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Abstract

Background and Objectives

Bisphosphonates are routinely used to treat osteoporosis in patients with Duchenne muscular
dystrophy (DMD), a rare, severely debilitating neuromuscular disease. We sought to synthesize
and grade benefits and harms evidence of bisphosphonates in glucocorticoid-treated patients
with DMD.

Methods

In this systematic review (PROSPERO identifier: CRD42020157606), we searched MED-
LINE, CINAHL, Embase, PsycINFO, Web of Science, and CENTRAL for articles published
from inception up to and including March 31, 2023, reporting results in any language from any
study type. Quality of evidence was assessed using the Grading of Recommendations, As-
sessment, Development, and Evaluations framework.

Results

We identified 19 publications involving 1,010 children and adults from 12 countries across
all inhabited continents except South America. We found high-quality evidence that
bisphosphonates significantly increase the areal lumbar spine bone mineral density (BMD) Z
score in glucocorticoid-treated patients with DMD. The greatest improvements were
recorded in controlled settings among patients treated with intravenous zoledronate.
Evidence of benefits to fracture risks was inconclusive and/or of low quality, primarily due to
lack of controlled data and small samples. Bisphosphonates were generally well-tolerated,
although adverse events related to the first infusion (i.e., “acute phase reaction”) were fre-
quently reported.

Discussion

There is high-quality evidence supporting the use of bisphosphonates to increase the areal
lumbar spine BMD Z score in patients with DMD and glucocorticoid-induced osteopo-
rosis. Our synthesis and grading affirm current recommendations put forward in the 2018
DMD Clinical Care Considerations and should be helpful in raising awareness about
anticipated benefits of bisphosphonates, prevailing unmet needs, and potential safety issues
in their use.
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Glossary

BMD = bone mineral density; DMD = Duchenne muscular dystrophy; GRADE = Grading of Recommendations, Assessment,
Development, and Evaluations; LS = lumbar spine; TB = total body.

Introduction

Duchenne muscular dystrophy (DMD) is a rare, X-linked
recessive, severely debilitating disease characterized by pro-
gressive muscle degeneration.' Due to the underlying my-
opathy and associated risk factors (e.g., inadequate intake of
calcium and vitamin D due to nutritional problems and re-
duced sunlight exposure), patients with DMD are predis-
posed to loss of bone strength (i.e., osteoporosis) resulting in
vertebral and nonvertebral fragility fractures.” In addition,
prolonged exposure to glucocorticoids—the cornerstone of
the current pharmacologic management of DMD, initiated at
a young age—causes further loss of bone strength due to
direct and indirect osteotoxicity, resulting in even greater sus-
ceptibility to fracture.” Indeed, the risk of long bone fractures
in boys with DMD more than doubles with glucocorticoid
therapy,* and vertebral fractures occur in most patients,™®
with no reports of growth-mediated spontaneous (i.e., without
bone-active medications) vertebral body reshaping in the
glucocorticoid-treated DMD setting.”

Given the high incidence of fractures in patients with DMD,
treatment of secondary osteoporosis constitutes an important
clinical component of the multidisciplinary management of
the disease. Per the most recent clinical care considerations
published in 2018, indications for treatment with intravenous
bisphosphonate in DMD include a single low-trauma verte-
bral fracture or single long bone fracture (i.e.,, multiple frac-
tures are not required). In doing so, the main clinical aims
were to identify and treat the earliest signs of bone fragility to
better preserve the heights of the vertebral bodies, minimize
back pain, prevent new fractures, the extremity fracture/
refracture cycle, and loss of ambulation due to fractures.

We presently lack a comprehensive and up-to-date un-
derstanding of the current body of evidence, including obser-
vational studies, non-RCT or quasi-RCTs, and RCT's addressing
the combined effects of bisphosphonates and glucocorticoid
therapies in DMD. To bridge this data gap, the objective of our
study was to perform a systematic review and grading of the
benefits and harms evidence of bisphosphonates among
glucocorticoid-treated children and adults with DMD.

Methods

This systematic review was registered with the International
Prospective Registry of Systematic Reviews (PROSPERO)
(identifier: CRD42020157606) and conducted and reported in
accordance with the Preferred Reporting Items for Systematic
Reviews and Meta-Analyses (PRISMA) statement.®
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Search Strategy
On April 1, 2023, we searched MEDLINE (through Ovid),
the Cumulative Index to Nursing and Allied Health Litera-
ture (CINAHL), Embase (through Ovid), PsycINFO, Web
of Science, and Cochrane Central Register of Controlled
Trials (CENTRAL) for studies published from inception up
until March 31, 2023, reporting results of benefits and harms
of bisphosphonates in glucocorticoid-treated children and
adults with DMD. The search string contained a combina-
tion of the following Medical Subject Heading terms,
title/abstract, and topic/all-field tags: “Duchenne muscular
dystrophy,” “bisphosphonate,” “diphosphonate,

onate,” “alendronic acid,” “etidronate,” “etidronic acid,”

» « » o«

alendr-

“risedronate,” “risedronic acid,” “zoledronate,” “zoledronic
acid,” “ibandronate,” “ibandronic acid,” “olpadronate,”
“olpadronic acid,” “pamidronate,” “pamidronic acid,”
“tiludronate,” and “tiludronic acid” (full search strings are
provided in eTable 1 (links.lww.com/WNL/D296) in the
online supplemental material).

Selection Criteria

Based on eligibility criteria derived from the Population, In-
tervention, Comparison, Outcomes, and Study design frame-
work, we included all publications that reported benefits and/or
harms of bisphosphonates in glucocorticoid-treated human
children and adults with DMD from any study type in any
language. Review articles were not included but screened for
additional references, and we did not consider conference ab-
stracts (because these contain too few details for meaningful
synthesis and grading). No further criteria were imposed for
study eligibility.

Screening, Data Extraction, and Synthesis

Two investigators (E.L. and F.Z.) independently screened
article titles and abstracts for eligibility and subsequently
reviewed full-text versions of selected records. Reasons for
article exclusion were recorded and disagreements were
resolved by the involvement of a third investigator (T.S.).
Details of extracted data elements are summarized in eTable 2
(links.lww.com/WNL/D296) in the online supplemental
material. Evidence regarding benefits of bisphosphonates in
glucocorticoid-treated DMD was synthesized and reported
for the following predefined outcome categories: long bone
fractures, vertebral fractures, vertebral body reshaping, bone
mineral density (BMD), serum biomarkers of bone turnover,
and transiliac bone formation rates. In addition, based on
reported follow-up durations, we calculated the mean annual
change in areal lumbar spine (LS) BMD Z score. Reported
fracture rates were also annualized (where possible) to facilitate
comparison. Adverse event/safety data were summarized as
reported in the included publications. For meaningful synthesis,
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we did not consider evidence of effectiveness from included
case studies/series (i.e, for which results are reported at the
case level).

Rating of the Quality of the Evidence

We assessed the quality of the identified evidence regarding
effects of bisphosphonates in glucocorticoid-treated patients
with DMD using the Grading of Recommendations, Assess-
ment, Development, and Evaluations (GRADE) framework’
(details provided in eTable 3 (links.lww.com/WNL/D296)
in the online supplemental material).

Standard Protocol Approvals, Registrations,
and Patient Consents
Not applicable (literature review of previously published data).

Data Availability
Data analyzed as part of this literature review are included in
the article or its supplemental material (online).

Results

The database searches resulted in the identification of
163 unique publications (Figure 1). Of these, 18 full-text
41026 and 1 editorial letter (reporting previously un-
published case series data)?” were included for extraction,
synthesis, and grading. Summary data of the included publi-
cations are listed in Table 1.

articles

Summary of the Evidence

Identified studies encompassed 1,010 patients from 12
countries: Australia, Canada, China, Hungary, Italy, New
Zealand, South Africa, Spain, Switzerland, Russia, the UK, and
the United States. Individual study samples comprised
between 1 and 520 cases, and the age of patients ranged
between S and 23 years (S studies did not report minimum
and maximum ages).”"*'”?*** Two (11%) studies reported
results from randomized controlled trials,”*** 8 (42%) from
retrospective cohort studies, ™' V131718202023 5 (9606) from
case studies/series,'>'*'>'%*7 2 (11%) from prospective co-
hort studies,"*° 1 (5%) from a case-control trial,** and 1 (5%)
from an uncontrolled before-and-after trial."*

In total, 10 (53%) publications'®'*1%2%*12427 reported evi-
dence from studies of intravenous (IV) bisphosphonates and
6 (32%) of orally administered bisphosphonates'>'*'%!%2>23
(2 studies reported oral and IV administration,”*® and 1 did
not disclose the bisphosphonate administration route').
Details of the reported methods for the quantification of os-
teoporosis clinical outcomes are summarized in Table 2.

Rating of the Quality of the Evidence

We initially assigned included RCTs to a high rating, observa-
tional studies and nonrandomized trials to a low rating, and case
reports/series to a very low rating (per the GRADE manual,
Step 1). Next, in Step 2, called “Outcome grade modification,”
we downgraded the rating for the study conducted by Gordon
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et al"' due to serious limitations (risk of bias) from immortal
time bias, those conducted by Joseph et al.* and Ronsley et al.*°
due to serious limitations (risk of bias) pertaining to lack of
information regarding the bisphosphonate exposure, and those
conducted by Hawker et al,'> Misof et al.," and Sbrocchi et al.>!
due to small sample sizes. Finally, in Step 3, we provided an
overall rating of the quality of the evidence of each publication.
The results of these 3 steps to rate the quality of evidence are
summarized in eTable 4 (linkslww.com/WNL/D296) in the
online supplemental material.

Benefits of Bisphosphonates in Glucocorticoid-
Treated Patients With DMD

Long Bone Fractures

None of the identified studies were specifically designed and
sufficiently powered to detect an effect of bisphosphonates on
long bone fracture rates in glucocorticoid-treated patients
with DMD. However, 2 RCTs**** and 2 uncontrolled ob-
! recorded incident long bone fractures
during the bisphosphonate treatment period. In the RCT by
Ward et al.,** involving an international cohort of 34 children
with bone fragility and chronic disorders (of whom 38% had
DMD and all of whom had with at least 1 dose of glucocor-
ticoid therapy for the treatment of their underlying disease in
the 12 months preceding enrollment), the incidence rate per
person-year was estimated at 0.17 in patients treated with IV
zoledronate and 0.25 in those without IV zoledronate therapy.
In the RCT by Zacharin et al,*® encompassing 62 patients
from Australia/New Zealand with DMD followed up for 24
months, the mean long bone fracture incidence rate was 0.02
per person-year in both treatment groups (IV zoledronic plus
nutritional support [ calcium and vitamin D supplementation]
vs nutritional support alone). In the nonrandomized case-
control trial by Srinivasan et al,* long bone fractures were
systematically recorded only in the treated cohort (but rates
were not reported).

. .17
servational studies

Vertebral Fractures

We found 1 study™ that was designed to evaluate the effects of
bisphosphonates on vertebral fractures in glucocorticoid-treated
patients with DMD and 2 RCTs**** and 4 uncontrolled ob-
servational studies'”'®*"** recording incident vertebral fractures
during bisphosphonate treatment. Specifically, Srinivasan et al.>>
conducted a nonrandomized case-control trial of vertebral frac-
ture risk in 51 glucocorticoid-treated UK patients with DMD, of
whom 36 received oral risedronate. The mean vertebral fracture
incidence rate per person-year was estimated at 0.02 with oral
risedronate therapy and 0.06 without oral risedronate therapy
(p = 0.045). In the 12-month RCT by Ward et al,** the mean
low-trauma vertebral fracture incidence rate per person-year in
patients treated with IV zoledronate was 0 (i.e., no low-trauma
vertebral fractures sustained during follow-up) and 0.13 in
those who received IV placebo. In the 24-month RCT by
Zacharin etal,> 15% (4 of 27 patients) sustained new vertebral
fractures on zoledronic acid compared with 24% (7 of 29 pa-
tients) in the control arm (randomized to nutritional support
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Figure 1 PRISMA Diagram of the Selection Process of the Included Publications
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DMD = Duchenne muscular dystrophy.

alone with calcium and vitamin D supplements), with each
group having the same mean vertebral fracture incidence rate
per person-year of 0.28. Zacharin et al.>* also found no evidence
of a difference in spinal deformity index (sum of Genant grade
from T4 to L4) at 24 months between patients having received
IV zoledronic acid and those who received nutritional support
alone.

Looking into descriptive results from included observational
cohort studies, Nasomyont et al.'® observed a similar preva-
lence of thoracic and lumbar vertebral fractures at baseline
and each year of follow-up (ranging up to S years) in 52 US
patients treated with oral alendronate; Sbrocchi et al.*'
documented 3 incident vertebral fractures in 2 patients across
the 2-year follow-up period (corresponding to a mean in-
cidence rate per person-year of 0.30) in S Canadian patients
treated with IV pamidronate or zoledronate; and Moretti
et al."” recorded no new fractures during follow-up.

Vertebral Body Reshaping

We found 3 retrospective cohort studies
idence of the effects of bisphosphonates on vertebral body
reshaping in glucocorticoid-treated patients with DMD.
Specifically, Nasomyont et al.'® found that 46% (24 of 52) of
patients with at least 1 vertebral fracture treated with weekly

18,21,2 .
21,23 reporting ev-
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oral alendronate showed improvement (i.e., a decrease) in the
Genant grade after up to 5 years of follow-up; Tian et al.*’
recorded an increase in vertebral height and improvement of
preexisting vertebral fractures (described as a decrease in the
Genant grade by at least 1) in 9% (S of 54) of US patients
treated with oral alendronate across a median of 6 years; and
Sbrocchi et al.*' documented reshaping of the vertebral bodies
(quantified by changes that exceeded the least significant
change on a 6-point vertebral morphometry) after 24 months
in 40% (2 of S) of Canadian patients treated with IV pamidr-
onate or zoledronate.

Bone Mineral Density

We found 11 studies'>!>!617,20-26 reporting evidence of the
effects of bisphosphonates on BMD in glucocorticoid-treated
patients with DMD. Identified estimates of the mean change
in areal LS BMD Z score, annualized based on study-specific
follow-up durations, are presented in Figure 2. In the RCT by
Ward et al,** the mean change in height Z score-adjusted
areal LS BMD Z score (IV zoledronate therapy vs IV placebo)
was estimated at 0.75 after 1 year of treatment (p = 0.040).
The corresponding estimated increase in areal LS BMD Z
score across 24 months in the RCT by Zacharin et al,® in-
cluding 62 Australian/New Zealander patients with DMD,
was 1.30 (p < 0.001).

Neurology.org/N
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Table 1 Characteristics of Included Studies

Glucocorticoid exposure Bisphosphonate exposure

N/340'A30j04naN

A3ojoinaN

Z J9QUINN ‘201 BUIN|OA

¥20¢ ‘gz fenuef

S

Pharmacologic n (%) Pharmacologic Administration
Author [country] Study design Sample, n (age)? agent(s) Dose, mean Duration, mean exposed agent(s) route Dose, mean Duration, mean
Case et al. [UK]"® Case study Case: 11y DFZ and PRED e DFZ: 0.7 6.3y 1(100) ZLN \% 0.05 mg/kg <6mo (11V
mg/kg/d infusion)
e PRED: 0.8
mg/kg/d
Gordon et al. Retrospective cohort 44 (median age: 13y, DFZ and/or PDN NR >1y 16(36)  ALN, CLO, and/ NR NR (%
[CAN]™ study range: 7-23y) or PAM
Hawker et al. Nonrandomized, 16 (mean age: 11y, DFz 0.69 mg/kg/d 26y 16 (100) ALN Oral 0.08 mg/kg/d 2y
[CAN]"? uncontrolled before-  range: 7-16y)
and-after trial
Houston et al. Retrospective cohort 19 (age NR)® DFZ and/or PDN NR NR 19(100)° ALN Oral 35 mg and/or 70 mg 34y
[USA]"3 study weekly
Ivanyuk et al. Case series eCase 1: 14y NR NR Case 1:5y 2(100)  ZLN % e Case 1: 0.04 mg/kg e Case 1: <12 mo
[cH]™ eCase2:13y Case2:9y e Case 2: 0.02 mg/kg (2 IV infusions)
o Case 2: <6 mo
(1 IV infusion)
Joseph et al. Retrospective cohort 520 (age NR) DFZ and/or NR 40y NRf NR Oral and IV NR NR
[UK]* study PRED
Lemon et al. Case series eCase 1: 11y DFZ 18 mg/d NR 2(100)  ZLN v e Case 1: 0.025 mg/kg <6mo (1 IV
[UK]"® eCase2:15y e Case 2: 0.05 mg/kg infusion)
Lim et al. Case series 9 (mean age: 13y, DFZ or PRED e DFZ: 0.9 6.8y (seearticle  9(100)  ZLN v 0.12 mg/kgly (see article 2.3y (see article
[AUS]Z range: 9-15y) (see mg/kg/dé for case-specific for case-specific details) for case-specific
article e PRED: 0.75 details) details)
for case-specific mg/kg/d8é
details)
Misof et al. Prospective cohort 9 (mean age: 11y, DFZ or PDN e DFZ: 0.6 34y 9(100) PAM orZLN v o PAM: 9 mg/kgly 24y
[CAN]"® study range: 8-14 y)" mg/kg/d e ZLN: 0.05-0.10 mg/kgly
¢ PDN: 0.3
mg/kg/d
Moretti et al. Retrospective cohort 8 (mean age: 19, DFZ 15 mg/d 11.5y¢ 8(100) NER IM injection 25 mg/mo 12 mo
' study range NR)
Nasomyont et al. Retrospective cohort 52 (median age: 12y, DFZ or PDN e DFZ: 0.9 47y 52(100) ALN Oral 17.5 mg/wk (age <7y)and <5y
[USA]™® study range: 8-20y) mg/kg/dé 35 mg/wk (age =8 y)¢
e PRED: 0.75
mg/kg/dé
Palomo Atance Case series eCase 1:8y DFz e Case 1: 0.7 NR 2(100)  ALN Oral 10 mg/d eCase1:2.1y
et al. [ES]"® eCase2:16y mg/kg/d eCase2:12y
eCase 2:1.0
mg/kg/d

Continued
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Table 1 Characteristics of Included Studies (continued)

Glucocorticoid exposure Bisphosphonate exposure
Pharmacologic n (%) Pharmacologic Administration

Author [country] Study design Sample, n (age)? agent(s) Dose, mean Duration, mean exposed agent(s) route Dose, mean Duration, mean
Ronsley et al. Retrospective cohort 68 (mean age: 13y, DFZ or PDN e DFZ: 0.9 85y 32(47) PAMand/or ZLN IV e PAM: 9 mg/kgly 42y
[CAN]*® study range: NR) mg/kg/d  ZLN: 0.10 mg/kgly

(maximum

36 mg)

e PDN: 0.7

mg/kg/d
Sbrocchi et al. Retrospective cohort 5 (mean age: 10y, DFz 0.9 mg/kg/d 2.8y 5(100) PAM or ZLN v e PAM: 9 mg/kgly 2y
[CANJ*! study range: 9-12y) e ZLN: 0.10 mg/kgly
Srinivasan et al.  Nonrandomized case- 51 (mean age: 9y, DFZ or PRED NR 3.3y° 36(71) RIS Oral 35 mg/wk! 36y
[UK]* control trial range: NR)
Tian et al. Retrospective cohort 54 (median age: 11y, NR NR 4.0y° 54 (100)¢ ALN Oral 17.5 mg/wk (age <7y)and 6.0y°
[USA]Z study range: 6-17y) 35 mg/wk (age =8 y)
Ward et al. Randomized 34 (mean age: 13y, NR NR >1 dosewithin1y 18(53)™ ZLN v 0.05 mg/kg (maximum 5 1y
[multinational®?* controlled trial range: 9-17 y)‘ of trial mg) once every 6 mo
Zacharin et al. Randomized 62 (mean age: 10y, DFZ or PRED NR >3 mo 31(50)"  ZLN v eDose Tand2at0.025mg/ 2y
[AUS/NZ]?® controlled trial range: 6-16 y)" kg (at 0 and 3 mo)

e Dose 3,4, and 5 at 0.05
mg/kg (at 6, 12, and 18 mo)
Zheng et al. Prospective cohort 52 (mean age: 10y, PRED 0.66 mg/kg/d 21 mo 17(33) ALN Oral 70 mg/wk 24 mo
[CNJ?® study range: 5-16y)
18(35) ZLN v 5 mgly 24 mo

Abbreviations: ALN = Alendronate; AUS = Australia; CAN = Canada; CH = Switzerland; CLO = Clodronate; CN = China; DFZ = Deflazacort; DMD = Duchenne muscular dystrophy; ES = Spain; IM = Intramuscular; IT = Italy; IV =
Intravenous; NER = Neridronate; NR = Not reported; NZ = New Zealand; PAM = Pamidronate; PDN = Prednisone; PRED = Prednisolone; RIS = Risedronate; SQ = Subcutaneous; UK = United Kingdom; USA = United States of
America; ZLN = Zoledronate.

@ Number of patients treated with glucocorticoids (age at study baseline or bisphosphonate initiation).

© Canada, Australia, the United Kingdom, South Africa, Russia, and Hungary.

¢ Median.

9 A proportion of patients receiving bisphosphonates were not treated with glucocorticoids.

¢ Nineteen of 29 and 13 of 29 patients treated with bisphosphonates had areal bone mineral density measurements at the total hip and lumbar spine, respectively, at both baseline and the follow-up visit.

fThe proportion of patients treated with bisphosphonates (n = 47) also treated with glucocorticoids is not reported.

& Starting dose.

" One patient was not treated with glucocorticoids.

Bone mineral density measurements were only available for a subset of the total sample (see article for details).

7One mg/kg/wk for patients weighting <20 kg.

“Measures of areal bone mineral density at the lumbar spine and whole body were only available for 51 and 49 patients, respectively.

'Thirteen patients diagnosed with DMD (38% of the total cohort).

™ Six patients diagnosed with DMD (33% of all exposed to bisphosphonates).

" Fourteen patients withdrew before study completion (5 treated with bisphosphonates and 9 controls). In total, 56 patients completed the 24-mo follow-up (27 treated with zoledronate).



http://neurology.org/n

Table 2 Methods for Quantification of Osteoporosis Clinical Outcomes

Vertebral body Non-VF DXA
VF evaluation VF analysis reshaping Non-VF analysis assessment DXA analysis
Author [country] criteria method following VF evaluation criteria method method method
Gordon et al. NA NA NA NA NA NA NA
[CAN]™
Hawker et al. NA NA NA NA NA Single Lunar Areal LS and
[CAN]"? DPX-L DXA TBBMD Z
scores
Houston et al. NA NA NA NA NA Single Hologic  Areal LS and
[USA]™ QDR Delphi-  THBMD Z
4500A DXA scores
Joseph etal. [UKI* NR NR NA NR NR NA NA
Misof et al. [CAN]'® Genant NA NA NA NA NR Areal and
semiquantitative volumetric LS
method BMD Z scores
Moretti et al. [IT]"?  NR NR NA NR NR GE Lunar i-DXA Areal LS BMD
Z score
Nasomyont et al. Genant Six-point vertebral Decrease in NA NA NA NA
[USA]"® semiquantitative morphometry on Genant grade
method radiographs to
document change in
VF prevalence and
severity
Ronsley et al. NR Fracture yes/no from NA NR NR Hologic Areal LS, LH,
[CAN]?® clinical reports Discovery A and TBBMD Z
scores
Sbrocchi et al. Genant Triple read by 3 Change in NR NR Lunar Prodigy  Areal and
[CAN]*' semiquantitative paediatric vertebral height (General volumetric LS
method radiologists (2 ratio which Electric; BMD Z scores
independent reads,  exceeds the least Madison, WI,
followed by third significant change USA)
party discrepancy on 6-point
resolution) vertebral
morphometry
Srinivasan et al. NR Plain radiographs NA NR Plain HOLOGIC Areal LS BMD
[UK]? radiographs equipment Z score and
(Delphi Wand  TB (excl.
Discovery A) head) BMC
Tian et al. NR Determined by Increase in NA NA Hologic Areal LS, TB,
[USA]® radiologist and vertebral height Discovery A and LDF BMD
verified by inspection and improvement Z scores
of radiographs by the of preexisting VF
treating and study on radiographs
physician (no detailed
morphometry
analyses
performed)
Ward et al. Genant Triple read by 3 NR Any low-trauma Central Lunar Areal LS BMD
[multinational®**  semiquantitative pediatric radiologists fracture (excluding reading at  (Prodigy, GE Z score,
method (2 independent those of the face, BioClinica,  Lunar Corp, height-
reads, followed by skull, and digits of the Inc DPX-NT, iDXA  adjusted
third-party hands and feet) that software) or areal LS BMD
discrepancy was diagnosed Hologic Z score, areal
resolution) following machines (fan  LDFBMD, and
presentation to beam LS and TB
medical attention with scanners) BMC
signs or symptoms of
a fracture
Continued
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Table 2 Methods for Quantification of Osteoporosis Clinical Outcomes (continued)

Vertebral body Non-VF DXA
VF evaluation VF analysis reshaping Non-VF analysis assessment DXA analysis
Author [country] criteria method following VF evaluation criteria method method method
Zacharin et al. Genant Single-read lateral NR NR NR Hologic QDR Areal LS BMD
[AUS/NZ]?® semiquantitative thoracolumbar spine 4500 initially Z score, areal
method radiographs by then Horizon  heigh-
blinded radiologist; (RCH) or GE- adjusted LS
spinal deformity Lunar Prodigy BMD Z score,
index calculated (CHW, PMH andLSand TB
(sum of Genant and The BMC
grades from T4 to L4) Liggins
Institute)
Zheng et al. NA NA NA NA NA GE-Lunar Areal FN, LS,
[CNJ?® Prodigy and TH BMD
Advance Z scores
(Madison, WI)

Abbreviations: AUS = Australia; BMC = Bone mineral content; BMD = Bone mineral density; CAN = Canada; CN = China; DMD = Duchenne muscular dystrophy;
FN = Femoral neck; IT = Italy; LDF = Lateral distal femur; LH = Left hip; LS = Lumbar spine; NA = Not applicable; NR = Not reported; NZ = New Zealand; TB = Total
body; TH = Total hip; UK = United Kingdom; USA = United States of America; VF = Vertebral fracture.

@ Canada, Australia, the United Kingdom, South Africa, Russia, and Hungary.

Looking into the evidence of volumetric BMD, Misof et al.'é
estimated the mean change in volumetric LS BMD Z score
across an average of 2.4 years at 1.30 in a prospective cohort
study of 9 patients treated with IV pamidronate or zoledro-
nate. A numerically larger change in volumetric LS BMD Z
score (1.64) was reported by Sbrocchi et al.>' in their retro-
spective cohort study of 5 Canadian patients treated with IV
pamidronate or zoledronate across 24 months. Finally, in the

RCT by Zacharin et al,> the estimated mean change in 4%
volumetric radius trabecular BMD Z score by peripheral
quantitative CT after 2 years of zoledronate therapy was
reported at 2.8 (p = 0.007).

In a nonrandomized, uncontrolled before-and-after trial,
Hawker et al.'> studied changes in areal total body (TB)
BMD Z score in 16 Canadian patients with DMD treated

Figure 2 Mean Annual Change in Areal LS BMD Z Score
Bisphosphonates

in Glucocorticoid-Exposed Patients With DMD Treated With

B Bisphosphonate therapy
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. ALN ALN PAM/ZLN NER PAM/ZLN = PAM/ZLN RIS ALN ZLN ZLN ALN/ZLN
o i 0.64*
o
(u]
v *
N 0.50 4 0.43 0.45
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n [
= 0.25-
5 015 g.10 0.09* 0ge
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s
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o751 (1=16) (n=19) (n=9) (n=8) (n=32) (n=5) (n =36) (n=51) (n=18) (n=31) (n=35)
‘ Ref.#12  Ref.#13  Ref.#16  Ref.#17  Ref.#20  Ref. #21 Ref. #22  Ref.#23  Ref.#24  Ref.#25  Ref. #26

ALN = Alendronate; BMD = Bone mineral density; DFZ = Deflazacort; DMD = Duchenne muscular dystrophy; LS = Lumbar spine; NA = Not applicable; NER =
Neridronate; NR = Not reported; PAM = Pamidronate; PCS = Prospective cohort study; PDN = Prednisone; PRED = Prednisolone; RCS = Retrospective cohort
study; RCT = Randomized controlled trial; RIS = Risedronate; ZLN = Zoledronate. * Statistically significant change.
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with oral alendronate. The mean change in areal TB BMD Z
score after 2 years of treatment was estimated at 0.04
(99% C10.62-0.81), corresponding to an annual increase of
0.02. By contrast, Ronsley et al.** estimated the mean change
in areal TB BMD Z score at —0.62 (p = 0.028) across an
average of 4.2 years in a retrospective cohort study of 68
glucocorticoid-treated Canadian patients with DMD re-
ceiving IV pamidronate or zoledronate. A similar estimate
(-0.95) was reported by Tian et al.>* after an average of
3 years of treatment with oral alendronate among 54 US
patients.

Houston et al." investigated changes in areal total hip (TH)
BMD Z score in 19 US patients with DMD treated with oral
alendronate. The mean change in areal TH BMD Z score after
an average of 3.4 years of bisphosphonate therapy was esti-
mated at 0.21 (p = 0.38).

Finally, in a retrospective cohort study, Tian et al.>® investigated
changes in areal lateral distal femur BMD in 54 US patients
with DMD treated with oral alendronate. The mean change
in areal lateral distal femur BMD Z score after an average of
3.0 years was —-0.30 (R1), -141 (R2), and -142 (R3),
corresponding to annual changes of —0.10, —0.47, and -0.47,
respectively.

Serum Bone Turnover Markers and Bone Formation
Rates on Transiliac Bone Biopsies

None of the identified studies were specifically designed and
sufficiently powered to detect an effect of bisphosphonates on
serum bone turnover markers or bone formation rates on
transiliac bone biopsies in glucocorticoid-treated patients
with DMD. However, 2 RCTs***° and 2 uncontrolled
observational studies'®*' recorded these outcomes during
the bisphosphonate treatment period. Specifically, in the
RCT by Ward et al,”* serum cross-linked N-terminal
telopeptide of type I collagen (NTx), bone-specific alkaline
phosphatase, and procollagen type I aminoterminal pro-
peptide (PINP) declined significantly on IV zoledronic
acid compared with that on IV placebo. In the RCT by
Zacharin et al.,”® there were no difference in serum alkaline
phosphatase level at baseline and 24 months between pa-
tients on zoledronic acid and those on nutritional support
with calcium supplements and vitamin D alone. Misof
et al.'® reported significant decrease in static and dynamic
indices of bone formation on transiliac bone biopsy with IV
bisphosphonate treatment. Bone resorption-related pa-
rameters (osteoclast surface per bone surface) did not
change with IV bisphosphonate therapy, whereas eroded surface
increased. Misof et al.'® found no correlation between histo-
morphometric bone turnover indices and serum c-telopeptide
and alkaline phosphatase levels after IV bisphosphonates. Finally,
Sbrocchi et al.*' did not observe significant trends in longitu-
dinal changes of serum bone-specific alkaline phosphatase and
c-telopeptide Z scores after IV bisphosphonates, whereas
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transiliac histomorphometry results showed decline in bone
turnover indices after 2 years of IV bisphosphonates.

Nonmusculoskeletal Outcomes

Gordon et al."! investigated life expectancy in 44 US patients
with DMD treated with prednisone and/or deflazacort, of
which 16 patients also received alendronate, pamidronate,
and/or clodronate. The median survival of patients treated
with bisphosphonates was 27 years, compared with 21 years
for those not treated with bisphosphonates (p = 0.005). None
of the other studies were sufficiently powered to assess non-
musculoskeletal outcomes.

Harms of Bisphosphonates in Glucocorticoid-
Treated Patients With DMD

A summary of reported adverse events of bisphosphonates in
glucocorticoid-treated patients with DMD is detailed in
Table 3. Reported events were largely due to the known
“acute phase reaction” associated with the first dose; however,
additional less common side effects were also reported, including
rhabdomyolysis with myoglobinuria (IV zoledronate),"*"* in-

tracardiac thrombosis (IV zoledronate),'® and memory loss (oral
alendronate)."

Discussion

The objective of our study was to perform a systematic re-
view and grading of evidence for benefits and harms of
bisphosphonates in glucocorticoid-treated patients with
DMD. We found a total of 19 articles that met the review
inclusion criteria, of which only 2 had high-quality evidence
arising from randomized controlled trial designs. The pau-
city of randomized controlled data in DMD likely reflects a
number of factors, including that DMD is a rare disease
(with limited numbers of patients available to enroll in
clinical trials), that patients may prioritize enrollment in
myopathy-targeted trials rather than those which target
secondary clinical outcomes, and that bisphosphonates are
already used routinely in clinical practice, rendering the
conduct of clinical trials with a nonintervention control
group challenging to obsolete in contemporary times. This
is, combined with the fact that regulated clinical trials are
logistically demanding, which may damper time and/or en-
thusiasm for their conduct. Nevertheless, the 2 RCTs***> that
have been published assessing the impact of bisphosphonate
therapy on skeletal health in glucocorticoid-treated DMD,
combined with the data arising from uncontrolled observa-
tional studies, provide evidence for an overall increase in mean
annualized areal LS BMD Z scores (with trial durations of
12 and 24 months, respectively). Of importance, the greatest
increases in mean annualized areal LS BMD Z scores in the
controlled settings were observed on IV bisphosphonate ther-
apy, an observation that is not surprising given the greater oral
bioavailability of IV compared with oral bisphosphonate agents
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Table 3 Adverse Events of Bisphosphonates in Glucocorticoid-Treated Patients With DMD

Adverse event category

Muscle/
Author Dizziness/ bone
[country] Interventions vomiting Fever Fatigue Headache Gastrointestinal® pain Other
Case et al. [UK]'"®  DFZ/PRED + ZLN 1(100%) 1(100%) 0 (0%) 0 (0%) 1 (100%) 0 (0%) e Chest pain: 1 (100%)
e Tachycardia: 1 (100%)
e Tachypnea: 1 (100%)
e Hypoglycemia: 1 (100%)
» Hypocalcemia: 1 (100%)
e Hypophosphatemia: 1 (100%)
e Hyponatremia: 1 (100%)
* Hypokalemia: 1 (100%)
Gordon et al. DFZ/PDN + ALN/CLO/PAM  NR NR NR NR NR NR NR
[CAN]™
Hawker et al. DFZ + ALN 2 (13%) 0 (0%) 0(0%)  4(25%) 8 (50%) 4(25%) o Memory loss: 1 (6%)
[CAN]™ o Rash: 1 (6%)
Houston et al. DFZ/PDN + ALN NR NR NR NR NR NR NR
[USA]"®
Ivanyuk et al. NR +ZLN NR NR NR NR NR NR Rhabdomyolysis with myoglobinuria®
[CH]"
Joseph et al. [UKI* DFZ/PRED + NR NR NR NR NR NR NR NR
Lemon et al. DFZ + ZLN NR NR NR NR NR NR Rhabdomyolysis with myoglobinuria®
[UK]'™®
Lim et al. DFZ/PRED + ZLN 0 (0%)¢ 0 (0%)° 0(0%)® 0 (0%) 0 (0%)° 0(0%)® 0 (0%)°
[AUS]?
Misof et al. DFZ/PDN + PAM/ZLN NR NR NR NR NR NR NR
[CAN]'®
Moretti et al. [IT]17 DFZ + NER NR NR NR NR NR NR NR
Nasomyont et al. DFZ/PDN +ALN 0 (0%) 0 (0%) 0 (0%) 0 (0%) 0 (0%) 0 (0%) 0 (0%)
[USA]"®
Palomo Atance DFZ + ALN 0 (0%) 0 (0%) 0 (0%) 0 (0%) 0 (0%) 0 (0%) 0 (0%)
et al. [ES]"
Ronsley et al. DFZ/PDN + PAM/ZLN NR NR NR NR NR 22 (69%) e Chills: 22 (69%)
[CANT?® o Muscle cramps/spasms: 19 (59%)
o Numbness/tingling: 21 (66%)
Sbrocchi et al. DFZ + PAM/ZLN 0 (0%) 4 (57%) 0 (0%) 0 (0%) 0 (0%) 0 (0%) o Asymptomatic ionized
[CANJ?' hypocalcemia: 2 (29%)
Srinivasan et al. DFZ/PRED + RIS Yes© Yes© 0(0%) 0 (0%) Yes© Yes© 0 (0%)
[UK]22
Tian et al. NR + ALN 0 (0%) 0 (0%) 0 (0%) 0 (0%) 0 (0%) 0 (0%) 0 (0%)
[USA]*
Ward et al. NR + ZLN 4 (22%) 4 (22%) 1(6%) 4(22%) 4 (22%) 6 (33%) e Hypocalcemia: 2 (11%)
[multinational®]?* o Tachycardia: 3 (17%)
o Adrenal insufficiency: 3 (17%)
e Nausea: 3 (17%)
Zacharin et al. DFZ/PRED + ZLN NR NR NR NR NR NR e Asymptomatic hypocalcemia: 10
[AUS/NZ]*® (37%) after 48 h and 4 (16%) after 72 h
* Asymptomatic hypophosphatemia:
1(4%) after 48 h and 3 (13%) after 72 h
Zheng et al. PRED + ALN 0 (0%) 0 (0%) 0 (0%) 1(6%) 5 (28%) 1(6%) 0 (0%)
[CN]ZE
PRED + ZLN 0 (0%) 12 (71%) 0(0%)  0(0%) 0 (0%) 0 (0%) 0 (0%)

Abbreviations: ALN = Alendronate; AUS = Australia; CAN = Canada; CH = Switzerland; CLO = Clodronate; CN = China; DFZ = Deflazacort; DMD = Duchenne
muscular dystrophy; ES = Spain; IT = Italy; NER = Neridronate; NR = Not reported; NZ = New Zealand; PAM = Pamidronate; PDN = Prednisone; PRED =
Prednisolone; RIS = Risedronate; UK = United Kingdom; USA = United States of America; ZLN = Zoledronate.
Data reported as n (proportion %) if not otherwise stated.

@ Diarrhea, constipation, nausea, heartburn, or abdominal pain.
b Canada, Australia, the United Kingdom, South Africa, Russia, and Hungary.

¢ Number of affected patients not reported.

d Serious adverse events.
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in children with osteogenesis imperfecta and glucocorticoid-

. 2829
treated conditions.”™

None of the controlled studies in this systematic review were
sufficiently powered to assess differences in clinical out-
comes beyond the primary outcome, namely changes in areal
LS BMD Z scores.'¥202%2%25 1t jg interesting to note,
however, that descriptively, there were fewer low-trauma
vertebral fractures in patients treated with IV zoledronate
compared with those treated with placebo in the RCT by
Ward et al.>* (mean incidence rate per person-year: 0.00 vs
0.13 [38% of whom had glucocorticoid-treated DMD]).
This differs from the findings from Zacharin et al.,”® in which
the incidence rate was identical between trial arms. Never-
theless, even IV zoledronic acid, the most potent IV
bisphosphonate currently available, was not sufficient to
completely prevent incident vertebral fractures in the
glucocorticoid-treated DMD setting, an observation that
speaks to the aggressivity of the underlying osteoporosis.
Currently, the 2018 Centers for Disease Control Clinical
Care Considerations for osteoporosis management in DMD
is to initiate (preferably IV) bisphosphonate therapy at early
signs of bone fragility (i.e., a single low-trauma vertebral or long
bone fracture)’; whether even earlier initiation of bone pro-
tection therapy will be even more effective in preventing in-
cident vertebral fractures remains unknown, an important
clinical question going forward. The spirit behind this question
is whether prevention of even subtle vertebral collapse can
reign in the vertebral fracture cascade, a phenomenon whereby
vertebral fractures at a given time point are linked to further
vertebral collapse in the future among those with persistent risk
factors. On the contrary, long bone fractures, while infrequent,
were similar between groups in these 2 high-quality controlled
studies.***® This was also expected, given that long bones are
less amenable to the BMD-modifying effect of antiresorptive
therapy due to more limited surface area of compact bone (in
contrast to the greater surface area of porous trabecular bone
that is characteristic of vertebral bodies).

Vertebral body reshaping following vertebral fractures is a
key clinical outcome in pediatric osteoporosis studies, one
that is sometimes overlooked because the phenomenon is
not part of the standard adult osteoporosis battery of drug
trial outcomes. The reason for this is that adults lack the
ability (postepiphyseal fusion) to undergo growth-mediated
restoration of normal vertebral dimensions following frac-
tures. Vertebral body reshaping following vertebral fractures
is indeed a growth-mediated phenomenon, one that arises
from the synergistic effect of antiresorptive therapy and
endochondral ossification on bone modeling (the process
by which bones get taller [in the case of vertebral bodies]
and longer [in the case of long bones]). In this systematic
review, we found that 3 studies reported partial or complete
vertebral body reshaping on bisphosphonate therapy,
whereas the phenomenon was not observed (or not
reported) in the absence of bisphosphonate treatment
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in any of the studies.'®*"** Given the aggressivity of the
osteoporosis in glucocorticoid-treated DMD, combined with
the virtually universal growth failure in this glucocorticoid-
treated setting, lack of vertebral body reshaping in the absence
of bisphosphonate therapy is expected. This is in contrast to the
prototypical osteoporotic condition of childhood that is char-
acterized by significant potential for vertebral body reshaping
following vertebral fractures—pediatric leukemia.*® The fre-
quent vertebral body reshaping in this setting is attributed to
the young age diagnosis (and significant residual growth po-
tential), the intermittency of the glucocorticoid prescriptions,
and the fact that the disease is fortunately transient for most
patients (given the high cure rates).

The fact that degrees of vertebral body reshaping were
observed on bisphosphonate therapy in this systematic
review is encouraging, given adult studies that have shown
improved pulmonary function testing in women without ver-
tebral collapse compared with those with vertebral fractures.'
In a condition such as DMD where cardiorespiratory failure
signals end of life, it seems logical to maintain the integrity of
the vertebral bodies as far as possible, to maximize lung vol-
umes by preserving vertebral heights (theoretically). Of in-
terest, Gordon et al.'' showed that bisphosphonate use was
associated with greater longevity in DMD, an observation that
has been postulated, but never proven, to result from preser-
vation of vertebral heights and possibly prevention of the “fat
embolism syndrome.” Taken together, preservation of verte-
bral heights and prevention of incident vertebral (and non-
vertebral) fractures are important clinical goals for patients
with DMD.

The low bone turnover on trabecular surfaces (measured on
transiliac histomorphometry) observed in the studies con-
ducted by Sbrocchi et al.>' and Misof et al.,'® prebisphosphonate
and postbisphosphonate therapy provides the most robust ev-
idence that osteoporosis in DMD is a low bone turnover state.
Serum bone turnover markers largely reflect growth velocity,
rendering their use challenging in clinical settings marked by
poor growth such as glucocorticoid-treated DMD. The fact that
markers of bone resorption (and formation, which is coupled to
resorption on trabecular surfaces) declined in the RCT by Ward
et al** is in line with the expected mechanism of action of
bisphosphonate therapy; this was the only study in our review
where bone-specific serum turnover markers were measured,
highlighting the typical, profound drop in bone turnover with
bisphosphonate therapy.

Given the multiplicity of factors that contribute to bone
fragility in DMD and the potential for adverse effects of
bisphosphonates to mimic common flu-like symptoms, the
importance of controlled study designs cannot be under-
estimated in this setting. It was not surprising, based on drug
potency and clinical experience, that IV bisphosphonates
showed consistently greater efficacy in increasing areal LS
BMD Z scores compared with the comparator arms in the
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25 and compared with oral agents; it was

also not surprising that most patients on IV zoledronic acid
experienced 1 or more adverse effects of bisphosphonate
therapy. However, it was unexpected that 25% of patients on
intravenous placebo in the Ward et al.>* RCT had adverse
events that occurred within the first 10 days of the first
infusion. This study included not only patients with DMD
but also children with inflammatory disorders, a fact that
may have predisposed the patients to systemic side effects on
IV placebo. Nevertheless, the unexpected frequency of ad-
verse effects on intravenous zoledronic acid serves as a re-
minder to clinicians that not all symptoms reported in the
first 10 days following the first infusion are necessarily
bisphosphonate related and that symptoms arising from the
underlying disease should also be considered in the face of
first-infusion reactions. Of importance, bisphosphonates
have been known in DMD to precipitate adrenal in-
sufficiency, an observation that was documented in this
systematic review.”* As such, the clinical significance of
glucocorticoid stress dosing around the time of first (and po-
tentially subsequent) bisphosphonate infusions cannot be
underscored enough, given the potential for adrenal in-
sufficiency to be life-threatening. Patients presenting with car-
diac compromise after bisphosphonate infusion should also
receive prompt treatment for adrenal insufficiency. Although
rare, intracardiac thrombosis has also been reported and could
potentially be precipitated by adrenal insufficiency, along with
inflammation from the acute phase reaction and electrolyte
disturbances. As such, precautions to provide adequate gluco-
corticoid stress dosing and to maintain hydration plus normal
ions of bone and mineral metabolism are important. Un-
questionably, a comprehensive cardiac workup should be un-
dertaken in patients presenting with cardiac compromise
postbisphosphonate. Rhabdomyolysis is another rare but,
nonetheless, serious consequence of intravenous bisphospho-
nate therapy. Although never proven unequivocally, it is logical
to encourage adequate hydration pre-, during- and post-
intravenous bisphosphonate infusions in efforts to mitigate the
potential for this rare complication.

controlled trials”

While the 2018 Clinical Care Considerations® recom-
mended intravenous bisphosphonate therapy due to more
extensive evidence for treatment efficacy compared with oral
bisphosphonates (both within DMD and across osteopo-
rosis disease categories such as osteogenesis imperfecta), it is
recognized that significant adverse events of intravenous
bisphosphonates may trigger some clinicians to recommend
oral bisphosphonate therapy to achieve more attenuated side
effects (which our data suggest will come at a cost to treat-
ment benefits). Ultimately, the decision to treat with an oral
or intravenous bisphosphonate should be made collabora-
tively with the patient and family, in view of the existing
benefits and harms evidence highlighted in this systematic
review. Furthermore, the administration of bisphosphonate
therapy should be undertaken by clinicians with expertise in
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their prescription, including supportive care management of
potential adverse events postinfusion.

A strength of our systematic review was the unrestricted search
strategy, designed to identify any record with data concerning
bisphosphonates in glucocorticoid-treated DMD and our in-
depth assessment of study quality. A limitation to our work
concerns the fact that we did not include gray literature or
conference abstracts. As a result, some evidence of benefits
and/or harms of bisphosphonates in glucocorticoid-treated
patients with DMD might not have been fully synthesized
(although the quality of such formally unpublished data would
be expected to be low). In addition, for evidence from obser-
vational studies, it is important to interpret conclusions re-
garding causality with some caution.

In conclusion, we show that there is high-quality evidence sup-
porting the use of bisphosphonates to increase the areal lumbar
spine BMD Z score in patients with DMD and glucocorticoid-
induced osteoporosis, with the greatest improvements recorded
in controlled settings among patients treated with intravenous
zoledronate. Yet, evidence of benefits to fracture risks was in-
conclusive and/or of low quality, primarily due to lack of
controlled data and small samples. We also found that
bisphosphonates were generally well-tolerated, although ad-
verse events related to the first infusion (i.e., “acute phase re-
action”) were frequently reported. Our synthesis and grading
affirm current recommendations put forward in the 2018 DMD
Clinical Care Considerations” and should be helpful in raising
awareness about anticipated benefits of bisphosphonates, pre-
vailing unmet needs, and potential safety issues in their use.
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