. Dis-
ease burden by ALPL variant number in patients 
with non-life-threatening hypophosphata-
sia in the Global HPP Registry. J Med Genet. 
2025;62(4):249–57. https:// doi. org/ 10. 1136/ 
jmg- 2024- 110383.

 27. Rockman-Greenberg C. Hypophosphatasia. Pedi-
atr Endocrinol Rev. 2013;10(Suppl 2):380–8.

 28. Whyte MP. Hypophosphatasia: an overview for 
2017. Bone. 2017;102:15–25. https:// doi. org/ 10. 
1016/j. bone. 2017. 02. 011.

 29. Seefried L, Rak D, Petryk A, Genest F. Bone turn-
over and mineral metabolism in adult patients 
with hypophosphatasia treated with asfotase alfa. 
Osteoporos Int. 2021;32(12):2505–13. https:// doi. 
org/ 10. 1007/ s00198- 021- 06025-y.

 30. Rosenthal AK, Ryan LM. Calcium pyroph-
osphate deposition disease. N Engl J Med. 
2016;374(26):2575–84. https:// doi. org/ 10. 1056/ 
NEJMr a1511 117.

 31. Whyte MP. Hypophosphatasia—aetiology, nosol-
ogy, pathogenesis, diagnosis and treatment. Nat 
Rev Endocrinol. 2016;12(4):233–46. https:// doi. 
org/ 10. 1038/ nrendo. 2016. 14.

 32. Devore D, Ruanova J, Dunn D, et al. Efzimfotase 
alfa improves skeletal muscle spare respira-
tory capacity in a mouse model of hypophos-
phatasia [abstract P1335]. Aging Clin Exp Res. 
2024;36(Suppl 1):602.

 33. Shajani-Yi Z, Ayala-Lopez N, Black M, Dahir KM. 
Urine phosphoethanolamine is a specific bio-
marker for hypophosphatasia in adults. Bone. 
2022;163: 116504. https:// doi. org/ 10. 1016/j. 
bone. 2022. 116504.

 34. Narisawa S, Fröhlander N, Millán JL. Inactivation 
of two mouse alkaline phosphatase genes and 
establishment of a model of infantile hypophos-
phatasia. Dev Dyn. 1997;208(3):432–46. https:// 
doi. org/ 10. 1002/ (sici) 1097- 0177(199703) 208:3% 
3c432:: aid- aja13% 3e3.0. co;2-1.

 35. Millan JL, Narisawa S, Lemire I, et al. Enzyme 
replacement therapy for murine hypophosphata-
sia. J Bone Miner Res. 2008;23(6):777–87. https:// 
doi. org/ 10. 1359/ jbmr. 071213.

 36. Yadav MC, de Oliveira RC, Foster BL, et  al. 
Enzyme replacement prevents enamel defects 
in hypophosphatasia mice. J Bone Miner Res. 
2012;27(8):1722–34. https:// doi. org/ 10. 1002/ 
jbmr. 1619.

 37. Liu J, Campbell C, Nam HK, et al. Enzyme replace-
ment for craniofacial skeletal defects and cranio-
synostosis in murine hypophosphatasia. Bone. 
2015;78:203–11. https:// doi. org/ 10. 1016/j. bone. 
2015. 05. 005.

 38. McKee MD, Nakano Y, Masica DL, et al. Enzyme 
replacement therapy prevents dental defects 
in a model of hypophosphatasia. J Dent Res. 

https://doi.org/10.1007/s00198-018-4552-3
https://doi.org/10.1007/s00198-018-4552-3
https://doi.org/10.1097/BOR.0000000000000286
https://doi.org/10.1097/BOR.0000000000000286
https://doi.org/10.1007/s00198-023-06844-1
https://doi.org/10.1007/s00198-023-06844-1
https://doi.org/10.33176/aacb-19-00031
https://doi.org/10.33176/aacb-19-00031
https://doi.org/10.1016/j.ymgme.2021.03.011
https://doi.org/10.1016/j.ymgme.2021.03.011
https://doi.org/10.1007/978-94-017-7197-9_2
https://doi.org/10.1007/978-94-017-7197-9_2
https://doi.org/10.1016/j.bone.2015.02.022
https://doi.org/10.1007/s00223-020-00771-7
https://doi.org/10.1007/s00223-020-00771-7
https://doi.org/10.1016/j.bone.2023.116947
https://doi.org/10.1016/j.bone.2023.116947
https://doi.org/10.3389/fendo.2023.1138599
https://doi.org/10.3389/fendo.2023.1138599
https://doi.org/10.1136/jmg-2024-110383
https://doi.org/10.1136/jmg-2024-110383
https://doi.org/10.1016/j.bone.2017.02.011
https://doi.org/10.1016/j.bone.2017.02.011
https://doi.org/10.1007/s00198-021-06025-y
https://doi.org/10.1007/s00198-021-06025-y
https://doi.org/10.1056/NEJMra1511117
https://doi.org/10.1056/NEJMra1511117
https://doi.org/10.1038/nrendo.2016.14
https://doi.org/10.1038/nrendo.2016.14
https://doi.org/10.1016/j.bone.2022.116504
https://doi.org/10.1016/j.bone.2022.116504
https://doi.org/10.1002/(sici)1097-0177(199703)208:3%3c432::aid-aja13%3e3.0.co;2-1
https://doi.org/10.1002/(sici)1097-0177(199703)208:3%3c432::aid-aja13%3e3.0.co;2-1
https://doi.org/10.1002/(sici)1097-0177(199703)208:3%3c432::aid-aja13%3e3.0.co;2-1
https://doi.org/10.1359/jbmr.071213
https://doi.org/10.1359/jbmr.071213
https://doi.org/10.1002/jbmr.1619
https://doi.org/10.1002/jbmr.1619
https://doi.org/10.1016/j.bone.2015.05.005
https://doi.org/10.1016/j.bone.2015.05.005


Adv Ther 

2011;90(4):470–6. https:// doi. org/ 10. 1177/ 00220 
34510 393517.

 39. Yoshida K, Ishizuka S, Nakamura-Takahashi A, et al. 
Prenatal asfotase alfa-mediated enzyme replace-
ment therapy restores delayed calcification in a 
severe infantile form of hypophosphatasia model 
mice. Eur J Med Genet. 2023;66(7): 104787. https:// 
doi. org/ 10. 1016/j. ejmg. 2023. 104787.

 40. Hasegawa A, Nakamura-Takahashi A, Kasahara 
M, et al. Prenatal enzyme replacement therapy 
for Akp2 (-/-) mice with lethal hypophosphatasia. 
Regen Ther. 2021;18:168–75. https:// doi. org/ 10. 
1016/j. reth. 2021. 06. 002.

 41. Binkley JM, Stratford PW, Lott SA, Riddle DL. 
The Lower Extremity Functional Scale (LEFS): 
scale development, measurement properties, and 
clinical application. North American Orthopae-
dic Rehabilitation Research Network. Phys Ther. 
1999;79(4):371–83.

 42. Whyte MP, Fujita KP, Moseley S, Thompson DD, 
McAlister WH. Validation of a novel scoring system 
for changes in skeletal manifestations of hypophos-
phatasia in newborns, infants, and children: the 
Radiographic Global Impression of Change scale. 
J Bone Miner Res. 2018;33(5):868–74. https:// doi. 
org/ 10. 1002/ jbmr. 3377.

 43. Thacher TD, Fischer PR, Pettifor JM, et al. Radio-
graphic scoring method for the assessment of 
the severity of nutritional rickets. J Trop Pediatr. 
2000;46(3):132–9. https:// doi. org/ 10. 1093/ tropej/ 
46.3. 132.

 44. American Thoracic Society. ATS statement: guide-
lines for the six-minute walk test. Am J Respir Crit 
Care Med. 2002;166(1):111–7. https:// doi. org/ 10. 
1164/ ajrccm. 166.1. at1102.

 45. Phillips D, Tomazos IC, Moseley S, et al. Reliability 
and validity of the 6-minute walk test in hypophos-
phatasia. JBMR Plus. 2019;3(6): e10131. https:// doi. 
org/ 10. 1002/ jbm4. 10131.

 46. Bleck EE. Nonoperative treatment of osteogenesis 
imperfecta: orthotic and mobility management. 
Clin Orthop Relat Res. 1981;159:111–22.

 47. Engelbert RH, Uiterwaal CS, Gulmans VA, Pruijs H, 
Helders PJ. Osteogenesis imperfecta in childhood: 
prognosis for walking. J Pediatr. 2000;137(3):397–
402. https:// doi. org/ 10. 1067/ mpd. 2000. 107892.

 48. Moss KE, Keen R, Fang S, et  al. Mobility and 
quality of life in adults with paediatric-onset 
hypophosphatasia treated with asfotase alfa: 
results from UK Managed Access Agreement. Adv 
Ther. 2025;42(5):2429–44. https:// doi. org/ 10. 1007/ 
s12325- 025- 03168-w.

 49. Podsiadlo D, Richardson S. The timed “Up & Go”: a 
test of basic functional mobility for frail elderly per-
sons. J Am Geriatr Soc. 1991;39(2):142–8. https:// 
doi. org/ 10. 1111/j. 1532- 5415. 1991. tb016 16.x.

 50. Zhang F, Ferrucci L, Culham E, et al. Performance 
on five times sit-to-stand task as a predictor of 
subsequent falls and disability in older persons. J 
Aging Health. 2013;25(3):478–92. https:// doi. org/ 
10. 1177/ 08982 64313 475813.

 51. Hicks GE, Sions JM, Velasco TO. Hip symptoms, 
physical performance, and health status in 
older adults with chronic low back pain: a pre-
liminary investigation. Arch Phys Med Rehabil. 
2018;99(7):1273–8. https:// doi. org/ 10. 1016/j. apmr. 
2017. 10. 006.

 52. Guralnik JM, Simonsick EM, Ferrucci L, et al. A 
short physical performance battery assessing lower 
extremity function: association with self-reported 
disability and prediction of mortality and nursing 
home admission. J Gerontol. 1994;49(2):M85–94. 
https:// doi. org/ 10. 1093/ geronj/ 49.2. m85.

 53. Bayley N. Bayley Scales of Infant and Toddler Devel-
opment. Administration Manual. San Antonio, TX: 
Pearson, 2006.

 54. Bruininks RH, Bruininks BD. BOT-2 Bruininks-
Oseretsky Test of Motor Proficiency, Second Edition 
Complete Form Sample Report. Pearson Education, 
Inc., 2013. Available at: https:// www. pears onass 
essme nts. com/ conte nt/ dam/ school/ global/ clini 
cal/ us/ assets/ bot-2/ bot-2- compl ete- form- sample- 
report. pdf. Accessed May 11, 2016].

 55. Folio MR, Fewell RR. Peabody Developmental 
Motor Scales. Austin, TX: Pro-Ed Inc.; 2000.

 56. Cintas HL, Parks R, Don S, Gerber L. Brief assess-
ment of motor function: content validity and reli-
ability of the upper extremity gross motor scale. 
Phys Occup Ther Pediatr. 2011;31(4):440–50. 
https:// doi. org/ 10. 3109/ 01942 638. 2011. 572148.

 57. Bruce B, Fries JF. The Stanford Health Assessment 
Questionnaire: dimensions and practical appli-
cations. Health Qual Life Outcomes. 2003;1:20. 
https:// doi. org/ 10. 1186/ 1477- 7525-1- 20.

 58. Daltroy LH, Liang MH, Fossel AH, Goldberg MJ. 
The POSNA pediatric musculoskeletal functional 
health questionnaire: report on reliability, valid-
ity, and sensitivity to change. Pediatric Outcomes 
Instrument Development Group. J Pediatr Orthop. 
1998;18(5):561–71. https:// doi. org/ 10. 1097/ 00004 
694- 19980 9000- 00001.

 59. Cleeland CS. The Brief Pain Inventory User Guide. 
Houston, TX: The University of Texas M. D. Ander-
son Cancer Center, 2009. https:// www. mdand 

https://doi.org/10.1177/0022034510393517
https://doi.org/10.1177/0022034510393517
https://doi.org/10.1016/j.ejmg.2023.104787
https://doi.org/10.1016/j.ejmg.2023.104787
https://doi.org/10.1016/j.reth.2021.06.002
https://doi.org/10.1016/j.reth.2021.06.002
https://doi.org/10.1002/jbmr.3377
https://doi.org/10.1002/jbmr.3377
https://doi.org/10.1093/tropej/46.3.132
https://doi.org/10.1093/tropej/46.3.132
https://doi.org/10.1164/ajrccm.166.1.at1102
https://doi.org/10.1164/ajrccm.166.1.at1102
https://doi.org/10.1002/jbm4.10131
https://doi.org/10.1002/jbm4.10131
https://doi.org/10.1067/mpd.2000.107892
https://doi.org/10.1007/s12325-025-03168-w
https://doi.org/10.1007/s12325-025-03168-w
https://doi.org/10.1111/j.1532-5415.1991.tb01616.x
https://doi.org/10.1111/j.1532-5415.1991.tb01616.x
https://doi.org/10.1177/0898264313475813
https://doi.org/10.1177/0898264313475813
https://doi.org/10.1016/j.apmr.2017.10.006
https://doi.org/10.1016/j.apmr.2017.10.006
https://doi.org/10.1093/geronj/49.2.m85
https://www.pearsonassessments.com/content/dam/school/global/clinical/us/assets/bot-2/bot-2-complete-form-sample-report.pdf
https://www.pearsonassessments.com/content/dam/school/global/clinical/us/assets/bot-2/bot-2-complete-form-sample-report.pdf
https://www.pearsonassessments.com/content/dam/school/global/clinical/us/assets/bot-2/bot-2-complete-form-sample-report.pdf
https://www.pearsonassessments.com/content/dam/school/global/clinical/us/assets/bot-2/bot-2-complete-form-sample-report.pdf
https://doi.org/10.3109/01942638.2011.572148
https://doi.org/10.1186/1477-7525-1-20
https://doi.org/10.1097/00004694-199809000-00001
https://doi.org/10.1097/00004694-199809000-00001
https://www.mdanderson.org/documents/Departments-and-Divisions/Symptom-Research/BPI_UserGuide.pdf


 Adv Ther

erson. org/ docum ents/ Depar tments- and- Divis ions/ 
Sympt om- Resea rch/ BPI_ UserG uide. pdf. Accessed 
May 22, 2025.

 60. Varni JW, Seid M, Kurtin PS. PedsQL 4.0: reliability 
and validity of the Pediatric Quality of Life Inven-
tory version 4.0 generic core scales in healthy and 
patient populations. Med Care. 2001;39(8):800–
12. https:// doi. org/ 10. 1097/ 00005 650- 20010 
8000- 00006.

 61. Ware JE, Jr., Sherbourne CD. The MOS 36-item 
short-form health survey (SF-36). I. Concep-
tual framework and item selection. Med Care. 
1992;30(6):473–83.

 62. Ware JE, Jr. SF-36 Health Survey update. Spine 
(Phila Pa 1986). 2000;25(24):3130–9. https:// doi. 
org/ 10. 1097/ 00007 632- 20001 2150- 00008.

 63. Van Reenen M, Oppe M. EQ-5D-3L User Guide. 
Rotterdam, The Netherlands: EuroQol Research 
Foundation, 2015. Available at: https:// euroq ol. 
org/ wp- conte nt/ uploa ds/ 2023/ 11/ EQ- 5D- 3LUse 
rguide- 23- 07. pdf. Accessed: May 22, 2025.

 64. Whyte MP, Madson KL, Phillips D, et al. Asfotase 
alfa therapy for children with hypophosphata-
sia [with On-line Only Supplement]. JCI Insight. 
2016;1(9): e85971. https:// doi. org/ 10. 1172/ jci. insig 
ht. 85971.

 65. Kitaoka T, Tajima T, Nagasaki K, et al. Safety and 
efficacy of treatment with asfotase alfa in patients 
with hypophosphatasia: results from a Japanese 
clinical trial. Clin Endocrinol (Oxf). 2017;87(1):10–
9. https:// doi. org/ 10. 1111/ cen. 13343.

 66. Akiyama T, Kubota T, Ozono K, et al. Pyridoxal 
5’-phosphate and related metabolites in hypophos-
phatasia: effects of enzyme replacement therapy. 
Mol Genet Metab. 2018;125(1–2):174–80. https:// 
doi. org/ 10. 1016/j. ymgme. 2018. 07. 006.

 67. Whyte MP, Simmons JH, Moseley S, et al. Asfotase 
alfa for infants and young children with hypophos-
phatasia: 7 year outcomes of a single-arm, open-
label, phase 2 extension trial [with Supplemen-
tary Appendix]. Lancet Diabetes Endocrinol. 
2019;7(2):93–105. https:// doi. org/ 10. 1016/ S2213- 
8587(18) 30307-3.

 68. Kishnani PS, Rockman-Greenberg C, Rauch F, et al. 
Five-year efficacy and safety of asfotase alfa therapy 
for adults and adolescents with hypophosphatasia. 
Bone. 2019;121:149–62. https:// doi. org/ 10. 1016/j. 
bone. 2018. 12. 011.

 69. Hofmann CE, Harmatz P, Vockley J, et al. Effi-
cacy and safety of asfotase alfa in infants and 
young children with hypophosphatasia: a phase 
2 open-label study. J Clin Endocrinol Metab. 

2019;104(7):2735–47. https:// doi. org/ 10. 1210/ 
jc. 2018- 02335.

 70. Seefried L, Kishnani PS, Moseley S, et al. Pharma-
codynamics of asfotase alfa in adults with pedi-
atric-onset hypophosphatasia. Bone. 2021;142: 
115664. https:// doi. org/ 10. 1016/j. bone. 2020. 
115664.

 71. Genest F, Rak D, Petryk A, Seefried L. Physi-
cal function and health-related quality of life in 
adults treated with asfotase alfa for pediatric-onset 
hypophosphatasia. JBMR Plus. 2020;4(9): e10395. 
https:// doi. org/ 10. 1002/ jbm4. 10395.

 72. Schroth RJ, Long C, Lee VHK, Alai-Towfigh H, Rock-
man-Greenberg C. Dental outcomes for children 
receiving asfotase alfa for hypophosphatasia. Bone. 
2021;152: 116089. https:// doi. org/ 10. 1016/j. bone. 
2021. 116089.

 73. Seefried L, Genest F, Petryk A, Veith M. Effects 
of asfotase alfa in adults with pediatric-onset 
hypophosphatasia over 24 months of treatment. 
Bone. 2023;175: 116856. https:// doi. org/ 10. 1016/j. 
bone. 2023. 116856.

 74. Kishnani P, Martos-Moreno G, Linglart A, et al. 
Effectiveness of asfotase alfa for treatment of adults 
with hypophosophatasia: results from a global reg-
istry [abstract OC2; oral presentation]. Presented 
at: World Congress on Osteoporosis, Osteoarthritis 
and Musculoskeletal Diseases; May 4–7, 2023; Bar-
celona, Spain.

 75. Dahir KM, Ing SW, Deal C, et al. Improvement in 
quality of life after asfotase alfa treatment in adults 
with pediatric-onset hypophosphatasia: data from 
5 patient-reported outcome measures. JBMR Plus. 
2024;8(8):ziae062. https:// doi. org/ 10. 1093/ jbmrpl/ 
ziae0 62.

 76. Padidela R, Bishop N, Arundel P, et al. Mobility 
and quality of life in children with paediatric-
onset hypophosphatasia treated with asfotase 
alfa: results from UK Managed Access Agreement. 
Adv Ther. 2025; in press. https:// doi. org/ 10. 1007/ 
s12325- 025- 03225-4.

 77. Silver MM, Vilos GA, Milne KJ. Pulmonary hypo-
plasia in neonatal hypophosphatasia. Pediatr 
Pathol. 1988;8(5):483–93. https:// doi. org/ 10. 3109/ 
15513 81880 90223 04.

 78. Ogawa E, Shimura K, Yoshihashi H, Miyama S. Sta-
tus epilepticus due to asfotase alfa interruption in 
perinatal severe hypophosphatasia. Pediatr Neurol. 
2022;130:4–6. https:// doi. org/ 10. 1016/j. pedia trneu 
rol. 2021. 12. 009.

 79. Klidaras P, Severt J, Aggers D, et al. Fracture healing 
in two adult patients with hypophosphatasia after 

https://www.mdanderson.org/documents/Departments-and-Divisions/Symptom-Research/BPI_UserGuide.pdf
https://www.mdanderson.org/documents/Departments-and-Divisions/Symptom-Research/BPI_UserGuide.pdf
https://doi.org/10.1097/00005650-200108000-00006
https://doi.org/10.1097/00005650-200108000-00006
https://doi.org/10.1097/00007632-200012150-00008
https://doi.org/10.1097/00007632-200012150-00008
https://euroqol.org/wp-content/uploads/2023/11/EQ-5D-3LUserguide-23-07.pdf
https://euroqol.org/wp-content/uploads/2023/11/EQ-5D-3LUserguide-23-07.pdf
https://euroqol.org/wp-content/uploads/2023/11/EQ-5D-3LUserguide-23-07.pdf
https://doi.org/10.1172/jci.insight.85971
https://doi.org/10.1172/jci.insight.85971
https://doi.org/10.1111/cen.13343
https://doi.org/10.1016/j.ymgme.2018.07.006
https://doi.org/10.1016/j.ymgme.2018.07.006
https://doi.org/10.1016/S2213-8587(18)30307-3
https://doi.org/10.1016/S2213-8587(18)30307-3
https://doi.org/10.1016/j.bone.2018.12.011
https://doi.org/10.1016/j.bone.2018.12.011
https://doi.org/10.1210/jc.2018-02335
https://doi.org/10.1210/jc.2018-02335
https://doi.org/10.1016/j.bone.2020.115664
https://doi.org/10.1016/j.bone.2020.115664
https://doi.org/10.1002/jbm4.10395
https://doi.org/10.1016/j.bone.2021.116089
https://doi.org/10.1016/j.bone.2021.116089
https://doi.org/10.1016/j.bone.2023.116856
https://doi.org/10.1016/j.bone.2023.116856
https://doi.org/10.1093/jbmrpl/ziae062
https://doi.org/10.1093/jbmrpl/ziae062
https://doi.org/10.1007/s12325-025-03225-4
https://doi.org/10.1007/s12325-025-03225-4
https://doi.org/10.3109/15513818809022304
https://doi.org/10.3109/15513818809022304
https://doi.org/10.1016/j.pediatrneurol.2021.12.009
https://doi.org/10.1016/j.pediatrneurol.2021.12.009


Adv Ther 

asfotase alfa therapy. JBMR Plus. 2018;2(5):304–7. 
https:// doi. org/ 10. 1002/ jbm4. 10052.

 80. Stürznickel J, Schmidt FN, von Vopelius E, et al. 
Bone healing and reactivation of remodeling under 
asfotase alfa therapy in adult patients with pedi-
atric-onset hypophosphatasia. Bone. 2021;143: 
115794. https:// doi. org/ 10. 1016/j. bone. 2020. 
115794.

 81. Seefried L, Dahir K, Petryk A, et al. Burden of ill-
ness in adults with hypophosphatasia: data from 
the Global Hypophosphatasia Patient Registry. J 
Bone Miner Res. 2020;35(11):2171–8. https:// doi. 
org/ 10. 1002/ jbmr. 4130.

 82. Seefried L, Dahir K, Martos-Moreno G, et al. Frac-
ture rate and location in adults with hypophos-
phatasia with one versus multiple ALPL variants: 
data from the Global HPP Registry [abstract OC35]. 
Aging Clin Exp Res. 2024;36(Suppl 1):24.

 83. Sugiyama Y, Watanabe T, Tajika M, et al. A Japanese 
single-center experience of the efficacy and safety 
of asfotase alfa in pediatric-onset hypophosphata-
sia. Orphanet J Rare Dis. 2022;17(1):78. https:// doi. 
org/ 10. 1186/ s13023- 022- 02230-y.

 84. Kiselnikova L, Vislobokova E, Voinova V. Dental 
manifestations of hypophosphatasia in children 
and the effects of enzyme replacement therapy on 
dental status: a series of clinical cases. Clin Case 
Rep. 2020;8(5):911–8. https:// doi. org/ 10. 1002/ ccr3. 
2769.

 85. Kishnani PS, Martos-Moreno G, Linglart A, et al. 
Effectiveness of asfotase alfa for treatment of adults 
with hypophosphatasia: results from a global reg-
istry. Orphanet J Rare Dis. 2024;19(1):109. https:// 
doi. org/ 10. 1186/ s13023- 024- 03048-6.

 86. Herrmann M, Engelke K, Ebert R, et al. Interactions 
between muscle and bone-where physics meets 
biology. Biomolecules. 2020;10(3):432. https:// doi. 
org/ 10. 3390/ biom1 00304 32.

 87. Schott GD, Wills MR. Muscle weakness in osteoma-
lacia. Lancet. 1976;1(7960):626–9. https:// doi. org/ 
10. 1016/ s0140- 6736(76) 90428-1.

 88. Marchetti P, Fovez Q, Germain N, Khamari R, 
Kluza J. Mitochondrial spare respiratory capac-
ity: mechanisms, regulation, and significance 
in non-transformed and cancer cells. FASEB J. 
2020;34(10):13106–24. https:// doi. org/ 10. 1096/ fj. 
20200 0767R.

 89. Pendleton EG, Nichenko AS, McFaline-Figueroa J, 
et al. Compromised muscle properties in a severe 
hypophosphatasia murine model. Int J Mol Sci. 
2023;24(21):15905. https:// doi. org/ 10. 3390/ ijms2 
42115 905.

 90. Williams DK, Pinzón C, Huggins S, et al. Genetic engi-
neering a large animal model of human hypophos-
phatasia in sheep. Sci Rep. 2018;8(1):16945. https:// 
doi. org/ 10. 1038/ s41598- 018- 35079-y.

 91. Bertels J, Falck A, Huggins S, et al. Impaired mito-
chondrial respiration and altered fiber type in 
hypophosphatasia sheep skeletal muscle [poster]. 
Presented at: Annual Meeting of the American Soci-
ety for Bone and Mineral Research; September 11–15, 
2020.

 92. Zervou Z, Plooij R, van Velsen EFS, et al. Impressive 
clinical improvement and disappearance of neu-
ropathic pain in an adult patient with hypophos-
phatasia treated with asfotase alfa. Eur J Med Genet. 
2024;68: 104915. https:// doi. org/ 10. 1016/j. ejmg. 
2024. 104915.

 93. Linglart A, Dahir KM, Kishnani P, et al. Frequency 
of ectopic calcifications among patients with 
hypophosphatasia in the Global HPP Registry. Pre-
sented at: ENDO 2021, the 103rd Annual Meeting 
and Expo of the Endocrine Society; March 20–23, 
2021.

 94. Rockman-Greenberg C. Letter to the editor: efficacy 
and safety of asfotase alfa in infants and young chil-
dren with hypophosphatasia: a phase 2 open-label 
study. J Clin Endocrinol Metab. 2019;104(8):3146–7. 
https:// doi. org/ 10. 1210/ jc. 2018- 02413.

 95. Rockman-Greenberg C, Josse R, Francis M, Mhanni 
A. Impact of discontinuing 5 years of enzyme 
replacement treatment in a cohort of 6 adults with 
hypophosphatasia: a case series. Bone Rep. 2022;17: 
101617. https:// doi. org/ 10. 1016/j. bonr. 2022. 101617.

 96. Brandi ML, Khan AA, Rush ET, et al. The challenge of 
hypophosphatasia diagnosis in adults: results from 
the HPP International Working Group Literature 
Surveillance. Osteoporosis Int. 2024;35(3):439–49. 
https:// doi. org/ 10. 1007/ s00198- 023- 06859-8.

 97. Seefried L, Rak D, Genest F. Grading pseudof-
ractures—The “Breach – Beak – Bump – Bridge” 
approach. Calcif Tissue Int. 2025;116(1):62. https:// 
doi. org/ 10. 1007/ s00223- 025- 01371-z.

 98. Zebaze R, Shore-Lorenti C, Nguyen HH, et al. A 
quantification method for disorganized bone com-
ponents: application to the femoral shaft. JBMR Plus. 
2023;7(2): e10713. https:// doi. org/ 10. 1002/ jbm4. 
10713.

 99. Simmons JH, Rush ET, Petryk A, Zhou S, Martos-
Moreno G. Dual X-ray absorptiometry has limited 
utility in detecting bone pathology in children 
with hypophosphatasia: a pooled post hoc analysis 
of asfotase alfa clinical trial data. Bone. 2020;137: 
115413. https:// doi. org/ 10. 1016/j. bone. 2020. 
115413.

https://doi.org/10.1002/jbm4.10052
https://doi.org/10.1016/j.bone.2020.115794
https://doi.org/10.1016/j.bone.2020.115794
https://doi.org/10.1002/jbmr.4130
https://doi.org/10.1002/jbmr.4130
https://doi.org/10.1186/s13023-022-02230-y
https://doi.org/10.1186/s13023-022-02230-y
https://doi.org/10.1002/ccr3.2769
https://doi.org/10.1002/ccr3.2769
https://doi.org/10.1186/s13023-024-03048-6
https://doi.org/10.1186/s13023-024-03048-6
https://doi.org/10.3390/biom10030432
https://doi.org/10.3390/biom10030432
https://doi.org/10.1016/s0140-6736(76)90428-1
https://doi.org/10.1016/s0140-6736(76)90428-1
https://doi.org/10.1096/fj.202000767R
https://doi.org/10.1096/fj.202000767R
https://doi.org/10.3390/ijms242115905
https://doi.org/10.3390/ijms242115905
https://doi.org/10.1038/s41598-018-35079-y
https://doi.org/10.1038/s41598-018-35079-y
https://doi.org/10.1016/j.ejmg.2024.104915
https://doi.org/10.1016/j.ejmg.2024.104915
https://doi.org/10.1210/jc.2018-02413
https://doi.org/10.1016/j.bonr.2022.101617
https://doi.org/10.1007/s00198-023-06859-8
https://doi.org/10.1007/s00223-025-01371-z
https://doi.org/10.1007/s00223-025-01371-z
https://doi.org/10.1002/jbm4.10713
https://doi.org/10.1002/jbm4.10713
https://doi.org/10.1016/j.bone.2020.115413
https://doi.org/10.1016/j.bone.2020.115413


 Adv Ther

 100. Foti G, Serra G, Iacono V, et al. Identification of non-
traumatic bone marrow oedema: the pearls and pit-
falls of dual-energy CT (DECT). Tomography (Ann 
Arbor, Mich). 2021;7(3):387–96. https:// doi. org/ 10. 
3390/ tomog raphy 70300 34.

 101. Jones CJ, Rikli RE, Beam WC. A 30-s chair-stand 
test as a measure of lower body strength in com-
munity-residing older adults. Res Q Exerc Sport. 
1999;70(2):113–9. https:// doi. org/ 10. 1080/ 02701 
367. 1999. 10608 028.

 102. Yazdanyar A, Aziz MM, Enright PL, et al. Association 
between 6-Minute Walk Test and all-cause mortal-
ity, coronary heart disease-specific mortality, and 
incident coronary heart disease. J Aging Health. 
2014;26(4):583–99. https:// doi. org/ 10. 1177/ 08982 
64314 525665.

 103. Phillips D, Griffin D, Przybylski T, et al. Development 
and validation of a modified performance-oriented 
mobility assessment tool for assessing mobility in 
children with hypophosphatasia. J Pediatr Rehabil 
Med. 2018;11(3):187–92. https:// doi. org/ 10. 3233/ 
PRM- 170523.

 104. Mayr JA, Merkel O, Kohlwein SD, et al. Mitochon-
drial phosphate-carrier deficiency: a novel disorder 
of oxidative phosphorylation. Am J Hum Genet. 
2007;80(3):478–84. https:// doi. org/ 10. 1086/ 511788.

 105. Li Z, Zhao Y, Zhou H, Luo HB, Zhan CG. Catalytic 
roles of coenzyme pyridoxal-5’-phosphate (PLP) 
in PLP-dependent enzymes: reaction pathway for 
methionine-γ-lyase-catalyzed L-methionine deple-
tion. ACS Catal. 2020;10(3):2198–210. https:// doi. 
org/ 10. 1021/ acsca tal. 9b039 07.

 106. Dahir KM, Shannon A, Dunn D, et al. Safety, phar-
macokinetics, and pharmacodynamics of efzim-
fotase alfa, a second-generation enzyme replace-
ment therapy: phase 1, dose-escalation study in 
adults with hypophosphatasia. J Bone Miner Res. 
2024;39(10):1412–23. https:// doi. org/ 10. 1093/ jbmr/ 
zjae1 28.

Publisher’s Note Springer Nature remains neutral with 
regard to jurisdictional claims in published maps and 
institutional affiliations.

https://doi.org/10.3390/tomography7030034
https://doi.org/10.3390/tomography7030034
https://doi.org/10.1080/02701367.1999.10608028
https://doi.org/10.1080/02701367.1999.10608028
https://doi.org/10.1177/0898264314525665
https://doi.org/10.1177/0898264314525665
https://doi.org/10.3233/PRM-170523
https://doi.org/10.3233/PRM-170523
https://doi.org/10.1086/511788
https://doi.org/10.1021/acscatal.9b03907
https://doi.org/10.1021/acscatal.9b03907
https://doi.org/10.1093/jbmr/zjae128
https://doi.org/10.1093/jbmr/zjae128

	Key Learnings from Clinical Research and Real-World Evidence on Asfotase Alfa Effectiveness in Hypophosphatasia: 10 Years Post-Approval
	Abstract
	Plain Language Summary
	Graphical Abstract: 

	Digital Features
	Introduction
	Outcomes of Asfotase Alfa Treatment
	Survival and Respiratory Support
	Seizures
	Skeletal and Dental Parameters
	Fractures
	Osteomalacia
	Bone Metabolism Biomarkers
	Rickets
	Growth
	Dentition

	Physical Function
	Motor Function
	Pain and Disability
	Health-Related QoL
	Safety
	Discontinuation

	Discussion
	Future Directions
	Acknowledgements 
	References


