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Abstract

Background: Hypophosphatasia (HPP) is a rare genetic disorder caused by loss-of-function mutations in

the ALPL gene encoding tissue nonspecific alkaline phosphatase. It is characterized by defective bone mineraliza-
tion associated with low alkaline phosphatase activity. Clinical features of pediatric HPP are highly variable, and can
include premature loss of teeth, musculoskeletal problems, and impaired mobility. The effects of pediatric HPP on
sleep, mood, regulation of attention and behavior, and other aspects of behavioral health have not been comprehen-
sively studied.

Methods: Parents of 30 children with HPP (14 females, 16 males) between the ages of 3 and 16 years (mean

age =8.0 years) enrolled in this cross-sectional survey-based study. Molecular genetic and biochemical testing as well
as clinical records were reviewed to verify diagnosis of HPP. The cohort included 15 patients with a more clinically
severe presentation of HPP who had received treatment with enzyme replacement therapy (asfotase alfa) and 15
children with less severe HPP who were treatment-naive. Parents provided information regarding psychopathological
comorbidity, emotional and behavioral well-being, and quality of life.

Results: Clinically significant behavioral health challenges were evident in 67% of children with HPP. The most com-
mon behavioral findings included sleep disturbance and symptoms of attention deficit hyperactivity disorder (ADHD),
each of which were observed > 50% of individuals. Sleep disturbance, pain interference, poor behavioral regulation,
and mood/anxiety symptoms were associated with reduced physical and psychosocial quality of life. Behavioral con-
cerns were evident among children with HPP receiving asfotase alfa treatment as well as among children with clini-
cally less severe disease who had not initiated therapy. Although most children in the cohort (77%) had age-typical
development of adaptive skills, emotional and behavioral challenges were associated with weaker adaptive function.

Conclusions: Children with HPP are at increased risk for ADHD symptoms and other behavioral health chal-
lenges. There is likely an under-recognition of these findings in clinical practice.

Keywords: Hypophosphatasia, Pediatric, Rare bone disease, Alkaline phosphatase, Behavior, Sleep disturbance,
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Background

Hypophosphatasia (HPP) is a chronic, progressive bone
mineralization disorder caused by loss-of-function vari-
ants in the ALPL gene encoding the tissue-nonspecific
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isoenzyme of alkaline phosphatase (TNSALP). TNSALP
is required for the normal development of calcified tis-
sues such as bones and teeth [1]. HPP is an extremely
rare disease, with an estimated incidence of 1/300,000
for severe HPP phenotypes that manifest in the perina-
tal and infantile period and 1/6370 for the more frequent
heterozygous forms [2]. Common clinical manifestations
in children with HPP include premature loss of decidu-
ous teeth, bone fractures, rickets, muscle weakness, and
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impaired mobility [3]. HPP manifests a remarkably wide
range of severity, and is typically classified into subtypes
based on patient age at presentation and diagnosis, and
the presence or absence of skeletal disease [4]. Pediat-
ric patients are typically categorized as having “perina-
tal” “infantile”, “childhood’, or “odonto” forms of HPP,
although there is considerable clinical overlap associ-
ated with these categories. The perinatal and infantile
subtypes are characterized by a higher mortality rate
and profound skeletal hypomineralization in early life,
whereas the later-onset subtypes are associated predomi-
nately with musculoskeletal or dental complaints. Tradi-
tionally, management of HPP focused on addressing the
specific symptoms and complications of the condition.
More recently, enzyme replacement therapy with a sub-
cutaneous bone-targeted recombinant form of TNSALP
(asfotase alfa) was approved for treatment of patients of
all ages with a pediatric-onset HPP. Asfotase alfa has been
established as a safe and effective therapy that improves
survival, skeletal health, and respiratory function [5-7].

A spectrum of neurological and mental health symp-
toms has been associated with HPP. Seizures are a well-
described feature among some patients with perinatal
or infantile HPP, and are an indicator of disease sever-
ity and poor prognosis [8, 9]. The seizures are thought
to arise due to altered neurotransmitter metabolism
associated with TNSALP deficiency and central nerv-
ous system deficiency of pyridoxal 5-phosphate (PLP)
[10]. Although seizures are not typically present in HPP
beyond perinatal/infantile onset, a recent retrospective
study [11] provided evidence for a higher than expected
prevalence of other neurological symptoms among indi-
viduals with HPP across the lifespan. Symptoms included
fatigue, headache, sleep disturbance, neuropathic pain,
and anxiety or mood disorders. These findings, in tan-
dem with animal studies investigating TNSALP expres-
sion in the central nervous system [12—14], allude to an
important role for TNSALP in brain development and
function.

Studies investigating potential mechanisms involved in
HPP brain pathophysiology offer evidence that TNSALP
influences cellular processes important for myelin forma-
tion and synaptic plasticity [13, 15]. In humans, TNSALP
activity occurs in cortical layers where integration from
various brain regions occurs, suggesting a potential role
in higher-order cognitive processes [16]. These findings
suggest that altered TNSALP activity has the potential
to disrupt circuitry underlying cognitive functions such
as memory, attention, and regulation of emotions and
behavior. Additionally, metabolic anomalies involving
gamma-aminobutyric acid (GABA) and other neuro-
transmitters (dopamine and serotonin) may occur in HPP
due to central nervous system deficiency of PLP (vitamin
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B6) [17]. In humans, dysregulation of these neurotrans-
mitters has effects upon sleep, mood, and regulation of
anxiety response [18-20]. Further, the clinical mani-
festations of HPP, such as reduced mobility, respiratory
problems and weakness, may have notable effects on
child development and emotional health. These chronic
disease manifestations and their psychological effects are
well-documented in various other pediatric conditions
[21, 22]. Despite the physiological and disease burden
vulnerabilities inherent in HPP, there is a lack of research
prospectively investigating behavioral health among
affected children.

To address the need for clarification regarding the
impact of pediatric HPP on neurodevelopmental func-
tioning and behavior, we collected detailed information
from parents of children with HPP pertaining to their
child’s behavioral health status. The study focused on
quantifying psychopathological comorbidity, sleep hab-
its, pain interference, social and emotional well-being,
and adaptive function. We also assessed the relationship
of these behavioral health domains to physical and psy-
chosocial quality of life.

Methods

Participants

Parents/caregivers of children with HPP under the age
of 18 years were invited to participate. Families were
recruited through the University of Minnesota Masonic
Children’s Hospital Hypophosphatasia clinic, emails
distributed through the Coordination of Rare Diseases
at Sanford (CoRDS) patient registry, study flyers dis-
tributed on social media or at clinic visits, or affiliation
with patient advocacy groups (Soft Bones Foundation,
MAGIC Foundation). Parents enrolling in the study pro-
vided written informed consent and completed a HIPAA
authorization for release of medical records pertinent to
the research. The study was approved by the University of
Minnesota Institutional Review Board.

Parents of 30 eligible children (14 females, 16 males)
provided information about their child with HPP.
Children were at a mean age of 8.0 years (range 3.0—
16.6 years) at the time of enrollment. The cohort included
two sibling pairs. Medical records were requested from
each patient’s medical providers to confirm diagnosis
of HPP. Records confirming a pathogenic variant in the
ALPL gene were available for 21 children in the study
(Table 1). Of the remaining individuals, there were 3
children who had not undergone molecular testing, 5
children who had undergone molecular testing that con-
firmed an ALPL pathogenic variant but the results were
unavailable for review, and one child whose molecular
testing indicated an ALPL variant of uncertain signifi-
cance not currently listed in genomic variant databases
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Table 1 Study cohort characteristics obtained through review of medical records and parent survey responses

Age (Years) Sex ALPL variant Low alkaline Elevated Clinical findings Asfotase Duration Mental health
confirmed phosphatase vitamin  of HPP** alfa of asfotase alfa diagnoses***
by molecular B6 therapy therapy prior
testing to enrollment

3 F c.1250A>G X PTL, SS

35 M Not tested X X PTL, SS X 2 years

4 M Not tested X X PTL, C, MW, AG X 2 years OCD, sensory pro-

cessing disorder

44 F €.1259G>C X X PTL

46 M C.892G>A X

49 F C1133A>T X X PTL

53 M c407G>A; X PTL, SS X 1 year

.984_986delCTT;
*c.818C>T

55 F Not available X PTL, C, MW X 2 years (tapered off)

56 F C1133A>T X PTL, LBMD, SS Anxiety

56 F c.1171delC; PTL, SS, BLB, R, MW, X 5.5 years

c406C>T AG
58 F C1133A>T X X PTL, BLB
59 F c407G>A; X X PTL, SS, BLB, R, MW, X 2 years
*c.1213>C AG
59 M C.1133A>T X X PTL, LBMD Anxiety
6 F C1471G>A; X PTL, C,CD, BLB X 4 years
*c1327G>T

6.2 M c1133AST X X PTL

6.6 M c881A>C X SS, CD, MW Autism spectrum

disorder

7.7 M c1142A>G X PTL Depression, disrup-

tive behavior
7.7 M c976G>C X SS Dyslexia
79 F c.571G>A PTL
8 F Not available X PTL, CD, BLB, MW, X 2.6 years
AG

8.8 F c920C>T; c1171C>T PTL, LBMD,SS,CD, X 8.5 years
BLB, F, R, C, MW,
AG

9.5 M c346G>A; c.571G>A PTL, LBMD, CD, R, X 2.6 years
MW, AG

104 M c.1250A>G X X PTL, MW

105 M *c1157G>A X F MW, AG ADHD, disruptive

behavior

132 M Not available X PTL,SS,CD,BLB,R, C, X 8 years

MW, AG
133 M c340G>A X PTL, F, AG X Not available ADHD, OCD, anxiety
136 M Not available X PTL, BLB, F, R, MW, X 0.8 year
AG
136 F Not available X X PTL, SS, CD, BLB, R, X 6 years
MW, AG
154 M Not tested X X PTL, LBMD, R, MW, X 1.6 years Depression, dyslexia
AG
16.6 F C526G>A; X X PTL, MW, AG
*c371A>G

*Variant of uncertain significance

**Clinical findings of HPP. PTL premature tooth loss, LBMD low bone mineral density/osteopenia, SS short stature, CD chest deformity, BLB bowing of the long bones, R
ricket-like bone findings on x-ray, F recurrent or poorly healing fractures, C craniosynostosis, MW muscle weakness, AG abnormal gait
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Table 1 (continued)
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***Mental health diagnosis confirmed by medical documentation. ADHD attention deficit hyperactivity disorder, OCD obsessive—-compulsive disorder

[23, 24]. For each of the individuals lacking documenta-
tion of a pathogenic ALPL variant, diagnosis of HPP was
confirmed by biochemical test results indicating low
alkaline phosphatase and/or elevated vitamin B6 lev-
els and presence of at least one clinical feature of HPP
(Table 1). Six participants were excluded from the study
because their child had a diagnosis of another co-occur-
ring genetic or neurological condition unrelated to HPP,
or a history of very pre-term birth (prior to 32 weeks ges-
tation). Four additional parents expressed interest but did
not complete the surveys.

Procedures

Parents electronically completed a set of questionnaires
using University of Minnesota Research Electronic Data
Capture (REDCap) survey tools [25] and the Pearson
Assessment web-based test administration and scoring
program. Medical records, which included laboratory
and molecular testing, were reviewed for each child to
confirm study inclusion criteria and clinical features.

Measures

Demographics and medical history

Parents reported information regarding their child’s birth
history, HPP diagnosis, symptoms, medications, devel-
opmental progression, previous mental health diagnoses,
and educational placement.

Sleep

The Children’s Sleep Habits Questionnaire (CSHQ) is a
33-item questionnaire that measures clinical sleep com-
plaints among school-aged children [26]. The CSHQ
was originally developed for children ages 4—10 years,
but application of this measure for assessment of pre-
school children and adolescents has also been validated
in healthy and clinical populations [27-30]. Parents are
asked to reflect on the past week to rate the frequency
of problems in several domains, including concerns with
sleep onset, sleep duration, resistance to going to bed,
anxiety around sleep, night wakings, sleep-disordered
breathing, parasomnias and daytime sleepiness. Raw
scores across all items were combined to determine the
total score, with higher scores reflecting more significant
sleep problems. A cut-off score of > 41 is typically recom-
mended to classify a child as having significant sleep dis-
turbance [26].

Pain

The 8-item Parent Proxy form of the PROMIS (Patient
Reported Outcomes Measurement Information Sys-
tem) Pain Interference Scale was used to assess the
impact of pain on a child’s daily functioning, behavior
and mood [31]. Parents were asked to respond to state-
ments about how pain influences their child’s behavior
(e.g., “It was hard for my child to have fun when he/
she had pain”) on a 5-point Likert scale ranging from
“never” to “almost always”

Emotional and behavioral functioning

The Behavior Assessment System for Children, Third
Edition (BASC-3) Parent Report Form was used to
assess behavioral and emotional functioning of children
in home and community settings [32]. The BASC-3
provides age-adjusted standard scores along ten clinical
scales (Hyperactivity, Aggression, Conduct Problems,
Anxiety, Depression, Learning Problems, Somatiza-
tion, Atypicality, Withdrawal, and Attention Problems)
and four composite scales (Internalizing, Externaliz-
ing, Behavior Symptoms Index, Adaptive Functioning).
Scores > 60 are considered indicative of mild-to-mod-
erate concerns within a domain; scores>70 typically
indicate clinically meaningful impairment.

The ADHD Rating Scale-5, Home Version (ADHD-
RS) was completed by parents of children ages 5-17
[33]. The ADHD-RS contains 18 items that directly
correspond to the diagnostic criteria for ADHD in the
Diagnostic and Statistical Manual of Mental Disorders,
Fifth Edition (DSM-5). Symptoms were scored on a fre-
quency scale ranging from 0 to 3. For any given child, a
symptom was considered present if the item score was
a 2 (occurring often) or 3 (occurring very often). Based
on cut-offs recommended in DSM-5 (i.e., six of nine
symptoms of inattention and/or six of nine symptoms
of hyperactivity/impulsivity), the number of children
meeting criteria for each of the three presentations of
ADHD was determined.

Adaptive functioning

The Vineland Adaptive Behavior Scales, Third Edition
(VABS-3) evaluates a child’s developmental milestones
and behaviors enabling more independent functioning
[34]. The VABS-3 measures a child’s abilities in three
core domains: Communication, Daily Living Skills,
and Socialization. Scores across all of these domains
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are combined to derive an overall Adaptive Behavior
Composite score.

Quality of life

The Pediatric Quality of Life Inventory (PedsQL) Ver-
sion 4.0 assesses health-related quality of life in terms
of physical health functioning as well as psychosocial
functioning across domains of emotional functioning,
social functioning, and school functioning [35]. The
parent-proxy form is suitable for children and ado-
lescents 2—18 years old. This form requires parents
to rate how frequently their child has had difficulties
within the physical and psychosocial quality of life
domains in the past month, with options ranging from
“never” to “almost always” Among children with major
chronic conditions, a recommended cutoff score of 77
for children < 8 years, and 70 or children > 8 years has
been recommended to identify children with clinically
meaningful impairment in quality of life [36].

Statistical analysis

Statistical analysis was primarily descriptive. Where
noted, Wilson confidence intervals were calculated
for frequencies, and t-confidence intervals for mean
differences. Spearman’s rank correlation coefficient
(r) was used to assess correlation between pairs of
variables.

Table 2 Demographic and medical characteristics
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Results

Family, psychosocial, educational and medical history
Most children (n=27) were living with biological
parent(s), and 3 children had at least one adoptive parent.
Twenty-three percent of families had at least one parent
who completed high school/GED/Associate’s degrees,
23% had at least one parent who completed a Bachelor’s
degree, and 53% had at least one parent who completed
an advanced degree (e.g., Master’s, doctoral degree, law
degree). Children attended a mixture of public schools
(63%), private schools (10%), preschool/day care cent-
ers (10%), and homeschool or collaborative school (17%)
settings. Eleven children (37%) received formalized
educational supports or classroom accommodations
(e.g., early intervention, speech therapy, occupational
therapy, adapted physical education, special education
instruction).

Consistent with the high degree of heterogeneity typi-
cally observed in HPP, children in this cohort presented
with a wide range of clinical symptoms. Patients with a
history of more severe musculoskeletal features had initi-
ated enzyme replacement therapy more frequently than
those with less severe symptoms (Table 2). Duration of
asfotase alfa therapy ranged from <1 year to > 8 years.

Psychopathological comorbidity

Previously established mental health diagnoses were
reported by parents and confirmed by medical records
in nine patients (30%), with five children having multiple

Participant demographics

Patients treated
with asfotase alfa

Untreated patients (n=15)

(n=15)
Mean (SD) Mean (SD)
Age of child (Years) 72(33) 8.7(4.0)
N (%) N (%)
Gender (% Male) 8 (53%) 8 (53%)
Medical history
Premature loss of deciduous teeth 10 (67%) 15 (100%)
Bowing of long bones in arms or legs 1 (7%) 8 (53%)
Recurrent bone fractures 1 (7%) 2 (13%)
Poorly healing bone fractures 0 1 (7%)
Short stature 4(27%) 7 (47%)
Muscle problems (e.g., muscle weakness, gait problems) 4(27%) 12 (80%)
Craniosynostosis 0 5(33%)
Chiari malformation 0 3 (20%)
Seizures 0 2 (13%)
Chronic headaches 3(20%) 8(53%)
Fatigue 3(20%) 11 (73%)
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diagnoses (Table 1). Mental health diagnoses were pre-
sent among three children who had received asfotase alfa
therapy and among six patients who had not received
therapy. Anxiety was reported in three (10%), depression
and/or disruptive behavior in two (7%), ADHD in two
(7%), autism spectrum disorder in one (3%), and obses-
sive behaviors and/or sensory processing issues in two
(7%) children. Learning disability (dyslexia) had been
diagnosed in two individuals (7%).

Behavioral health domains

Sleep

Ratings on the CSHQ indicated that more than half
(17/30) of children with HPP (57%) were classified as
“poor sleepers” when utilizing the CSHQ cut-off score of
41, as compared to 23% of healthy children in the norma-
tive sample [26]. CSHQ scores were similar for untreated
children as compared to those receiving enzyme replace-
ment therapy (mean difference: 1.9; 95% CI — 4.9 to 8.8).
Total CSHQ scores were associated with patient age,
such that older children and adolescents with HPP were
more likely to have sleep difficulties than younger chil-
dren (r,=0.37; p=0.05). Examination of CSHQ subscale
scores relative to patient age indicated greater concerns
on the Daytime Sleepiness and Sleep Duration scales
among the older children with HPP as compared to
younger children.

Pain interference

Results from the 24 school-aged children in this cohort
indicated that seven children (29%) experienced a higher
than average level of pain interference during typical
daily activities (T-score > 60). Consistent with the greater
prevalence of skeletal and muscle symptoms, patients
with more severe HPP treated with asfotase alfa were
reported to have greater pain interference than patients
with less severe disease. Parent ratings of pain interfer-
ence for these patients were on average 13 points higher
than for untreated patients (mean difference: 13.0; 95%
CI 2.5-23.5). Pain interference was also associated with
age, with older children more likely to have pain interfer-
ence than younger children (r,=0.39; p=0.03).

Emotional and behavioral symptoms:

The average score of children with HPP was higher than
the population mean (i.e., a T-score of 50) on all BASC-3
clinical scales, and it differed reliably from the normative
sample mean on two of these scales. As a group, children
with HPP showed greater symptomatology than healthy
children on the Depression scale (M=56.6, SD=10.3;
mean difference: 6.6, 95% CI 2.7-10.5) and the Somati-
zation scale (M =57.4, SD=12.6; mean difference: 7.4,
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95% CI 2.7-12.1), indicating more prevalent symptoms
of irritability and depressed mood as well as physical
complaints.

Examination of findings for individual patients revealed
that BASC-3 scores for twelve patients (40%) were within
normal limits on all of the clinical scales. Among the
remaining patients, five patients (17%) had scores in the
moderately elevated range (> 1 but<2 SD) in at least one
domain, and thirteen children (43%) had clinically sig-
nificant scores (>2 SD) in at least one domain (Fig. 1). A
similar number of untreated patients (6/15) had clinically
significant scores on at least one BASC-3 clinical scale as
compared to patients undergoing enzyme replacement
therapy (7/15).

ADHD symptoms

Results from the ADHD-RS indicated that 12 of the 24
school-aged children (50%; 95% CI 31-69%) met DSM-5
symptom criteria for ADHD based on their parent’s
observation of their behaviors. This ADHD prevalence
rate is notably higher than the 8.3% rate reported for the
parent report version of this test within the ADHD-RS
normative sample [33]. ADHD clinical symptoms were
present among children with HPP who had not under-
gone treatment (45%) as well as those who had received
treatment with asfotase alfa (54%). The inattentive pres-
entation was the most common subtype of ADHD indi-
cated by parent ratings (n=7), followed by combined
presentation (n=3) and the hyperactive-impulsive pres-
entation (n=2).

Comparison of parent ratings on the ADHD-RS and
the BASC-3 indicated broad agreement between these
two measures. Ten of the 12 children whose ratings
indicated ADHD presence on the ADHD-RS also had
elevated scores (T-score > 60) on the Inattention and/or
Hyperactivity scales of the BASC-3. One child who had
an elevated score on both scales scored just below the
threshold for DSM-5 symptom criteria on the ADHD-RS.
This finding suggests that, even when requiring stricter
criteria for classifying presence of ADHD (i.e., abnor-
malities on both the ADHD-RS and the BASC-3), a sub-
stantial portion of the school-aged sample demonstrated
significant concerns with attention and/or hyperactivity
(42%).

Development of adaptive skills

Development of overall adaptive abilities was below
average for 7 children (23%) and was within normal
limits or above average for 23 children in the cohort
(77%). The average VABS-3 score for children with
HPP was only mildly lowered relative to the popula-
tion mean score of 100. Scores were quite similar across
subscales, which included communication (M =94.6,
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Fig. 1 Classification of clinical severity of parent ratings of pediatric patients with HPP on the BASC-3 clinical scales. The shaded portion of each bar
represents percentage of patients with elevated (light gray) and clinically significant (dark gray) scores on each scale. The white portion of each bar
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Fig. 2 Symptoms of depression and ADHD were associated with
weaker development of adaptive skills in pediatric patients with HPP.
VABS-3 scores are standardized with an average score of 100 £ 15,
with higher scores indicating better functioning. BASC-3 T-scores
are standardized with an average score of 50+ 10, with scores > 60
indicating mild to moderate mood difficulties, and scores > 70
indicating severe symptoms of depression. Children were classified
as having clinical ADHD symptoms if ratings on the ADHD-RS met
DSM-5 symptom criteria and they had an elevated scores (> 60) on
the BASC-3 Inattention or Hyperactivity scales

SD=14.6), daily living skills (M=94.8, SD=14.6),
socialization (M =95.7, SD=16.2) and motor skills
(M =96.6, SD=12.6). Most of the children who dem-
onstrated delayed adaptive skills also demonstrated
notable symptoms of inattention or hyperactivity. Chil-
dren with lower VABS-3 scores were more likely to
have symptoms of depression or ADHD (Fig. 2).

Quality of life

Parent ratings of quality of life indicated clinically
meaningful impairment in overall quality of life that
were consistent with a major chronic health condi-
tion for 15 of the children with HPP (50%), including
6 patients who had not received enzyme replacement
therapy for HPP. Interestingly, quality of life scores in
the area of physical health functioning (Mean: 68.6,
SD =28.4) were similar to scores for psychosocial qual-
ity of life (Mean: 69.5; SD =18.8) for children with HPP
(mean difference =0.9, 95% CI — 5.6 to 7.4). Parent rat-
ings of both physical and psychosocial aspects of qual-
ity of life were inversely associated with children’s sleep
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Adaptive Functions (VABS-3)
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Hyperactivity (BASC-3)
Psychosocial Quality of Life

Depression (BASC-3)

Aggression (BASC-3)
Physical Quality of Life
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Adaptive Functions (VABS-3) 0.55 0.73
Physical Quality of Life 0.83
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Spearman Correlation
Fig. 3 Correlations across domains in parent rating measures of
behavioral health functioning of children with HPP. Problems with
sleep, pain interference and behavioral health (mood, anxiety,
attention problems/hyperactivity) showed moderate to high inverse
correlations with adaptive functioning and physical and psychosocial
quality of life among children with HPP. Positive correlations are
depicted with blue and negative (inverse) correlations are depicted in
red. Darker colors indicate stronger associations

problems and with level of pain interference in daily life
(Fig. 3).

Behavioral wellness across domains

Examination of the scores of children with HPP across
all of the domains of behavioral health (pain interfer-
ence, sleep, emotional functioning, behavior, attention,
adaptive skill development) indicated that 10 children
(33%) with HPP in this study scored within normal lim-
its on all of the measures administered. Elevated scores
on the sleep questionnaire were the only significant
behavioral concern for four additional children (13%),
and none of these four children showed significant defi-
cits in overall quality of life. For one child, symptoms of
inattention were the only clinically significant behavio-
ral problem, although reduced social and school-based
quality of life were also observed in this individual.
For the remaining 15 children (50%), challenges with
behavioral health were relatively complex, spanning
multiple domains. These behavioral health challenges
were invariably associated with marked reduction in
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social, emotional, and/or school-based quality of life
(i.e., PedsQL scores<60 within at least one of these
quality of life domains).

Discussion

HPP is a rare metabolic disorder that is predominately
associated with physical health manifestations includ-
ing dental and musculoskeletal complaints. In addition
to these common manifestations, the pathophysiology of
HPP can also have neurological consequences. Altered
production of TNSALP due to loss-of-function variants
in the ALPL gene is associated with synaptic changes and
altered production of neurotransmitters that may play an
important role in stabilization of mood, sleep, and self-
regulatory capacities [1]. Impaired transport of vitamin
B6 across the blood-brain barrier may contribute to a
presentation of seizure disorder among more severely
affected individuals and potentially other wide-ranging
consequences [9]. In the context of these potential cen-
tral nervous system vulnerabilities, we conducted a
cross-sectional investigation of behavioral health symp-
toms and quality of life in pediatric patients with HPP.

Analysis of emotional and behavioral health across
a variety of domains indicated generally healthy, age-
appropriate functioning among one in three children in
this cohort. For another subset of children (13%), only
mild concerns with sleep were evident, but these prob-
lems were not severe enough to cause major disruptions
to quality of life. In contrast, among 50% of children with
HPP studied, a more complex presentation of behavioral
health concerns was observed. There was a high degree
of overlap across behavioral health issues, with sleep and
pain interference increasing with age and demonstrat-
ing moderate associations with mood and anxiety dis-
turbance. In nearly all cases, these behavioral challenges
were accompanied by reduced quality of life.

Despite the fact that children with HPP who had never
received enzyme replacement therapy had fewer clinical
findings of HPP and less pain interference than children
given treatment, other behavioral health concerns such
as poor sleep, attention problems and emotional diffi-
culties (mood/anxiety disturbance) were observed at a
similar rate in treatment-naive children and those who
had more significant clinical symptoms of HPP requiring
therapy. This finding suggests that level of disease bur-
den based on physical signs and symptoms may not fully
account for the behavioral symptoms of HPP.

A notable finding of this study is that heightened risk
for ADHD symptomatology appears to be associated
with HPP. The percentage of school-aged children meet-
ing DSM-5 criteria for ADHD based on parent ADHD-
RS ratings in this cohort was 50%, which is more than 5
times the rate among children in the normative sample.
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Importantly, ADHD symptoms seem to be under-rec-
ognized by health care providers, as only two of the 12
children whose parent ratings reflected DSM-5 diagnos-
tic criteria for ADHD had previously received a diagnosis
of ADHD. A more focused study on ADHD symptoma-
tology involving comprehensive clinical assessment and
teacher rating scales is needed to reveal whether symp-
toms of inattention, hyperactivity and impulsivity are
observed across settings or in the context of neurocogni-
tive assessments.

Findings from our measure of adaptive function sug-
gest that any adverse impact of pediatric HPP on the abil-
ity to perform daily life tasks independently is generally
mild. Although direct cognitive assessment of all of the
children in this study could not be obtained, scores on
the VABS-3 adaptive measure (which is typically corre-
lated with IQ) suggest that significant cognitive impair-
ment would not typically be observed in children with
HPP. Importantly, below average scores on the adaptive
scale were associated with emotional and behavioral
symptoms (i.e., depression and/or ADHD symptoms),
indicating that a greater level of support for these symp-
toms may increase children’s ability to thrive and be more
independent in their daily functioning.

Limitations

The utilization of remote electronic survey adminis-
tration methodology and the wide age range of the
cohort (which included preschool children) limited
the feasibility of obtaining children’s self-report ratings
regarding their symptoms and quality of life. Obtain-
ing perspectives directly from children and adolescents
would enhance understanding of the emotional and func-
tional impact of HPP. The electronic survey methodology
and recruitment of participants through patient advocacy
groups may also have led to greater inclusion of families
with high educational attainment, which can impact gen-
eralizability of results. Measurement of disease severity is
challenging in pediatric HPP as there is no validated scale
of disease burden for this population. Disease-specific
rating scales with regard to symptom severity and qual-
ity of life are greatly needed [37]. Further, studies employ-
ing more targeted evaluation of symptomatology (e.g.,
comprehensive clinical assessments of anxiety, ADHD or
executive function) would constitute an important fol-
low up to our study, which utilized primarily broad-based
metrics.

Another limitation of this study is the fact that dis-
ease severity and treatment effects were not able to be
separately assessed in this cohort. Enzyme replacement
therapy has established benefits for improving clini-
cal outcomes among patients with severe, debilitating
HPP, and as such it is not possible to ethically study the
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natural history of behavioral health concerns among
these patients in the absence of therapy. Behavioral
assessment prior to the onset of treatment was not avail-
able for any of the children in this study, limiting any
conclusions regarding the effect of therapy on these
symptoms.

This study also provided only a cross-sectional view
of this cohort. Longitudinal studies are necessary to
determine whether behavioral health symptoms change
over time as children with HPP develop, or if symptoms
are modified upon initiation and/or maintenance of
therapy.

Conclusions

Standard HPP surveillance and treatment protocols for
pediatric patients should involve screening and follow-
up intervention for concerns related to neurodevelop-
mental and behavioral functioning. Clinicians should
be aware that problems related to sleep duration and
quality, ADHD symptoms and mood/anxiety distur-
bance may be more common than expected among
affected individuals.

Acknowledgements

The authors would like to express gratitude to the families who participated
in this research and to the Soft Bones Foundation and MAGIC Foundation for
assistance with participant recruitment. We would also like to acknowledge
Loralie Peterson, Amy Hanson and Kristin Frenn for research coordination
support.

Authors’ contributions

EIP and KMS conceptualized the study and developed the study design. EIP,
KS and KMS participated in the acquisition of data. EIP and RS completed
statistical analysis and drafting of figures. EIP, JHS and KMS drafted the initial
manuscript. All authors read and approved the final manuscript.

Funding

Funding for this research was provided by an investigator-initiated award
provided by Alexion Pharmaceuticals (Grant No. CON73944) and by the
National Institutes of Health's National Center for Advancing Translational Sci-
ences, Grants KL2TR002492 and UL1TR002494. Alexion has provided courtesy
medical review; authors made the final decision on content and journal for
submission of the manuscript. The content is solely the responsibility of the
authors and does not necessarily represent the official views of the National
Institutes of Health.

Availability of data and materials
The data that support the findings of this study are available from the authors
upon reasonable request.

Ethics approval and consent to participate

Participants provided written informed consent prior to completion of study
questionnaires. The study was approved by the University of Minnesota Insti-
tutional Review Board (FWA number 00000312).

Consent for publication
Not applicable.

Competing interests
JHS has received research support payable to her institution and honoraria
from Alexion Pharmaceuticals.



Pierpont et al. Orphanet J Rare Dis (2021) 16:80

Author details

! Department of Pediatrics, University of Minnesota Medical School, 2450
Riverside Avenue South, RPB 550, Minneapolis, MN 55454, USA. > Department
of Pediatrics, Vanderbilt University Medical Center, Nashville, TN 37232, USA.

3 Biostatistics Core, Masonic Cancer Center, University of Minnesota, Minneap-
olis, MN 55455, USA. 4 Department of Experimental and Clinical Pharmacology,
University of Minnesota College of Pharmacy, Minneapolis, MN 55455, USA.

Received: 6 August 2020 Accepted: 2 February 2021
Published online: 12 February 2021

References

1.

Salles JP. Hypophosphatasia: biological and clinical aspects, avenues for
therapy. Clin Biochem Rev. 2020;41(1):13-27.

Mornet E, Yvard A, Taillandier A, Fauvert D, Simon-Bouy B. A molecular-
based estimation of the prevalence of hypophosphatasia in the Euro-
pean population. Ann Hum Genet. 2011;75(3):439-45.

Whyte MP, Wenkert D, Zhang F. Hypophosphatasia: natural history study
of 101 affected children investigated at one research center. Bone.
2016,93:125-38.

Whyte MP, Coburn SP, Ryan LM, Ericson KL, Zhang F. Hypophosphatasia:
biochemical hallmarks validate the expanded pediatric clinical nosology.
Bone. 2018;110:96-106.

Whyte MP. Hypophosphatasia: enzyme replacement therapy brings new
opportunities and new challenges. J Bone Miner Res. 2017;32:667-75.
Whyte MP, Rockman-Greenberg C, Ozono K, Riese R, Moseley S, Melian A,
Thompson DD, Bishop N, Hofmann C. Asfotase alfa treatment improves
survival for perinatal and infantile hypophosphatasia. J Clin Endocrinol
Metab. 2016;101(1):334-42.

Whyte MP, Greenberg CR, Salman NJ, Bober MB, McAlister WH, Wenkert
D, Van Sickle BJ, Simmons JH, Edgar TS, Bauer ML, et al. Enzyme-
replacement therapy in life-threatening hypophosphatasia. N Engl J Med.
2012,366(10):904-13.

Taketani T. Neurological symptoms of hypophosphatasia. Subcell Bio-
chem. 2015;76:309-22.

Demirbilek H, Alanay Y, Alikasifoglu A, Topcu M, Mornet E, Gonc N, Ozon
A, Kandemir N. Hypophosphatasia presenting with pyridoxine-responsive
seizures, hypercalcemia, and pseudotumor cerebri: case report. J Clin Res
Pediatr Endocrinol. 2012;4(1):34-8.

Balasubramaniam S, Bowling F, Carpenter K, Earl J, Chaitow J, Pitt J,
Mornet E, Sillence D, Ellaway C. Perinatal hypophosphatasia presenting
as neonatal epileptic encephalopathy with abnormal neurotransmitter
metabolism secondary to reduced co-factor pyridoxal-5-phosphate
availability. J Inherit Metab Dis. 2010;33(Suppl 3):525-33.

. Colazo JM, Hu JR, Dahir KM, Simmons JH. Neurological symptoms in

hypophosphatasia. Osteoporos Int. 2019;30(2):469-80.

CruzT, Gleizes M, Balayssac S, Mornet E, Marsal G, Millan JL, Malet-Martino
M, Nowak LG, Gilard V, Fonta C. Identification of altered brain metabolites
associated with TNAP activity in a mouse model of hypophosphatasia
using untargeted NMR-based metabolomics analysis. J Neurochem.
2017;140(6):919-40.

Fonta C, Negyessy L, Renaud L, Barone P. Postnatal development of alka-
line phosphatase activity correlates with the maturation of neurotrans-
mission in the cerebral cortex. J Comp Neurol. 2005;486(2):179-96.
Sebastian-Serrano A, de Diego-Garcia L, Martinez-Frailes C, Avila J, Zim-
mermann H, Millan JL, Miras-Portugal MT, Diaz-Hernandez M. Tissue-
nonspecific alkaline phosphatase regulates purinergic transmission in the
central nervous system during development and disease. Comput Struct
Biotechnol J. 2015;13:95-100.

Graser S, Mentrup B, Schneider D, Klein-Hitpass L, Jakob F, Hofmann C.
Overexpression of tissue-nonspecific alkaline phosphatase increases the
expression of neurogenic differentiation markers in the human SH-SY5Y
neuroblastoma cell line. Bone. 2015;79:150-61.

Negyessy L, Xiao J, Kantor O, Kovacs GG, Palkovits M, Doczi TP, Renaud

L, Baksa G, Glasz T, Ashaber M, et al. Layer-specific activity of tissue

Page 10 of 10

non-specific alkaline phosphatase in the human neocortex. Neurosci-
ence. 2011;172:406-18.

17. Fonta C, Salles JP. Neuromuscular features of hypophosphatasia. Arch
Pediatr. 2017,24(552):5585-85588.

18. Nuss P. Anxiety disorders and GABA neurotransmission: a disturbance of
modulation. Neuropsychiatr Dis Treat. 2015;11:165-75.

19. Brambilla P, Perez J, Barale F, Schettini G, Soares JC. GABAergic dysfunc-
tion in mood disorders. Mol Psychiatry. 2003;8(8):721-737, 715.

20. Siegel JM. The neurotransmitters of sleep. J Clin Psychiatry. 2004,65(Suppl!
16):4-7.

21. Pao M, Bosk A. Anxiety in medically ill children/adolescents. Depress Anxi-
ety. 2011,28(1):40-9.

22. PetersTE, Fritz GK. Psychological considerations of the child with asthma.
Child Adolesc Psychiatr Clin N Am. 2010;19(2):319-333, ix.

23. Mornet E. The Tissue nonspecific alkaline phosphatase gene mutations
database (ALPL). 2020.http://alplmutationdatabase.hypophosphatasi
e.com/. Accessed 6 Aug 2020.

24. NCBI. ClinVar: an archive of medically relevant variants and their clinical
interpretations. 2020. https://www.ncbi.nim.nih.gov/clinvar/. Accessed 6
Aug 2020.

25. Harris PA, Taylor R, Thielke R, Payne J, Gonalez N, Conde JG. Research
electronic data capture (REDCap)—a metadata-driven methodology and
workflow process for providing translational research informatics sup-
port. J Biomed Inform. 2009,42(2):377-81.

26. Owens JA, Spirito A, McGuinn M. The Children’s Sleep Habits Question-
naire (CSHQ): psychometric properties of a survey instrument for school-
aged children. Sleep. 2000;23(8):1043-51.

27. Goodlin-Jones BL, Sitnick SL, Tang K, Liu J, Anders TF. The Children’s Sleep
Habits Questionnaire in toddlers and preschool children. J Dev Behav
Pediatr. 2008;29(2):82-8.

28. Goldman SE, McGrew S, Johnson KP, Richdale AL, Clemons T, Malow BA.
Sleep is associated with problem behaviors in children and adoles-
cents with Autism Spectrum Disorders. Res Autism Spectr Disord.
2011;47(5):1123-229.

29. Breslin JH, Edgin JO, Bootzin RR, Goodwin JL, Nadel L. Parental
report of sleep problems in Down syndrome. J Intellect Disabil Res.
2011;55(11):1086-91.

30. van Litsenburg RR, Waumans RC, van den Berg G, Gemke RJ. Sleep habits
and sleep disturbances in Dutch children: a population-based study. Eur J
Pediatr. 2010;169(8):1009-15.

31. Varni JW, Thissen D, Stucky BD, Liu Y, Gorder H, Irwin DE, DeWitt EM, Lai JS,
Amtmann D, DeWalt DA. PROMIS(R) Parent Proxy Report Scales: an item
response theory analysis of the parent proxy report item banks. Qual Life
Res. 2012;21(7):1223-40.

32. Reynolds C, Kamphaus R. Behavior assessment system for children. 3rd
ed. San Antonio: Pearson; 2015.

33. DuPaul G, Power T, Anastopoulos A, Reid R. ADHD Rating Scale—5 for
children and adolescents. New York: The Guilford Press; 2016.

34. Sparrow S, Cicchetti D, Saulnier C. Vineland Adaptive Behavior Scales. 3rd
ed. San Antonio, TX: Pearson; 2016.

35. Varni JW, Seid M, Kurtin PS. PedsQL 4.0: reliability and validity of the Pedi-
atric Quality of Life Inventory version 4.0 generic core scales in healthy
and patient populations. Med Care. 2001;39(8):800-12.

36. Huang IC, Thompson LA, ChiYY, Knapp CA, Revicki DA, Seid M, Shenkman
EA. The linkage between pediatric quality of life and health conditions:
establishing clinically meaningful cutoff scores for the PedsQL. Value
Health. 2009;12(5):773-81.

37. Kishnani PS, Rush ET, Arundel P, Bishop N, Dahir K, Fraser W, Harmatz P,
Linglart A, Munns CF, Nunes ME, et al. Monitoring guidance for patients
with hypophosphatasia treated with asfotase alfa. Mol Genet Metab.
2017;122(1-2):4-17.

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


http://alplmutationdatabase.hypophosphatasie.com/
http://alplmutationdatabase.hypophosphatasie.com/
https://www.ncbi.nlm.nih.gov/clinvar/

	Impact of pediatric hypophosphatasia on behavioral health and quality of life
	Abstract 
	Background: 
	Methods: 
	Results: 
	Conclusions: 

	Background
	Methods
	Participants
	Procedures
	Measures
	Demographics and medical history
	Sleep
	Pain
	Emotional and behavioral functioning
	Adaptive functioning
	Quality of life

	Statistical analysis

	Results
	Family, psychosocial, educational and medical history
	Psychopathological comorbidity

	Behavioral health domains
	Sleep
	Pain interference
	Emotional and behavioral symptoms:
	ADHD symptoms
	Development of adaptive skills
	Quality of life
	Behavioral wellness across domains


	Discussion
	Limitations
	Conclusions
	Acknowledgements
	References


