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Abstract

Summary Children with sickle cell disease (SCD) have the potential for extensive and early-onset bone morbidity. This study
reports on the diversity of bone morbidity seen in children with SCD followed at three tertiary centers. IV bisphosphonates
were effective for bone pain analgesia and did not trigger sickle cell complications.

Introduction To evaluate bone morbidity and the response to intravenous (IV) bisphosphonate therapy in children with SCD.
Methods We conducted a retrospective review of patient records from 2003 to 2019 at three Canadian pediatric tertiary
care centers. Radiographs, magnetic resonance images, and computed tomography scans were reviewed for the presence of
avascular necrosis (AVN), bone infarcts, and myositis. IV bisphosphonates were offered for bone pain management. Bone
mineral density was assessed by dual-energy X-ray absorptiometry (DXA).

Results Forty-six children (20 girls, 43%) had bone morbidity at a mean age of 11.8 years (SD 3.9) including AVN of the
femoral (17/46, 37%) and humeral (8/46, 17%) heads, H-shaped vertebral body deformities due to endplate infarcts (35/46,
76%), and non-vertebral body skeletal infarcts (15/46, 32%). Five children (5/26, 19%) had myositis overlying areas of AVN
or bone infarcts visualized on magnetic resonance imaging. Twenty-three children (8/23 girls) received IV bisphosphonate
therapy. They all reported significant or complete resolution of bone pain. There were no reports of sickle cell hemolytic
crises, pain crises, or stroke attributed to IV bisphosphonate therapy.

Conclusion Children with SCD have the potential for extensive and early-onset bone morbidity. In this series, IV bisphos-
phonates were effective for bone pain analgesia and did not trigger sickle cell complications.

Keywords (4-6): children - Avascular necrosis - Bisphosphonate - Bone infarcts - Myositis - Sickle cell disease.
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Sickle cell disease (SCD) is the most common inherited
hemoglobinopathy whereby sickling of hemoglobin S (HbS)
causes red blood cells to polymerize, occlude vasculature,
hemolyze, and induce oxidative stress [1]. At the skeletal
level, chronic anemia promotes marrow hyperplasia and
local hypoxia can induce bone necrosis. This creates an
environment of high bone turnover and weakened architec-
ture with further susceptibility to vaso-occlusive episodes
and bone tissue death [2, 3]. As such, SCD has significant
effects on bone structure including widened marrow cav-
ity, thinning of the cortex, and low bone mineral density
(BMD) [2]. Chronic bone morbidity is one of the most com-
mon complications of SCD including osteoporosis, vertebral
body and non-vertebral body skeletal infarcts, and avascular
necrosis (AVN) [2, 4].
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AVN is a severe chronic bone complication in SCD that
progresses to joint collapse and functional impairment. It is
most common in the femoral head followed by the humeral
head. AVN often presents in childhood, with approximately
28% of children with SCD experiencing femoral head AVN
and the consequent impact on quality of life, physical capac-
ity, and school functioning [5]. Femoral head AVN is present
in half of adults with SCD with 77% progressing to joint col-
lapse [6, 7]. Nearly a quarter of adults will require a total hip
arthroplasty by their third decade of life [6, 8]. International
guidelines for monitoring SCD recommend evaluating all
children and adults for hip pain and if present, to consider
imaging for AVN [9].

Bone infarcts are areas of localized necrosis that often
present during vaso-occlusive episodes as acute, severe
pain, and localized erythema, but they can also be found
incidentally on imaging [10]. Long bones and vertebral
endplates are common locations for bone infarcts; however,
any skeletal bone can be affected [11]. Vertebral endplate
infarcts cause H-shaped vertebral deformities due to sickling
and ischemia in the vulnerable long arterial blood vessels
that feed the central vertebral body [12, 13]. Extramedul-
lary hematopoiesis leads to protrusion of the disk into the
infarcted central vertebral body, creating the characteristic
biconcave deformity seen in H-shaped vertebral bodies [11].
Myositis is thought to be a rare and often overlooked compli-
cation of SCD that occurs due to infection or due to under-
lying bone marrow changes and bone infarct [14, 15]. It is
attributed to vaso-occlusive episodes in the muscle and can
have a fulminant presentation with acute fasciitis, necrotiz-
ing myositis, and compartment syndrome [16]. Vitamin
D deficiency is present in a third of individuals with SCD
which may further impair their bone health [17].

Despite the frequency of bone morbidity in SCD, there
is currently no standard of care for its prevention or treat-
ment. Bisphosphonates are anti-resorptive medications used
to treat osteoporosis, and act as an analgesic for bone pain
in a variety of settings, including fibrous dysplasia, cancer-
related AVN, and bone metastases [18—21]. Bisphospho-
nates may therefore be useful in patients with SCD to treat
bone morbidity and for pain control. Zoledronic acid was
administered to nine adults in a study evaluating vertebral
involvement in sickle cell bone disease, but the indication,
response to treatment, and adverse effects of bisphospho-
nates were not reported [22]. Another group demonstrated
improved BMD T-scores at 6 and 12 months after treatment
of alendronate in adults with SCD and osteoporosis [23].
Major clinical questions remain unanswered such as the
indication for bisphosphonate therapy in SCD, efficacy of
reducing or halting bone morbidity, and safety of bispho-
sphonate use. Given the limited information about skeletal
morbidity and its treatment in SCD, we aim to describe the
skeletal features of pediatric SCD bone morbidity and the
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response to intravenous (IV) bisphosphonate therapy includ-
ing pain management, side effects, impact on BMD, and
bone histomorphometry.

Materials and methods
Study design and setting

This was a retrospective study of children < 18 years of age
with SCD and bone morbidity followed at three Canadian
tertiary pediatric centers as part of routine clinical care.
Affected children and adolescents with SCD from 2015 to
2020 were identified at the Stollery Children’s Hospital,
University of Alberta, Edmonton, Alberta, and their bone
imaging reports were reviewed. Data from 2013 to 2020
were also collected retrospectively from children with SCD
who were referred to the Pediatric Bone and Metabolism
Clinic at the Centre Hospitalier Universitaire Sainte-Justine
(CHU St. Justine), Montreal, Québec. In addition, data from
2001 to 2020 were collected retrospectively from children
with SCD who were referred to the Genetic and Metabolic
Bone Disease Clinic at the Children’s Hospital of Eastern
Ontario (CHEO), Ottawa, Ontario. Years over which data
were collected differed from center to center due to access to
electronic medical records and the establishment of bone and
metabolism clinics. Currently, these centers follow approxi-
mately 750 children with SCD. The study was approved by
the Research Ethics Boards (REBs) in each of the participat-
ing institutions (REB approval numbers: Stollery Children’s
Hospital—Pro 0090451, CHEO—20190342, and CHU St.
Justine—2021-3219).

Clinical data

Study data were collected and managed using the RED-
Cap electronic data capture tool hosted at the University
of Alberta. Clinical data were extracted using a struc-
tured data form by clinicians familiar with the electronic
health system. Clinical data included sex, age, height, and
weight Z-scores based on WHO growth curves, hemoglo-
binopathy genotype, whether hydroxyurea was prescribed
at the time of bone morbidity diagnosis, age at initial
radiographic diagnosis of bone morbidity, and age upon
presentation to a bone health clinic. The diagnosis of SCD
was confirmed by electrophoresis and genetic testing for
HbS variants. Biochemical markers of bone metabolism
were collected at time of identification of bone morbid-
ity, at time of referral to a bone health clinic, and pre-/
post-IV bisphosphonate therapy. This included serum
calcium, phosphate, parathyroid hormone, 25-hydrox-
yvitamin D, and alkaline phosphatase. Biochemical
tests were completed as per local laboratory protocols.
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Serum 25-hydroxyvitamin D levels were defined as suf-
ficiency > 50 nmol/L, insufficiency 30-50 nmol/L, and
deficiency < 30 nmol/L [24].

Identification of bone morbidity and myositis

Bone morbidity was identified by reports from pediatric
radiologists at each tertiary care center including radio-
graphs, computed tomography (CT), and magnetic reso-
nance imaging (MRI). AVN and bone infarcts were diag-
nosed by MRI and/or radiographs. MRI and radiographs
were ordered in the context of severe pain during acute
vaso-occlusive episodes, persistent pain, or decreased
joint range of motion. The presence of myositis was also
extracted from MRI reports. CT was used to identify cra-
nial bone infarcts and localized hematomas in patients
presenting with acute swelling and proptosis. All imag-
ing was carried out at the discretion of the treating physi-
cians (CG, MER, NA, AB, YP, ES, and LMW), targeting
areas that were linked to loss of functional mobility and/
or bone pain.

Treatment of bone morbidity with intravenous
bisphosphonate therapy

IV bisphosphonate therapy was offered at CHEO and CHU
St. Justine as a part of local standard of care for chronic bone
pain causing functional limitation and data were collected
from these two centers. IV bisphosphonates were not rou-
tinely offered at the Stollery Children’s Hospital; one patient
at the Stollery Children’s Hospital received IV bisphospho-
nate after consultation with a bone and metabolism expert
at CHEO. Data on IV bisphosphonate therapy included
the formulation of bisphosphonate, indication, duration of
therapy, analgesic response to treatment, and reported side
effects. IV bisphosphonate therapy was administered based
on each center’s routine bone pain/osteoporosis protocol.
Patients were treated with one of three regimens: (1) IV
pamidronate (annual dose, 4.5 to 9 mg/kg body weight/year
given as 1 mg/kg/day for each of 3 days [9 mg/kg/year],
or 1.5 mg/kg on a single day [4.5 mg/kg/year], both every
4 months), (2) IV zoledronic acid (annual dose 0.05-0.1 mg/
kg body weight, divided into two doses every 6 months), or
(3) an initial dose of pamidronate followed by zoledronic
acid to minimize first infusion side effects, given studies
that suggest zoledronic acid may have more side effects
than pamidronate [25, 26]. In some patients, zoledronic acid
was given more frequently than every 6 months for pain
management, but in all cases, the maximum annual dose
was not exceeded. 25-Hydroxyvitamin D levels were opti-
mized through vitamin D supplementation to a minimum of
50 nmol/L prior to IV bisphosphonate therapy, and it was a
pre-requisite that a serum calcium level was normal prior to

IV bisphosphonate therapy. Patients were followed by phone
or clinic visits afterwards.

Bisphosphonate infusion side effects were assessed
by phone visits 24-72 h after the infusion. Pain was
assessed by phone and at follow-up clinic visits. This
included objective assessments of pain scales from 0 to
10, and/or subjective assessments of significant improve-
ment or complete resolution of pain. Complete resolution
was defined as pain that had fully resolved while sig-
nificant improvement was defined as baseline pain that
had resolved but would still occur with intense physical
activity. Charts were reviewed for the duration of bispho-
sphonate treatment to assess for possible complications
related to infusions. Clinic notes and hospital admis-
sions up to two weeks post-bisphosphonate infusion were
reviewed for painful crises, clinical or radiographic signs
of stroke, concerns of hemolytic crises, or other clini-
cal concerns that could be provoked SCD complications.
Osteonecrosis of the jaw (ONJ) is a rare but potentially
severe side effect of bisphosphonates. For the duration of
bisphosphonate infusions, clinic notes and dental radio-
graph reports were reviewed for observations of jaw pain
or dental problems.

Evaluation of the response to treatment
— quantitative skeletal imaging and bone
histomorphometry

BMD was collected pre- and post-IV bisphosphonate
therapy. Lumbar spine (vertebrae L1-L4) and total body
less head BMD were measured by dual-energy X-ray
absorptiometry (DXA) in the anterior—posterior direc-
tion (Lunar Prodigy and Lunar iDxa; General Electronic;
Madison, WI, USA). Lunar raw results were cross-cali-
brated to Hologic units using calibration factors from a
previous multi-center study [27]. Lumbar spine (LS) and
total body less head (TBLH) areal BMD (aBMD) raw
results were then transformed to age-, sex-, and race-
specific Z-scores using previously published normative
data which included black children, the ethnicities rel-
evant to this report [28]. LS and TBLH aBMD Z-scores
were adjusted for height-for-age Z-score (HAZ) using
adjustment equations [29].

Trans-iliac bone biopsies were performed on one patient
prior to IV bisphosphonate therapy and approximately
2 years after therapy initiation. Biopsies were taken at a
site 2 cm posterior to the superior anterior iliac spine 4 or
5 days after dual labeling with demeclocycline (15-20 mg/
kg per day taken orally for 2 days and repeated for 2 more
days after a 10-day free interval). Biopsy preparation and
histomorphometric analyses were performed as described
previously [30]. Measurements were carried out using a
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digitizing table with OsteoMeasure software (Osteomet-
rics, Ing. Atlanta, GA, USA). Results were compared to
the reference data of healthy age- and sex-matched controls
and expressed as percentages of the average value [30].

Statistical analyses

Results of clinical, biochemical, and radiological data were
analyzed descriptively. Categorical values were summarized
using frequency and percentage. Normality was assessed
using the Shapiro—Wilk test. Normally distributed continu-
ous variables were summarized using mean and standard
deviation (SD). Non-normally distributed continuous vari-
ables were summarized using median and interquartile range
(IQR). Statistical analyses were carried out using STATA SE
software (version 17.0, TX, USA).

Results
Clinical characteristics

Forty-six children (20 girls and 26 boys) with SCD and bone
morbidity were included in the study (Table 1). Seventeen
children were identified at CHEO, 16 children at CHU St.
Justine, and 13 at the Stollery Children’s Hospital. The mean
age of initial bone morbidity diagnosis was 11.8 years (SD
3.9) with the youngest diagnosed at 2.4 years of age. Thirty-
seven of these 46 children (80%) were referred for a special-
ized bone health assessment at a mean age of 13.3 years (SD
3.3); the remainder were identified at the Stollery Children’s
Hospital before a bone and metabolism clinic was avail-
able. The majority of children had HbSS genotype (40/46,
87%) and the remainder had HbS/beta-0 thalassemia (3/46,

Table 1 Clinical characteristics,

- Clinical characteristics n (SD or %)
bone morbidity, and
ZSjlflydroxyftamiﬂ D status of Sex, female (n=46), n (%) 20 (43%)
fn;r‘:;izri‘tw‘t SCD and bone Genotype (n=46), n (%) 40 (87%)
¥ HbSS 3.(1%)
HbS/BThal 0 2 (4%)
HbSC 1 2%)
HbSS/Arab-Indian haplotype
Age when bone morbidity was first reported (n=46), years (SD) 11.8 (3.9)
Age at presentation to a bone disease clinic (years, n=237), years (SD) 13.3(3.3)
Types of bone involvement (n=46), n (%)
Vertebral body infarcts 35 (76%)

Vertebral body infarcts in children with:
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Non-vertebral body skeletal infarcts
Femoral head avascular necrosis
Humeral head avascular necrosis
Non-vertebral body skeletal infarcts
Children with multiple non-vertebral body skeletal infarcts
Locations of non-vertebral body skeletal infarcts (1)
Femur diaphysis
Pelvis
Vertebral posterior elements
Tibial diaphysis
Fibular diaphysis
Ulnar/radial diaphysis
Orbital bone
Mandible
Avascular necrosis
Femoral head
Humeral head

Symptoms of bone morbidity (n=28), n (%)
Asymptomatic
Pain
Functional impairment
Vitamin D prior to referral (n=45)
Serum 250HD level (nmol/L), mean (SD)
Vitamin D insufficiency (serum 250HD 30-50 nmol/L), n (%)
Vitamin D deficiency (serum 250HD < 30 nmol/L), n (%)

Receiving hydroxyurea therapy prior to bone morbidity (n=46), n (%)

11/15 (73%)
10/17 (59%)
6/8 (75%)
15 (32%)
13 (87%)

[\

— = DN =

17 (37%), bilateral =9 (53%)
8 (17%), bilateral =3 (38%)

2 (7%)
26 (93%)
8 (29%)

50.6 (29.9)
14 (31%)
13 (29%)

35 (76%)

Abbreviations: 250HD, 25-hydroxyvitamin D
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7%), HbSC (2/46, 4%), or HbSS/Arab-Indian haplotype
(1/46, 2%). Thirty-five of 46 children (76%) were prescribed
hydroxyurea prior to diagnosis of bone morbidity. Base-
line 25-hydroxyvitamin D levels were assessed upon refer-
ral. Vitamin D insufficiency was prevalent with a median
25-hydroxyvitamin D level of 43.0 nmol/L (n=46, IQR
27.0, 72.8). Vitamin D status was as follows: 29% of chil-
dren (13/46) had vitamin D deficiency (25-hydroxyvitamin
D <30 nmol/L) and 30% of children (14/46) had vitamin D
insufficiency (25-hydroxyvitamin D 30-50 nmol/L), consist-
ent with previous reports [17].

Bone infarcts and joint avascular necrosis
Bone morbidity observed in children with SCD included

femoral and humeral head AVN, vertebral body infarcts
resulting in H-shaped vertebral deformities, and

non-vertebral body skeletal infarcts (Fig. 1, Table 1).
Twenty-eight of 46 children (61%) had two or more types
of bone morbidity. There were two children who sustained
non-vertebral fractures, both pre-bisphosphonate therapy.
One child sustained a humerus fracture at 5 years of age
when he fell down the stairs and a humerus fracture on the
contralateral side when he fell off a bike at eight years of
age. The second child sustained a proximal radial metaphy-
seal fracture while playing at one year of age (also pre-bis-
phosphonate therapy).

Bone infarcts of the vertebral body were the most com-
mon bone morbidity, seen in 76% of children with bone
morbidity (35/46). Twenty-four of 46 children (69%) with
vertebral body infarcts also had additional bone morbidity;
vertebral infarcts were present in 59% of children with femo-
ral head AVN, 75% of children with humeral head AVN, and
73% of children with non-vertebral body skeletal infarcts.

Fig.1 a Lumbar H-shaped vertebral body deformities. b Verte-
bral bone infarcts visualized on T2-weighted MRI. Note the patchy
increased signal intensity throughout the thoracic, lumbar, and sacral
vertebral bodies. ¢ Patchy and serpiginous increased T2 signal inten-
sity on MRI reflecting bone infarcts in the bilateral acetabuli and
proximal femoral diaphysis, and early femoral head AVN. Note also
the right hip effusion. d Osteosclerotic lesions in the right femur,
bilateral tibia, and right fibula, reflecting bone infarcts. e Chronic
humeral head AVN visualized on TIl-weighted MRI as increased

epiphyseal marrow T1 signal with serpiginous margins. f CT dem-
onstrating a left orbital infarct with subgaleal hematoma. Note the
proptosis of the left eye and tissue swelling around the left orbit. g
Bilateral femoral head AVN on STIR MRI. Note the patchy increased
STIR signal in the femoral heads, additional focus of increased signal
in right femoral necks, and small right hip effusion. Abbreviations:
MRI, magnetic resonance imaging; CT, computed tomography; SCD,
sickle cell disease; AVN, avascular necrosis
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Non-vertebral body skeletal infarcts were seen in 15 of 46
children (33%), with locations including the femoral, tibial,
fibular, ulnar and radial diaphysis, pelvis, vertebral poste-
rior elements, orbital bone, and mandible. Thirteen of 16
children (81%) with non-vertebral body skeletal infarcts had
multiple sites of infarct (as shown in Fig. 1 ¢ and d). Femoral
head AVN was present in 17 of 46 children (37%), with 53%
(9/17) of these having bilateral involvement. Humeral head
AVN was present in eight of 46 children (17%) with 38%
(3/8) of these children having bilateral involvement.

Pain assessments were reported in 29 children and pain
was present in 27 children (93%), localized to the back, hip,
shoulder, arm, or knee. Twelve children with H-shaped ver-
tebral bodies had pain assessments and ten of these children
reported back pain (83%). Hip pain was present in ten of 11
children (91%) with femoral head AVN. All three children
(100%) with humeral head AVN had shoulder pain. Eight
of 29 children (28%) who underwent pain assessments had
also reported functional impairment including missed school
days and exercise limitation.

Myositis

Twenty-six children had MRI for bone morbidity and of
these, five (19%) had myositis overlying areas of AVN or
bone infarct. Locations of myositis included soft tissue
overlying the femoral, humeral and ulnar diaphysis, and the
sacrum. One child had extensive soft tissue edema of his
proximal thigh, pelvis, and lower abdomen in the setting
of widespread infarcts of the proximal femoral diaphysis,
pelvis, and sacrum. Creatinine kinase (CK) levels (N 40-220
U/L) were evaluated at the time of imaging in two children.
One child had a normal CK (34 U/L) while the other had
a significantly elevated CK (666 U/L). We note that one
child had a follow-up MRI a year later and the myositis had
resolved.

Response to intravenous bisphosphonates

Treatment with IV bisphosphonates varied by center, and the
indication largely depended on the degree of painful bone
morbidity. As CHEO and CHU St. Justine gained experience
with IV bisphosphonates, IV bisphosphonate administration
became standard local practice for pain and 23 of 46 chil-
dren (50%) were treated with IV bisphosphonates. Indica-
tions included bone pain and AVN. Fifteen of 23 children
(65%) received zoledronic acid, seven of 23 children (30%)
received pamidronate, and one of 23 children (4%) received
an initial dose of pamidronate followed by zoledronic acid.
The mean duration of treatment was 1.5 years (SD 0.8) in
the 15 of 23 children who have completed their IV bispho-
sphonate therapy. IV bisphosphonate therapy was ongoing
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in eight of 23 children at the time of the preparation of this
manuscript.

Children who received IV bisphosphonate therapy had
a mean 25-hydroxyvitamin D level of 58 nmol/L (n=23,
SD 34.9). Ten of these 23 children (43%) had vitamin D
insufficiency/deficiency (25-hydroxyvitamin D <50 nmol/L)
with a mean 25-hydroxyvitamin D level of 27.3 nmol/L (SD
12.1). 25-Hydroxyvitamin D levels were optimized through
vitamin D supplementation to a minimum of 50 nmol/L
prior to IV bisphosphonate therapy.

IV bisphosphonates were well-tolerated and some of
the adverse effects included acute phase reaction (n=4/23,
17%), and one case of symptomatic hypocalcemia that was
treated for five days with oral calcium and calcitriol. There
were no episodes of painful or hemolytic crises, stroke, or
other sickle cell complications associated with IV bispho-
sphonate therapy. There were no reports of osteonecrosis
of the jaw for the duration of bisphosphonate infusions.
Pain improvement was noted within 1-6 months of IV bis-
phosphonate therapy and persisted throughout the duration
of bisphosphonate therapy (mean 1.5 years, SD 0.8), after
which children were discharged from clinic or referred to
adult endocrinology. No child was re-referred for recurrence
of pain.

Eleven children had pain assessments following initiation
of bisphosphonates. Ten of the 11 children (91%) reported
significant or complete resolution of pain six months after
initiation of IV bisphosphonate therapy. Six of 11 children
(55%) reported complete resolution of pain after two years
of IV bisphosphonate therapy. Four children of 11 children
(36%) had significant improvement on their pain which was
defined as resolution of their baseline pain, but still intermit-
tent sickle cell painful episodes or their baseline pain were
reduced from 9/10 to 1-2/10. The one child who did not
have resolution or improvement of pain only had follow-up
for five months after receiving one infusion. He also had
near total collapse of his femoral head and was anticipated
to undergo a hip arthroplasty. The sample size was not suffi-
cient to determine if there was a measurable difference in the
effect of IV pamidronate vs zoledronic acid on bone pain.
See Supplemental Data for several cases that demonstrate
the severity of SCD bone morbidity and response to IV bis-
phosphonate therapy.

Potential for femoral head and vertebral body reshaping
in SCD

We observed reshaping of femoral head AVN and verte-
bral bodies in three skeletally immature children (Fig. 2).
Interestingly, two children demonstrated reshaping of the
femoral head after extensive collapse due to AVN. One child
had femoral head collapse at 11.4 years of age, and he did
not receive IV bisphosphonate therapy as per his center’s
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Fig.2 Femoral head and
vertebral body reshaping in
SCD. a, b Left femoral head
AVN and acetabular sclerosis
in an 11.4-year-old boy (a). He
had spontaneous and complete
reshaping of the femoral head
by 16.5 years of age (b). ¢, d
Right femoral head AVN in an
8.3-year-old (c). He received
pamidronate for two years and
at 10.4 years of age, he had
partial reshaping of the femoral
head with progressive resorp-
tion of the necrotic fragment
(d). e, f A 14.9-year-old boy
had multiple H-shaped vertebral
bodies (e). He received three
doses of zoledronic acid and at
18.8 years of age, reshaping of
T5 and stabilization with partial
reshaping of T7/T8/T12 are
evident (f)

practice (Stollery Children’s Hospital). He had spontaneous
and complete reshaping by 16.5 years of age (Fig. 2 a and b).
One child had femoral head collapse at 8.3 years of age. In
this patient, pamidronate was initiated when femoral head
AVN was diagnosed, and infusions were ongoing when par-
tial femoral head AVN reshaping was observed at 10.4 years
of age (Fig. 2 c and d). He remains on bisphosphonate infu-
sions and reshaping has been ongoing. One adolescent with

delayed puberty had multiple H-shaped vertebral bodies at
14.9 years of age, before his pubertal growth spurt, and by
18.8 years of age, he had reshaping of the T5 vertebra with
stabilization and partial reshaping of T7/T8/T12 (Fig. 2 e
and f). He received three doses of zoledronic acid between
15 and 17 years of age. He has since transitioned to adult
care, and it is unknown if his reshaping continued after ces-
sation of bisphosphonate infusions. Other children received
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IV bisphosphonate therapy; however, follow-up lateral spine
radiographs were not ordered routinely as a part of post-IV
bisphosphonate monitoring.

Bone mineral density and trans-iliac bone
histomorphometry

Fourteen children had pre- and post-IV bisphosphonate
DXA BMD measurements of the LS and TBLH (Table 2),

and the average age at completion of IV bisphosphonate
therapy was 15.9 (SD 3.28). Post-IV bisphosphonate DXA
did not show statistically significant gains in height-adjusted
LS or TBLH aBMD Z-scores (LS HAZ aBMD Z-score 0.4,
SD 0.5, TBLH HAZ BMD Z-score 0.4, SD 0.6). Trans-iliac
bone histomorphometry was available for one patient, an
adolescent male before and after two years of zoledronic
acid therapy, at 16.5 and 18.5 years of age (Fig. 3). He was
approaching adult height during the interval between paired

Table 2 Response to

SD or %
bisphosphonate therapy in n(SD or %)
23 children with SCD bone Average age at initiation (n=23), years (SD) 13.9 3.3)
morbidity Average age at completion (n=15), years (SD)* 153 (3.4)

Duration of bisphosphonate therapy (years, n=15) 1.5(0.8)

Bisphosphonate type (n=23), n (%) 15 (65%)
Zoledronic acid 7 (30%)
Pamidronate 1 (4%)
Serial administration of pamidronate then zoledronic acid*

Pain improvement (n=10), n (%) 4 (40%)
Complete resolution 6 (60%)
Significant improvement but not complete resolution

Side effects (n=23), n (%) 5(22%)
Acute phase reaction 4 (17%)
Hypocalcemia 1 (4%)

LS aBMD, height-adjusted (n=14) —1.2(1.8)
Pre-bisphosphonate therapy Z-score, mean (SD) —-0.9(1.8)
Post-bisphosphonate therapy Z-score, mean (SD) +0.4(0.5)
Change in Z-score, mean (SD) +0.3(0.5)
Change in Z-score/years of bisphosphonate therapy, mean (SD)

TBLH aBMD, height-adjusted (n=14) —-2.4(1.6)
Pre-bisphosphonate therapy Z-score, mean (SD) -1.9(1.6)
Post-bisphosphonate therapy Z-score, mean (SD) +0.4 (0.6)
Change in Z-score, mean (SD) +0.3(0.5)

Change in Z-score/years of bisphosphonate therapy, mean (SD)

“Bisphosphonate therapy was ongoing in eight children at time of publication

*Serial administration to reduce acute phase reaction with the first infusion, as per that center’s protocol

Abbreviations: LS, lumbar spine; TBLH, total body less head; aBMD, areal bone mineral density; SD,
standard deviation; /QR, interquartile range

Fig. 3 Trans-iliac bone samples pre- and post-bisphosphonate. Trans-
iliac bone biopsies in an adolescent boy at 16.5 years of age pre-
bisphosphonate (a) and 18.5 years of age post-bisphosphonate (b).
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Trans-iliac bone biopsy post-bisphosphonate demonstrated a 16%
increase in cortical width, with raw values indicated below each of
the external (left) and internal (right) cortices
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biopsies, having grown 3.5 cm over the 2.5 years. Cortical
width was 46% of the healthy mean pre-zoledronic acid and
increased to 62% of the healthy average post-1V bisphos-
phonate. His bone formation rate/bone surface was elevated
at 265% of the healthy mean pre-IV bisphosphonate and
fell to 27% of the healthy average post-zoledronic acid.
25-Hydroxyvitamin D levels pre- and post-IV bisphospho-
nate therapy were above the lower limit of acceptability at
56 and 53 nmol/L, respectively.

Discussion

Our findings demonstrate that a wide range of SCD bone
morbidity can present in childhood, and we report successful
pain management with IV bisphosphonate therapy. Verte-
bral deformities due to endplate infarction were the most
common type of bone morbidity, followed by femoral head
AVN, non-vertebral body skeletal infarcts, and humeral head
AVN. We illustrate the diversity of non-vertebral body skel-
etal infarct locations in SCD including long bone diaphy-
ses, vertebral posterior elements, pelvis, and cranial bones,
including cases of a mandibular bone infarct that resulted
in facial nerve palsy and an orbital infarct that led to a sub-
galeal hematoma (see Supplemental Data). Our findings of
AVN in children with SCD are consistent with other reports
demonstrating that AVN may present during childhood,
including frequent bilateral joint involvement [5, 31-33]. In
contrast to other reports, we found a greater proportion of
children with vertebral deformities in our cohort.

We were also surprised to observe a large proportion of
children with myositis as 19% of children with MRIs for
AVN or bone infarct had local myositis over the area of
bone disease. Myositis has been previously reported in SCD;
however to our knowledge, our study is the first to describe
myositis in children who underwent MRI for bone morbidity.
The frequency of myositis seen on MRI demonstrates that
such a finding may not be a rare complication, despite the
sparsity of literature on this observation [14, 15]. CK is an
enzyme released during muscle inflammation and elevated
CK has been seen in SCD myositis [15, 16]. While CK was
not frequently measured during vaso-occlusive episodes
or during assessment of bone morbidity in our cohort, we
describe one child with significantly elevated CK in the set-
ting of multiple bone infarcts and overlying myositis. Fur-
ther studies are needed to explore the frequency of myositis
in vaso-occlusive episodes, the etiology of the myositis,
the utility of CK as a marker of myositis in this setting,
and whether myositis is associated with more severe bone
morbidity.

At our institutions, IV bisphosphonate administration has
become more widely used in SCD. We observed that IV bis-
phosphonates consistently improved or completely resolved

pain in our cohort and were well tolerated. Importantly, our
experience suggests that IV bisphosphonate therapy in SCD
is safe as none of our patients experienced pain crises, hemo-
lytic crises, stroke, or other sickle cell complications that
might have been attributed to bisphosphonate administra-
tion. Although osteonecrosis of the jaw in children receiving
IV bisphosphonate therapy has not been described, the pos-
sibility of spontaneous vaso-occlusive events of the jaw in
sickle cell disease [34] merits prudence with respect to this
theoretical complication. Dental extractions should be car-
ried out prior to starting bisphosphonate therapy wherever
possible, good oral hygiene and regular dental evaluations
should be maintained, and monitoring for ONJ complica-
tions should be routine [35]. Bone histomorphometry in
an adolescent before and after IV zoledronic acid therapy
demonstrated a high rate of bone turnover that declined on
IV bisphosphonate therapy, as expected given the drug’s
mechanism of action. Cortical width increased by 16% in
this older adolescent, in keeping with the known anti-resorp-
tive effect of IV bisphosphonate therapy on the endocortical
surface [36]. Children who had post-bisphosphonate BMDs
did not demonstrate a significant aBMD increase. This may
be expected as this group was nearing final adult height at
completion of IV bisphosphonate therapy, and they still have
SCD as an ongoing risk factor for osteoporosis.

Beyond the reduction of pain following IV bisphospho-
nate administration, we also observed spontaneous (that is,
medication-unassisted) femoral head reshaping following
AVN. Reshaping of both the femoral heads and vertebral
bodies also occurred in two other children, both of whom
had been treated with IV bisphosphonate therapy. IV bis-
phosphonate therapy promotes vertebral body reshaping
in pediatric osteoporosis populations such as osteogenesis
imperfecta and Duchenne muscular dystrophy (the latter
only occurs if glucocorticoid therapy is withdrawn and nor-
mal growth resumes) [37-39]. Partial femoral head reshap-
ing following AVN has been seen in a previous report of
five children with SCD AVN, without medical or surgical
intervention [40]. To our knowledge, our experience is the
first report of vertebral body reshaping in SCD. These find-
ings demonstrate the potential for structural improvement
in SCD bone morbidity although it is unclear why some
cases recover while others progress to further bone destruc-
tion. Overall, a larger prospective study is required to better
understand the potential for recovery from structural col-
lapse in pediatric SCD.

From a clinical perspective, the most important obser-
vation arising from our study is that IV bisphosphonates
appeared to significantly reduce the severity of chronic
bone pain in our cohort. Over 50% of adults with SCD
will experience chronic pain with significant conse-
quences including depression, anxiety, impaired sleep,
and decreased quality of life [41]. Bone pain is a complex
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pathway involving increased osteoclast differentiation and
activation, release of cytokines, recruitment of immune
cells, local hydrogen ion production, and nociceptor sen-
sitization [42—-45]. As pyrophosphate analogues, bispho-
sphonates are taken up by osteoclasts causing osteoclast
apoptosis, thereby suppressing pain arising from bone
resorption while also decreasing osteoclast release of
hydrogen ions and microenvironment acidification, an
important sensitizer of nociceptor. In addition, bispho-
sphonates have immune-modulating actions including
inhibition of macrophage activation interfering with pro-
inflammatory mediators [42, 46]. The latter is presumed
to be the primary mechanism of bisphosphonate-mediated
bone analgesia.

Whether IV bisphosphonates can positively impact the
evolution of the SCD itself remains to be explored. Vaso-
occlusive crises, the clinical signature of SCD, are caused by
Hb sickling in the microvasculature which leads to localized
ischemia—reperfusion injury [2, 14, 16]. Skeletal vaso-occlu-
sive episodes lead to inflammation and cytokine release,
increased receptor-activator of nuclear factor kappa f ligand
(RANKL) signalling, osteoclast recruitment, and osteo-
clast activation [47-49]. A mouse model of SCD showed
increased osteoclast activity and recruitment as well as
interleukin-6 production in response to hypoxia-reperfusion
injury and osteoclast activity, and recruitment was mark-
edly reduced by zoledronic acid [48]. Thus, vaso-occlusive
episodes activate pathways, similar to those which trigger
bone pain, providing rationale for future studies to explore
the impact of IV bisphosphonates on the development of
such sickle cell-related vaso-occlusive crises in murine and
human models, and their impact on muscle and bone inflam-
matory and osteoclastogenesis pathways.

The limitations of this study include its retrospective
design and therefore data collection challenges inherent
to retrospective studies, as follows. First, referral practices
for pain and bone morbidity assessments and considera-
tion for IV bisphosphonate therapy were pursued more
pro-actively at CHEO and CHU St. Justine compared with
the Stollery Children’s Hospital. This reflected the fact
that there were no specific referral guidelines in place at
the Stollery Children’s Hospital until after this study was
completed. These differences in referral/practice patterns
introduced heterogeneity into the number of patients who
were treated with IV bisphosphonates across the three
centers. In addition, reports of pain were not assessed in
a standardized fashion across the three centers and there
was a lack of consistent objective pain score data. As a
result, our study provides a description of the potential
bone morbidities that can arise from pediatric SCD, their
frequencies, and their response to IV bisphosphonate
therapy as evaluated pragmatically during routine clinical
care. Ultimately, a randomized controlled trial would be
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necessary to definitively determine whether IV bisphos-
phonates have measurable benefit to skeletal health com-
pared with disease-targeted treatment alone.

Another consideration in the interpretation of our results
is that the chart review encompassed 20 years of clinical
care, and practice has changed significantly over that period.
Hydroxyurea has more widely become a standard of care
and most children with recurrent pain crises receive this
therapy. Since 2014, it has further been recommended to
introduce hydroxyurea by 9-12 months of age even in the
absence of symptoms [9]. It remains uncertain, however,
whether hydroxyurea alters the bone morbidity trajectory in
SCD. In particular, there are conflicting reports on whether
hydroxyurea may be associated with reduced or increased
risk of AVN [8, 50, 51]. In addition, new therapies for SCD
are on the forefront, including gene therapy (clinicaltrials.
gov NCT03282656), and some patients undergo bone mar-
row transplant. The impact of these targeted approaches on
bone morbidity also requires further study. Hematopoietic
stem cell transplantation is an evolving curative therapy for
SCD, and gene therapy trials are investigating the infusion
of modified autologous stem cells that express anti-sickling
beta globulins. It remains to be seen if these curative thera-
pies could modify the course of bone morbidity in SCD [52].

The observations in this study have important implica-
tions for clinical care of children with SCD, as they sug-
gest the need for early and ongoing monitoring for bone
morbidity. The possibility of spontaneous femoral head
and vertebral body reshaping in this population warrants
further understanding around which children have the
potential for structural recovery, and the safety of IV bis-
phosphonate therapy in children with SCD at published
doses is supported by our report. Moreover, these data
suggest IV bisphosphonates have a positive effect on the
treatment of painful bone morbidity, an observation that
requires further testing in a randomized, controlled setting.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s00198-022-06455-2.
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