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Abstract

Background/Aims: To systematically assess contemporary
knowledge regarding the effectiveness and safety of
bisphosphonates (BPs) in children with osteogenesis imper-
fecta (Ol). Methods: PubMed/MEDLINE, Embase, and Co-
chrane were searched for eligible articles up to June 2014.
Studies eligible for inclusion were (randomized) controlled
trials assessing the effects of BPs in children with Ol. Meth-
odological quality was assessed independently by 4 review-
ers using the Cochrane Collaboration’s tool for risk of bias.
Results: Ten studies (519 children) were included. Four stud-
ies (40%) showed a low risk of bias. All studies investigating
lumbar spine areal bone mineral density indicated a signifi-
cant increase as a result of BP treatment. Most studies ob-
served a significant decrease in fracture incidence. The most

frequently reported adverse events were gastrointestinal
complaints, fever, and muscle soreness. A significant de-
crease in (bone) pain due to BP treatment was observed in
more than half of the studies. Most studies measuring uri-
nary markers of bone resorption reported a significant de-
crease. The majority of studies with intravenous treatment
showed a significant increase in lumbar projection area,
whereas studies with oral treatment did not. Conclusions:
Treatment with oral or intravenous BPs in children with Ol
results in an increase in bone mineral density and seems to
be safe and well tolerated. ©2015 S. Karger AG, Basel

Introduction

Osteogenesis imperfecta (OI) is a clinically heteroge-
neous heritable, and most often autosomal dominant,
condition characterized by increased bone fragility, pre-
disposing to fractures, alow bone mass, bone deformities,
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and a short stature [1-3]. In addition, children with OI
frequently exhibit vertebral compressions, blue sclera,
premature hearing loss, dentinogenesis imperfecta, easy
bruising, hypermobility, low muscle tone, a reduced ex-
ercise capacity, and muscle weakness [1, 2, 4-6]. The ex-
act incidence of OI is unknown; however, it has been es-
timated at 1 in 10,000-20,000 births [1, 7].

In most cases (90%), Ol is caused by (autosomal dom-
inant) mutations in genes encoding type | collagen
(COL1A1and COL1A2) [3,8]. Collagen typelis the main
structural protein of bone, tendons, ligaments, skin, den-
tin, and sclera [9]. Recessively inherited forms of OI are
caused by mutations in genes encoding proteins involved
in posttranslational modification and correct helical fold-
ing of type I collagen [2, 8]. However, in some cases OI
can also be initiated by mutations in non-collagen-related
genes [2, 8]. Dominantly inherited defects in COL1A1 or
COL1A2 result in quantitative deficiencies, qualitative
deficiencies in collagen, or a combination of both. Se-
quentially, an abnormal collagen matrix is synthesized,
creating an abnormal bone matrix with increased bone
fragility [1, 2].

Presently, no definite cure for Ol is available and there-
fore treatment is primarily focused on diminishing its
symptoms [1, 10] and includes pharmacological treat-
ment, orthopedic surgery, physiotherapy, and rehabilita-
tion. In order to improve bone strength, numerous phar-
macological agents have been administered to children
with OI in the last decades, including hormones, vita-
mins, and minerals [1, 11]. Currently, second- and third-
generation (nitrogenous) oral and intravenous bisphos-
phonates (BPs) are considered standard care for children
with OI and particularly for children with moderate and
severe forms of OI [8, 12-14]. Increasing evidence indi-
cates that BPs might be involved in osteoblastogenesis
[15] and decelerating bone resorption, which results in an
altered balance in remodeling in favor of bone formation
[1]. More recent nitrogenous BPs like zoledronate and
risedronate have an even greater potency in inhibiting
bone resorption than the older nitrogenous BPs like
pamidronate and neridronate [16].

Studies regarding the effects of these second- and
third-generation BPs (e.g. alendronate, pamidronate, ol-
padronate, and risedronate) in children with OI suggest
improvements in the density of the investigated bones.
Furthermore, many of these studies have also demon-
strated a reduction in fracture rates and enhanced growth
with only a few short-term side effects of the utilized BPs
[17-28]. The most frequently observed (short-term) side
effects are fever and body aches with the first infusion, as

BPs in Children with OI

well as hypocalcemia (without serious complications).
Though promising, several of these studies are either un-
controlled clinical trials ignoring the normal disease
course or have a low methodological quality. Addition-
ally, no international consensus regarding the effective-
ness and safety of BPs in the treatment of children with
Ol is currently available. Vital questions from clinicians
regarding the safety and efficacy of clinical administra-
tion of BPs therefore remain. These questions include the
critical period and optimal duration of treatment with
BPs, and the long- and short-term adverse effects of dif-
ferent types of BPs in children with OI. Therefore, the
objective of the current review is to systematically assess
contemporary knowledge regarding the effectiveness and
safety of BPs used in (randomized) controlled trials in
children with OI to provide a clear, detailed, and evi-
dence-based overview for clinicians treating children
with OI

Methods

Search Strategy

The electronic databases PubMed/MEDLINE, Embase, and
Cochrane were searched for eligible articles up to June 2014. The
search did not have language restrictions. The following MeSH
terms and keywords were employed: osteogenesis imperfecta, di-
phosphonates, bisphosphonate, etidronic acid, etidronate, clo-
dronic acid, clodronate, tiludronic acid, tiludronate, pamidronate,
6-amino-1-hydroxyhexane-1,1-diphosphonate, neridronate, ol-
padronic acid, olpadronate, alendronate, ibandronic acid, iban-
dronate, risedronic acid, risedronate, zoledronic acid, and zoledro-
nate. The complete search strategy can be found in Appendix 1.
Articles were eligible for inclusion if they: (1) were investigating
the effects of BPs in children with OI, (2) were conducted as a ran-
domized controlled trial (RCT) or as a nonrandomized controlled
trial (CT), and (3) studied >15 children with OI. Articles were ex-
cluded if they: (1) had a treatment period <1 year, (2) used his-
torical matched controls, (3) made a comparison between the ef-
fects of different dosages, or (4) made a comparison between the
effects of different BPs.

Selection of Studies

Four independent reviewers (E.B.G.R., B.C.B., M.].G.V., and
M.v.B.) conducted inclusion of eligible articles. Initially, articles
were screened for eligibility based on their title and abstract. When
the title and abstract implied that an article was potentially eligible
for inclusion, a full paper copy of the report was obtained. Dis-
agreements between reviewers regarding an article’s eligibility
were resolved by discussion until a consensus was reached. Addi-
tionally, reference tracking was performed in all included articles

(fig. 1).

Data Extraction and Management
The reviewers extracted data using a standard extraction form.
Data extracted from the included articles were: (1) first author and
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Fig. 1. Study selection process.

study location; (2) study design; (3) participants; (4) treatment; (5)
outcome measurements, and (6) results. If data were missing or
further information was required, serious attempts were made to
contact the first two authors to request the required information.
The results of the data extraction are shown in table 1.

Assessment of Methodological Quality (Risk of Bias)

Four reviewers independently assessed the methodological va-
lidity of the included articles. The methodological quality (risk of
bias) was scored using the adapted version of the Cochrane Col-
laboration’s tool. This adapted tool reviews 5 domains, with 11
items in total (table 2). Each item was rated as ‘yes’, ‘no’, or ‘unsure’
and scored with a ‘+’ when yes and a ‘-’ when no or unsure. Studies
fulfilling 6 or more criteria were regarded as having a low risk of
bias [29, 30]. Disagreements were resolved in a consensus among
the 4 raters. The strength of interrater agreement was measured by
Cohen’s k coefficient (95% CI), with k = 0.41-0.60 indicating mod-
erate agreement, k = 0.61-0.80 representing good agreement, and
Kk 20.81 representing very good agreement [29, 30].

Results

In total, 10 full-text articles (including 519 children)
that met the inclusion criteria were identified and re-
viewed, of which 7 were RCTs [17, 19, 20, 31-34] and 3
were CTs [21, 22, 35] (fig. 1). The efficacy of oral [17, 20,
32-34] and intravenous [19, 21, 22, 31, 35] BPs was ex-

28 Horm Res Paediatr 2015;84:26-42

DOLIL: 10.1159/000381713

amined in 5 studies. Intravenous pamidronate [19, 22],
intravenous neridronate [21, 31], oral alendronate [20,
34], and oral risedronate [32, 33] were all appraised in 2
studies, whereas oral olpadronate [17] and intravenous
ibandronate [35] were both investigated in 1 study. This
review evaluates the following outcome measures of the
included studies: areal bone mineral density (aBMD)!,
fracture incidence, adverse effects, (bone) pain, urinary
markers of bone resorption, and projection area®. The in-
cluded studies also describe the effects of BPs on func-
tional outcome measures such as height, weight, muscle
strength, ambulation, mobility, and self-care; however,
these outcomes will be described in a separate review due
to the quantity of the outcome measures. The results of
outcome measures were clustered on type of BP to pro-
vide a clear overview. Statistical pooling of the results for
performing meta-analyses was not feasible due to diver-
sity in outcome expression and missing absolute data.
Moreover, most authors of the included studies did not
send the required data for pooling after having been con-
tacted.

1
2

aBMD is the bone mineral density result given by the DXA measurement.
Lumbar spine projection area relates to the size of the vertebrae.
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Table 1. Characteristics of the included studies

First author Study
[Ref], location  design

Patients/controls?;

OI type(s);

age at baseline®

Treatment/intervention

Outcome measures

Results

Sakkers [17], RCT
Wilhelmina

Children’s

Hospital

(Utrecht, The
Netherlands)

34 (I:n =16,
P:n=18);

L, III, and IV;
1:10.0£3.1,
P:10.7%3.9 years

I: oral olpadronate

(10 mg/m?/day) for

2 years

P: enteric coated placebo
tablets

All children received
additional calcium and
vitamin D

Primary:

- Incident fractures of
long bones

- Changes in BMC

- Changes in BMD

- Functional outcome

Secondary:

- Anthropometry

- Vertebral height

- Urinary markers of
bone resorption

aBMD: The increase in lumbar spine aBMD with oral olpadronate was
significantly greater compared to placebo. At baseline, the lumbar spine
aBMD was 0.31+0.16 g/cm? in the olpadronate group and 0.32+0.14 g/
cm? in the placebo group. After 2 years of treatment, the adjusted
annual difference in lumbar spine aBMD was 0.054 g/cm? (95% CI
0.012-0.096; p = 0.010). Spinal z-scores increased from -4.98 to -3.31
in the olpadronate group and from -4.84 to -4.70 in the placebo group
after 2 years of treatment. The adjusted group difference in lumbar
spine aBMD was 0.74 (95% CI 0.29-1.19; p = 0.002).

Fracture incidence: There was a reduction of 31% in the relative
fracture risk of long bones after 2 years of treatment with oral
olpradronate (HR 0.69; 95% CI 0.52-0.91; p = 0.010). The total number
of fractures was 18 in 16 patients in the olpadronate group and 50 in 18
patients in the placebo group.

Adverse events: There were no acute phase reactions or adverse events
after oral olpadronate use.

uNTx: there were no significant differences within or between groups
in urinary C-telopeptides/creatinine and D-deoxypyridinolines/
creatinine [difference —-114.5 (95% CI -281.2 to —-52.3) and -1.98 (95%
CI -6.56 to -2.60); p = 0.190 and p = 0.400, respectively] after 2 years of
oral olpadronate or placebo. No differences between groups in changes
in urinary markers of bone resorption were found.

Ward [34], RCT
Shriners

Hospital for

Children

(Montreal,

Canada)

139 (I: n = 109,
P:n =30);

I, 11T, and IV;

I: 11.0£3.6,

P: 11.14+4.0 years

I: oral alendronate

(5 mg/day in children
<40 kg and 10 mg/day in
children >40 kg) for 2
years

P: matching placebo. All
children were advised to
meet the age-related
dietary reference intake
for calcium and

vitamin D

Primary:

- Spine aBMD z-score

- uNTx

- Extremity fracture
incidence

- Vertebral area

- Iliac cortical width

- Bone pain

- Physical activity

- Safety parameters

aBMD: the spinal aBMD increased significantly with oral alendronate
[p <0.001; mean change in z-score +1.32 (95% CI 1.08-1.56)/+50.7%
(95% CI 38.0-63.4)] compared to placebo [mean change in z-score
+0.14 (95% CI -0.21 to 0.48)/+11.9% (95% CI -6.4 to 30.2)] after 2
years of treatment. The mean spine aBMD z-score increased
significantly in the alendronate group from -4.6 to -3.3 (p < 0.001; the
change in placebo group was insignificant, i.e. from —4.6 to —4.5).
Fracture incidence: the long-bone fracture incidence was similar
between groups. A relative risk of 1.04 (95% CI 0.81-1.34) of having >1
new long-bone fracture for the oral alendronate group (p > 0.05) was
reported. The number of patients with >1 long-bone fracture was 71
(75%) in the alendronate group (n = 95) and 21 (72%) in the placebo
group (n = 29).

Adverse events: the incidence of clinical and laboratory adverse
experiences was similar between groups. Gastrointestinal complaints
were the most reported adverse events, but their occurrence was not
significantly different between the oral alendronate and placebo groups
(p = 0.836). Only abdominal pain and vomiting were attributed to
alendronate.

Bone pain: bone pain was similar between groups. In the oral
alendronate group, significantly fewer patients with bone pain were
found at 24 months compared to baseline (p < 0.001); however,
compared to controls, the difference in the percentage of patients with
bone pain at 24 months was not significant (p = 0.065). Furthermore,
no significant difference was observed in the number of days per week
during which patients suffered bone pain (p = 0.167).

uNTx: uNTx levels decreased significantly (p < 0.001) more in the oral
alendronate group than in the control group after 24 months [mean
change -62.2% (95% CI -67.4 to -56.1) and -32.0% (95% CI -46.7 to
-13.3), respectively]. In the alendronate group uNTX decreased from
131 to 63% of the healthy average, and in the control group uNTX
decreased from 128 to 112% (95% CI for the difference in change -87
to —15; p = 0.006).

Projection area: the increase in lumbar spine area in the oral
alendronate group was not significantly different compared to placebo
after 2 years [mean change 14.2% (95% CI 10.4-18.0) and 12.2% (95%
CI 6.7-17.6), respectively; p = 0.493].
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Table 1 (continued)

First author Study Patients/controls®;,  Treatment/intervention Outcome measures Results
[Ref.], location ~ design  OI type(s);
age at baseline®
Seikaly [20], RCT 17; I: oral alendronate Primary: aBMD: a significant increase (p < 0.001) in lumbar spine aBMD with
Texas Scottish ~ (cross- I, III, and IV; (5 mg/day in children - BMD oral alendronate treatment (mean change in z-score +0.89+0.19)
Rite Hospital over) 9.0£1.06 years <30 kg and 10 mg/day - Quality of life compared to placebo (mean change in z-score —0.12+0.14) after 1 year
for Children in children >30 kg) for [total mobility (PEDI), of treatment was reported. BMD improved from a change in SD score
(Dallas, Tex., 1 year self-care (WeeFIM), (z-score) of 0.89+0.19 to -0.12+0.14.
USA) P: placebo treatment not well-being, pain, and Fracture incidence: 3 fractures occurred in the oral alendronate group
further specified use of analgesic scores] (n = 10) and 9 fractures occurred in the placebo group (n = 10) during
All subjects were Secondary: 1 year of BP treatment.
maintained on a diet - Biochemical Adverse events: daily alendronate was well tolerated. Only 2 patients
with adequate daily parameters [changes in had mild gastrointestinal discomfort, responding to minor adjustments
calcium (1,000-1,300 the complete blood in alendronate intake.
mg/day), phosphorus count or levels of Bone pain: a significant decrease (p < 0.001) in pain score (in days/
(800-1,200 mg/day), and serum creatinine, week) after oral alendronate treatment (mean change -3.13+0.63)
vitamin D (400 IU/day) electrolytes, fasting compared to placebo (mean change 0.50+0.47) was observed after 1
intake, at least 100% of serum phosphorus, year of treatment.
the daily referenced serum calcium, SGPT, uNTX: uNTX/uCR was decreased by 56% in the treatment group after
intake alkaline phosphatase, 1 year of oral alendronate (541464 to 244+60 pmol/umol Cr; p < 0.010).
osteocalcin, intact The control group showed no significant effects.
PTH, or 1,25(OH)2
vitamin D]
- Urinary indices
(creatinine clearance,
urinary calcium,
hydroxyproline
excretions, uNTX/uCr,
nephrocalcinosis)
- Changes in height and
BMI
- Rate of skeletal
fractures
- Adverse reactions
Rauch [33], RCT 26 (n=13, I: oral risedronate Primary: aBMD: a significantly greater increase in lumbar spine aBMD was
Shriners P:n=13); (15 mg/week in children - Change in lumbar observed with oral risedronate (+23.8%15.4) compared to placebo
Hospital for L 1:11.7£3.6, <40 kg and 30 mg/week spine (+6.8% +10.6) after 2 years (p = 0.003). The z-scores of lumbar spine
Children P: 11.9+4.0 years in children >40 kg) for - aBMD z-score aBMD at baseline were -2.97+0.97 and -2.66+0.86 in the treatment and
(Montreal, 2 years Secondary: placebo groups, respectively. After 2 years of treatment, the z-scores of
Canada) P: matching placebo, - Cortical width at the lumbar spine aBMD increased significantly more with risedronate
not further specified midpoint of the second (+0.65+0.65) compared to placebo (-0.15+0.39; p = 0.002). No
All patients received metacarpal significant change in hip aBMD was observed after 2 years of treatment
supplemental calcium - Change in the cortical with oral risedronate compared to placebo (mean change 12.4+10.8 and
and vitamin D as part of width of iliac bone 6.5+5.9%, respectively; p = 0.110). The increase in total body aBMD
standard care if the daily - Number of with oral risedronate after 2 years was not significantly different
intake was <800 mg or radiologically compared to placebo (change 10.7+7.1 and 6.5+4.6%, respectively; p =
400 1U confirmed fractures 0.090).
Fracture incidence: no significant differences in the number of fractures
during 2 years of BP therapy with risedronate or placebo were found. In
both the intervention group and control group 11 fractures occurred
(n =13 in both groups).
Adverse events: the incidence of clinical or laboratory adverse
experiences was similar among treatment groups. All patients had at
least one adverse event. The number of patients with gastrointestinal
complaints did not differ statistically between groups (p = 0.420).
Bone pain: there was no detectable treatment effect on bone pain. Two
patients in the risedronate group and 8 patients in the control group
experienced bone pain at baseline, and after 2 years of treatment 4
patients in each group suffered from bone pain.
uNTX: no significant difference in uNTx/uCr ratios was reported
(change —27.7+33.6 and -10.7++43.7%, respectively; p = 0.280) after 2
years of oral risedronate compared to placebo, but in serum NTx a
significant decrease was reported (change -34.6+22.2 and -6.2+39.0%,
respectively; p = 0.030).
Projection area: the increase in lumbar spine area in the oral
risedronate group was not significant compared to placebo after 2 years
(change 16.4+13.8 and 10.2+11.6%, respectively; p = 0.230).
30 Horm Res Paediatr 2015;84:26-42 Rijks/Bongers/Vlemmix/Boot/van Dijk/
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Table 1 (continued)

First author Study Patients/controls®;,  Treatment/intervention Outcome measures Results
[Ref.], location ~ design  OI type(s);
age at baseline®
Letocha [19], RCT 18(:n=9,P: I: intravenous Primary: aBMD: lumbar spine aBMD z-scores increased significantly more (p <
National n=9); pamidronate (10 mg/ - Vertebral DXA z-score 0.001) with intravenous pamidronate (from -5.44+1.46 to —4.04+1.48;
Institute of I and IV; m?/day for 3 days every - Height p < 0.001) than with placebo (from -5.74+0.78 to -5.77+0.90; p =
Child Health 1:11.05+2.4, 3 months) for 1 year — Area 0.880) after 1 year of treatment. However, z-scores did not further
and Human P:9.97+3.1 years P: treatment of control Secondary: increase during the second year of treatment in the pamidronate group
Development group not further - Functional measures: (p <0.001).
(NICHD; specified gross motor function, Fracture incidence: the fracture rate decreased significantly in the upper
Bethesda, Md., Four children in each muscle strength, and extremities (p = 0.04) but not the lower extremities (p = 0.09) during
USA) group also received pain the first year of treatment. After 2 years of treatment, the fracture rate
recombinant growth did not decrease further in the upper extremities (p = 0.840) or in the
hormone injections lower extremities (p = 0.290).
(0.06 mg/kg/day, 6 days/ Adverse events: all treated children experienced acute-phase reactions
week), and 7 children in with the first infusion cycle. No other complications were noted.
the treatment group Bone pain: pain did not change significantly during the controlled or
received pamidronate for extended treatment phases; pain scores changed from 3.75+0.71 to
an additional 6-21 3.4410.82 (p = 0.300) and from 3.94+0.18 to 3.55+0.73 (p = 0.170) in
months. Patients <10 the pamidronate and control groups after 1 year of treatment.
years of age received Projection area: in the controlled phase, treated patients experienced a
500 ml/day calcium significant increase in total vertebral area (p = 0.003). A significant
supplementation; change in the radiologically defined summed L1 to L4 vertebral area
patients >10 years of age after 1 year of pamidronate (1.35+£0.95 to 1.74+0.99 cm? p = 0.006) was
received 1,000 mg/day shown. After the second year (extended treatment period, 6-21
months), the vertebral area still increased, but this increase was not
significant (1.76+0.59 cm? p = 0.110). Compared to placebo, the
summed L1 to L4 vertebral area increased significantly more after 1
year of pamidronate (p = 0.005). Because vertebrae T12, L1, and L2
were most likely to experience compressions from weight bearing, these
were also examined. The L2 vertebral area increased significantly more
in the treatment group compared to placebo (p = 0.020). In the second
year of treatment (extended treatment period), the L2 vertebral area did
not increase further (p = 0.0340). The T12 to L2 vertebral area in the
pamidronate group also increased significantly more after 1 year of
pamidronate compared to placebo (p = 0.050), but during the extended
treatment period the T12 to L2 vertebral area did not increase
significantly (p = 0.0250). The vertebral area of T12 and L1 showed no
significant difference in rate of increase between groups during the first
year (p = 0.130 and p = 0.710, respectively).
Gatti [18], RCT 64 (I.n =42, I: intravenous Primary: aBMD: at the end of the first year, spine and hip BMD rose by 3.5-5.7%
Ttalian P:n =22); neridronate (2 mg/kg - BMD and projected in control patients and by 18-25% (p < 0.001 vs. controls) in the active
Association of I, III, and IV; every 3 months) for 3 bone areas, as group, respectively. The treatment in both groups was associated with
Patients with I: 8.6+2.4, years (1 year controlled) measured by DXA, at BMD changes in the spine of ~30% during the first year, 20% during
OI (AsItOl; P: 9.0+2.3 years P: no treatment the spine and hip the second year, and 15% during the third year of treatment. The
Verona, Italy) Control patients were - Height corresponding changes in the femoral neck and total hip were 18-25,
given the same BP - Peripheral fracture 13-15, and 7-8%, respectively (all highly significant vs. both baseline
therapy at the end of the incidence and the previous year). The spine z-score did not change in the control
first year. Calcium intake ~ Measured both group during the first year but rose gradually from —3.39 to —2.01 (p <
was regularly evaluated prospectively and 0.001) in the active group over 3 years.
in all patients and retrospectively (2 years Fracture incidence: during the first year of treatment, 45% of the
maintained above 600, preceding control patients and 27% of the active group had a nonvertebral
800 and 1,000 mg daily randomization) fracture, but this difference was not statistically significant (p = 0.2).
according to their age: The total number of fractures was 18 in the 22 control patients and 13
<7,7-10, and >10 years in the active group (42 patients) (relative risk 0.36; 95% CI 0.15-0.87;
of age, respectively. If the p <0.05).
serum 25(OH) vitamin Adverse events: 10 of the patients complained of flu-like symptoms,
D levels fell below resembling a typical acute-phase reaction, 24-36 h after the first
20 ng/ml, vitamin D intravenous infusion, which lasted <36 h. An attenuated response was
supplements were given also noted by all of them after the second infusion. None of the patients
(50.000 u monthly). complained of other typical side effects.
Supplementation was Projection area: the DXA-derived projected area of lumbar spine rose
only necessary in four during the first year of observation significantly more in the active
patients. group than in the control group (2.0 vs. 6.7%; p < 0.05). The spine
projected area continued to rise in the treated patients toward levels
found in healthy individuals. The mean percent increase in the
projected area of the lumbar spine of the intravenous neridronate
group after 1 year (6.68+8.1%; p < 0.010 vs. baseline) was significantly
higher (p < 0.05) compared to the control group (1.97+3.3%). In the
subsequent 2 years, both groups showed a significant increase
compared to baseline (p < 0.010); however, between groups no
significant difference was observed (12.87+5.99 and 14.18+4.24% for
the intervention group and the control group, respectively).
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Table 1 (continued)

First author Study Patients/controls®;,  Treatment/intervention Outcome measures Results
[Ref.], location  design  OI type(s);
age at baseline®
Rauch [22], (1)CT CT:24(I:n=12, I: discontinuation of Primary: aBMD: the change in lumbar spine aBMD (in g/cm?) after 2 years in
Shriners (2)O0S  C:n=12)matched intravenous pamidronate - Lumbar spine bone the group that continued intravenous pamidronate treatment was not
Hospital for for age, OI treatment for 2 years mineral content and different from the change in lumbar spine aBMD (in g/cm?) in the
Children severity, and C: Intravenous aBMD group that discontinued treatment (mean change +0.05+0.07 and
(Montreal, duration of pamidronate on 3 - Biochemical markers +0.01+0.03 g/cm?, respectively; p = 0.070). The change in lumbar spine
Canada) pamidronate consecutive days, timing of bone metabolism aBMD z-score was significantly different between the groups (mean
treatment and dosage of these - Fracture incidence change +0.2+0.7 and -0.4+0.4 in the group that continued therapy and
0S:38 (n=2 3-day cycles varied with - Clinical evaluation the group that discontinued therapy, respectively; p = 0.010).
restarted age, but the yearly dose Fracture incidence: The total number of long-bone fractures was 13 in
pamidronate remained at 9 ml/kg; the discontinuation group and 6 in the group still receiving

treatment after

15 and 16 months
due to feeling
unwell and a lack
stamina);

L IIL IV,
CT:1:9.84+4.2,
C:9.5+4.2

OS: 1: 15.5+4 4,
C: 15.6+4.0 years

treatment was for 2
years. Calcium intake
was maintained
adequately according to
the daily recommended
allowance

pamidronate, but this was not statistically significant (p = 0.48).
Adverse events: 2 patients who stopped intravenous pamidronate
treatment began to feel unwell and lacked stamina. Therefore,
treatment was resumed 15 and 16 months after cessation. Two weeks
later these symptoms disappeared.

uNTX: bone resorption activity was higher after treatment
discontinuation. uNTx/uCr ratios changed significantly after
discontinuation or continuation of pamidronate therapy for 2 years,
both in absolute values (nmol/mmol) and in percentages of age- and
sex-specific reference means; p = 0.020 and p = 0.008, respectively. Two
years after discontinuation of intravenous pamidronate, uNTx/uCr
ratios increased (+36+87 nmol/mmol, +22+28%), and 2 years after
continuation of intravenous pamidronate, uNTX/uCr ratios decreased
(-54+86 nmol/mmol, -12+30%).

Projection area: no significantly different increase in lumbar spine area
was observed between the group that discontinued and the group that
continued pamidronate treatment after 2 years (change 2.2+2.9 and
2.9+5.8 cm?, respectively; p = 0.720)

Li [35], Peking CT
Union Medical
College

Hospital

(PUMCH;

Beijing, China)

30 (I: n = 20,
C:n=10);
LIILIV,and V;
1:10.6%5.1,
C:7.9+4.9 years

I: intravenous
ibandronate in a dosage
of 2 mg diluted in 250 ml
isotonic saline,
administered over 2 h
once every 3 months for
24 months

C: 0.25 pg calcitriol daily
(= placebo)

All patients received
CalciChew-D daily

Primary:

- Change in the annual
new bone fracture rate
and BMD

- Change in bone
turnover markers
(CTX and ALP; CTX =
bone resorption
marker, ALP = bone
formation marker) and
vertebral shape

aBMD: BMD increased significantly at the lumbar spine, femoral neck,
trochanter, and total hip by 59.0, 42.0, 47.5, and 36.6% in a time-
dependent manner (compared to baseline; p < 0.001). This increase was
greater than in the calcitriol group (p < 0.001; 24.6, 29.9, 30.6, and
26.9%, compared to baseline; p < 0.05).

Fracture incidence: the annual new fracture rate was significantly
decreased from 1.9 to 0.13 (p < 0.001), obviously lower than that of the
calcitriol group, which decreased from 1.8 to 1.0 (p > 0.05) after the
treatment. Five new fragile fractures occurred in 5 cases during
treatment with ibandronate, and 20 new fragile fractures were found in
8 cases during treatment with calcitriol.

which contains Secondary: Adverse events: children tolerated ibandronate quite well. Mild fever
elemental calcium - Safety and muscle pain were found in 9 cases within 1-3 days after the first
500 mg and vitamin Ds infusion, which could be relieved after 1-2 days without special
(200 U) management. Fever with muscle soreness was found in 13 (65.0%)
patients within 2-3 days of the first infusions of ibandronate. The
maximum body temperature was 38.5°C. After subsequent infusions
these symptoms did not recur. No obvious side effects were found in
the control group. No delayed fracture healing was found during
treatment or control. No osteonecrosis of the jaw occurred.
Antoniazzi CT 20 [I:n=10(5in I: intravenous Clinical data: Fracture incidence: group A had a lower incidence of fractures (2.4 vs. 6.0
[21], Pediatric group A and 5 in neridronate at 2 mg/kg - Weight and 6.8 fractures/year; p < 0.05) than groups B and C in the first 6 months
Clinic and group B), C:n=10 of body weight every 3 - Length of treatment. In the second 6 months, both groups A and B had a lower
Rheuma- (group C), months - Number of fractures fracture rate than group C (2.0 and 2.8 vs. 5.4 fractures/year; p < 0.05).
tological historical matched ~ Group A started - Side effects Adverse events: only the well-known acute-phase reaction after the first
Rehabilitation control group]; treatment just after Laboratory data: infusion cycle was seen in 9 patients (90%), with short-term fever up to

(Verona, Italy)

I1L; I: 0.10+0.02
(A) and 0.60+0.04
years (B), C: NA
(matched for sex,
age and clinical
severity of OI)

diagnosis at birth for 18
months and group B
after 6 months for 12
months. Group C
received no BP treatment
in the first 2 years of life.
All families received
counseling from a
nutritionist to ensure
that all patients had a
vitamin D intake of at
least 400 TU/day and a
calcium intake of at least
of 600 mg/day

- Serum and urinary
levels of calcium,
phosphorus,
creatinine, serum
alkaline phosphatase,
25-hydroxyvitamin D,
insulin-like growth
factor-1, parathyroid
hormone,
osteocalcium, urinary
type 1 collagen
N-terminal telopeptide

Radiological data:

- Lateral radiography of
the vertebral column

38.5°C, responsive to acetaminophen. There was no urinary protein
excretion, white blood cell count reduction, or respiratory distress
syndrome.

Bone pain: signs of bone pain, present in all children before treatment,
tended to disappear in treated infants.

uNTX: a significant decline over time of uNTX/uCr ratios was observed
and uNTx/uCr ratios were significantly lower after 12 (group A,
1,200+388 nmol BCE/mmol) and 6 months (group B, 1,380+355 nmol
BCE/mmol) of intravenous neridronate therapy compared to untreated
patients (group C, 1,870+430 nmol BCE/mmol; group A and B vs.
group C; p < 0.050).

Projection area: an increase in radiographically determined vertebral
projected area was reported in all treated patients. After 6 months the
change in projected area in treatment group A was significantly greater
compared to group B (no treatment in the first 6 months) and control
group C (4.0+0.8, 3.2+0.7, and 3.1+0.8 cm?, respectively; both p <
0.050). After 12 (5.1£1.0, 4.5+0.9 cm?, and 3.8+0.9 cm?, respectively)
and 18 months (5.8+1.1, 5.2+1.2 cm?, and 4.3+1.0 cm?, respectively),
the differences between group A and C were still significant (p < 0.050).
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Table 1 (continued)

First author Study Patients/controls®;,  Treatment/intervention Outcome measures Results
[Ref.], location ~ design  OI type(s);

age at baseline®
Bishop [32] RCT 147 (I:n =97, I: oral risedronate at Primary: aBMD: The aBMD z-scores of lumbar spine aBMD at baseline were
(multicenter), P:n = 50); 2.5 mg/day in children - Percentage change -2.130 and -2.120 in the treatment and placebo groups, respectively.
Sheffield multiple types; weighing 10-30 kg and from baseline in After 1 year of treatment the mean changes in aBMD z-score were
Children’s 1:8.9+3.4, 5 mg/day in children lumbar spine aBMD at 0.427 (95% CI 0.321-0.533) and -0.008 (95% CI -0.149 to 0.134) in the
Hospital P: 8.6+3.1 years >30kg the 1 year endpoint treatment and placebo groups, respectively (p < 0.001). A significantly
(Sheffield, UK) P: placebo tablets Secondary: greater increase in lumbar spine aBMD was seen with oral risedronate

After 1 year, all children
received risedronate for
2 additional years in an
open-label extension,
dosed in accordance
with their weight at the
end of year 1

All patients received
daily calcium (500-
1,000 mg) and vitamin D
(200-600 IU)
appropriate for their
weight

- Percentage change
from baseline in total
body aBMD

- Change in z-score for
the lumbar spine and
total body areal BMD

- Incidence and rate of
new vertebral collapses

- Incidence and rate of
clinical vertebral and
nonvertebral fractures

- Percentage change
from baseline in bone
turnover markers

- Safety (adverse events,
laboratory data, vital
signs, findings of
physical examinations)

(+16.3%; 95% CI 14.4-18.2) compared to placebo (+7.6%; 95% CI
5.1-10.1) after 1 year (p < 0.001) of treatment (difference 8.7%; 95% CI
5.7-11.7; p < 0.0001). Furthermore, a significantly greater increase in
total aBMD z-score was observed after 1 year of oral risedronate
treatment compared to placebo [least-squares mean 0.257 (95% CI
0.117-0.397) and 0.004 (95% CI -0.194 to 0.201), respectively, least-
squares mean difference 0.254 (95% CI 0.024-0.483); p = 0.031].
Fracture incidence: a 47% reduction in the relative fracture risk after 1
year of BP therapy with oral risedronate (HR 0.53; p = 0.034) was
observed. The total number of nonvertebral fractures was significantly
lower in the risedronate group (29 of 94 patients) compared to the
placebo group (24 of 49 patients; p = 0.045).

Adverse events: adverse event profiles were otherwise similar between
the 2 groups after 1 year of treatment or placebo. Nevertheless, >90% of
the patients in each group experienced an adverse event (e.g. headache,
pain in the arms or legs, and vomiting).

uNTX: in both the risedronate group and the placebo group, a
significant decrease in uNTX after 1 year of treatment/placebo
compared to baseline values was observed. A significantly greater
decrease in uNTx/uCr ratios after 1 year of BP therapy with oral
risedronate was observed compared to placebo (p < 0.001).

OS = Observational study; I = intervention; P = placebo; C = control; SGPT = serum glutamic-pyruvic transaminase; PTH = parathyroid hormone; CTX = carboxy-telopeptide
cross-links of type 1 collagen; ALP = alkaline phosphatase; BMD = bone mineral density; NA = not applicable. * Presented as numbers. ® Presented in years as means + SD.

Table 2. Methodological quality (risk of bias)

Study Al B2 C3 C4 C5 D6 D7 E8 E9 E10 E1l1 Total
Bishop et al. [32] + + + + + + + - + - + 9
Sakkers et al. [17] + + + - + + + - + - + 8
Seikaly et al. [20] + + + + + - - - + - + 7
Rauch et al. [33] - - + - - + + - + + + 6
Ward et al. [34] - - + - + - - _ + + + 5
Letocha et al. [19] + + - - - + + - - - + 5
Gatti et al. [31] - - - - - + + + _ + + 5
Antoniazzi et al. [21] - - - - - + . + - + + 4
Rauch et al. [22] - - - - - + - _ + _ _ 2
Li et al. [35] - - - - - + - — _ _ _ 1

A1l = Adequate method of randomization; B2 = concealed allocation of treatment; C3 = patient was blinded; C4 = care provider was
blinded; C5 = outcome assessor was blinded; D6 = drop-out was described and acceptable; D7 = participants were analyzed in allocated
groups; E8 = groups were similar at baseline; E9 = cointerventions were avoided or similar; E10 = compliance was acceptable in all groups;
E11 = timing of outcome assessment was similar in all groups.

Methodological Quality (Risk of Bias)

The Cochrane scores for risk of bias are listed in ta-
ble 2. Interrater agreement was good (k = 0.75). Four
studies (40%) scored 26 out of 11 points and were identi-
fied as having a low risk of bias [17, 20, 32, 33], whereas
the other 6 studies were identified as having a high risk of

BPs in Children with OI

bias [19, 21, 22, 31, 34, 35]. The included studies regard-
ing intravenous pamidronate [19, 22], intravenous ner-
idronate [21, 31], oral alendronate [34], and intravenous
ibandronate [35] showed the lowest methodological qual-

ity (scores <5 point on the Cochrane scores for risk of
bias).
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Areal Bone Mineral Density

Nine studies [17, 19, 20, 22, 31-35] measured aBMD,
and 8 of these [17, 19, 20, 31-35] indicated a significant
increase in bone mineral density compared to placebo as
aresult of BP treatment. One study [22] also found a sig-
nificant change; however, it evaluated the effects of dis-
continuation of BP treatment (see Pamidronate). The in-
cluded studies assessed aBMD as lumbar spine aBMD,
hip aBMD, and/or total body aBMD.

Lumbar Spine aBMD

Risedronate: The studies of both Bishop et al. [32] and
Rauch et al. [33] showed a significantly greater increase
in lumbar spine aBMD with oral risedronate (+16.3 and
+23.8 £ 15.4%, respectively; 95% CI 14.4-18.2) compared
to placebo (+7.6 and +6.8 + 10.6%, respectively; 95% CI
5.1-10.1) after 1 year of treatment (p < 0.001) in the study
of Bishop et al. [32] and after 2 years of treatment (p =
0.003) in the study of Rauch et al. [33]. In the study of
Bishop et al. [32], the aBMD z-scores of lumbar spine
aBMD at baseline were -2.130 and -2.120 in the treat-
ment and placebo groups, respectively. After 1 year of
treatment, the mean changes in aBMD z-score were 0.427
(95% CI0.321-0.533) and —0.008 (95% CI -0.149 -0.134)
in the treatment and placebo groups, respectively (p <
0.001). In the study of Rauch et al. [33], the z-scores of
lumbar spine aBMD at baseline were -2.97 + 0.97 and
-2.66 + 0.86 in the treatment and placebo groups, respec-
tively. After 2 years of treatment, the z-scores of lumbar
spine aBMD increased significantly, more with risedro-
nate (+0.65 £ 0.65) compared to placebo (-0.15 £ 0.39)
(p = 0.002).

Alendronate: A significant increase (p <0.001) in lum-
bar spine aBMD with oral alendronate treatment (mean
change in z-score of +0.89 + 0.19 and +1.32, respectively;
95% CI 1.08-1.56) compared to placebo (mean change in
z-score of —-0.12 + 0.14 and +0.14, respectively; 95% CI
-0.21-0.48) was reported by Seikaly et al. [20] after 1 year
of treatment and by Ward et al. [34] after 2 years of treat-
ment. In the latter study, the z-scores changed after 2
years of treatment from -4.6 to -3.3 in the alendronate
group and from -4.6 to —4.5 in the placebo group [34].
The change in the alendronate group was significant (p <
0.001), whereas the change in the placebo group was not
significant.

Olpadronate: Sakkers et al. [17] measured a signifi-
cantly greater increase in lumbar spine aBMD with oral
olpadronate compared to placebo. At baseline, the lum-
bar spine aBMD was 0.31 + 0.16 g/cm? in the olpadronate
group and 0.32 + 0.14 g/cm? in the placebo group. After

34 Horm Res Paediatr 2015;84:26-42
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2 years of treatment, the adjusted annual difference in
lumbar spine aBMD was 0.054 g/cm? (95% CI 0.012-
0.096; p = 0.010). Spinal z-scores increased from -4.98 to
-3.31 in the olpadronate group and from -4.84 to —-4.70
in the placebo group after 2 years of treatment. The ad-
justed group difference in lumbar spine aBMD was 0.74
(95% CI0.29-1.19; p = 0.002).

Neridronate: Gatti et al. [31] measured a significantly
greater increase in lumbar spine aBMD with intravenous
neridronate (+18%) than with placebo (+3.5%) after 1
year of treatment (p < 0.001). In the control group, which
also received neridronate after 1 year, spine z-scores did
not change during the subsequent year of treatment,
whereas in the neridronate group z-scores increased sig-
nificantly (from -3.39 to -2.01) over 3 years (p < 0.001).
Furthermore, in both groups treatment was associated
with spine bone mineral density changes of 30, 20, and
15% during the first, second, and third year, respectively.

Pamidronate: Two studies [19, 22] evaluated the ef-
fects of treatment with pamidronate on lumbar aBMD.
Letochaetal. [19] noted that lumbar spine aBMD z-scores
increased significantly more (p < 0.001) with intravenous
pamidronate (from -5.44 + 1.46 to —-4.04 + 1.48; p <0.001)
than with placebo (from -5.74 + 0.78 to -5.77 £ 0.90; p =
0.880) after 1 year of treatment. However, z-scores did
not further increase during the second year of treatment
in the pamidronate group (p < 0.001). Furthermore, a
study by Rauch et al. [22] found that the change in lumbar
spine aBMD (in g/cm?) after 2 years in the group that
continued intravenous pamidronate treatment was not
different from the change in lumbar spine aBMD (in g/
cm?) in the group that discontinued treatment (mean
change +0.05 + 0.07 and +0.01 + 0.03 g/cm?, respectively;
p = 0.070). However, the change in lumbar spine aBMD
z-score was significantly different between the groups
(mean change +0.2 + 0.7 and -0.4 + 0.4 in the group that
continued therapy and the group that discontinued ther-
apy, respectively; p = 0.010).

Ibandronate: Only the study of Li et al. [35] evaluated
the effect of ibandronate on lumbar spine aBMD. The re-
sults indicated significant increases of 59.0% in the intra-
venous ibandronate group (p < 0.010) and 24.6% in the
control group (p < 0.050) after 2 years of treatment. The
change in lumbar spine aBMD during the intervention
period was significantly lower in the control group com-
pared to the intervention group (p < 0.050).

Hip aBMD
Aside from lumbar spine aBMD, 3 studies [31, 33, 35]
also measured hip aBMD, and 2 of these studies [31, 35]
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indicated a significant increase in hip aBMD as a result of
neridronate and ibandronate treatment.

Neridronate: Gatti et al. [31] measured a significantly
greater increase in hip aBMD in the intravenous neridro-
nate group than in the placebo group after 1 year of treat-
ment (+25 and +5.7%, respectively; p < 0.001). In the sec-
ond and third study years, the control group was also
treated with neridronate. In both groups this active treat-
ment caused changes in hip aBMD of 15% during the sec-
ond year of treatment and 8% throughout the third year
of treatment.

Ibandronate: In the study of Li et al. [35], hip aBMD
significantly increased by 36.6% after 2 years of treatment
with intravenous ibandronate (p < 0.001) and by 26.9%
with calcitriol (p < 0.050). Hip aBMD increased signifi-
cantly more with ibandronate during the 2-year treat-
ment period (p < 0.050).

Risedronate: The study of Rauch et al. [33] indicated
no significant change in hip aBMD after 2 years of treat-
ment with oral risedronate compared to placebo (mean
change 12.4+10.8and 6.5 + 5.9%, respectively; p=0.110).

Total Body aBMD

Risedronate: The studies of Bishop et al. [32] and
Rauch et al. [33] also measured total body aBMD. Bishop
etal. [32] demonstrated a significantly greater increase in
total aBMD z-score after 1 year of oral risedronate treat-
ment compared to placebo [least-squares mean 0.257
(95% CI10.117-0.397) and 0.004 (-0.194 to 0.201), respec-
tively, and least-squares mean difference 0.254 (95% CI
0.024-0.483); p = 0.031]. However, the study of Rauch et
al. [33] did not find a significantly greater increase in total
body aBMD with oral risedronate compared to placebo
after 2 years of treatment (change 10.7 + 7.1 and 6.5 +
4.6%, respectively; p = 0.090).

Fracture Incidence

Allincluded studies [17, 19-22, 31-35] assessed the ef-
fects of BPs on fracture incidence, and 6 of these studies
(17,19, 21,31, 32, 35] indicated a significant reduction in
relative fracture risk or annual fracture rate as a result of
BP therapy. One study [20] reported a significant reduc-
tion in fracture incidence; however, it did not indicate a
hazard ratio (HR) or p value. Three studies [22, 33, 34]
reported a nonsignificant relative risk of fractures or a dif-
ference in the number of fractures. Only one study mea-
suring vertebral fractures separately from nonvertebral
fractures revealed differentiation between the two types
of fractures [32]. That study reported a nonoccurrence of
vertebral fractures in the risedronate group and the pla-

BPs in Children with OI

cebo group [32]. Regarding nonvertebral fractures, most
of the included studies reported only long-bone fractures
(17, 19, 21, 22, 33, 34], except for 3 studies [31, 32, 35]
which also reported fractures in the ribs, scapula, and
clavicle. One study [20] reported no specification of the
type of fractures measured.

Significant Reduction

Risedronate: Bishop et al. [32] reported a 47% reduc-
tion in relative fracture risk after 1 year of BP therapy with
oral risedronate (HR 0.53; p = 0.034). The total number
of nonvertebral fractures was significantly lower in the
risedronate group (29 in 94 patients) compared to the pla-
cebo group (24 in 49 patients) (p = 0.045). The total num-
ber of nonvertebral long-bone fractures was 18 in the rise-
dronate group (n = 94) and 17 in the placebo group (n =
49, no p value reported).

Olpadronate: Sakkers et al. [17] reported a significant
reduction of 31% in relative fracture risk after 2 years of
treatment with oral olpadronate (HR 0.69; p=0.010). The
total number of fractures was 18 in 16 patients in the ol-
padronate group and 50 in 18 patients in the placebo
group (p value not mentioned).

Neridronate: Gatti et al. [31] reported a significantly
lower total number of fractures in the intravenous ner-
idronate group (13 in 42 patients) compared to the pla-
cebo group (18 in 22 patients). The corresponding rela-
tive risk was 0.36 (p < 0.050). Antoniazzi et al. [21] per-
formed a study in infants with OI in which group A
started treatment just after diagnosis at birth for 18
months, group B started treatment after 6 months for 12
months, and group C was the control group. They noted
a significantly lower annual fracture rate in group A com-
pared to groups B and C during the first 6 months of in-
travenous neridronate (2.4 vs. 6.0 and 6.8 fractures/year;
p <0.050). During the second 6 months, both intravenous
neridronate groups (A and B) had a significantly lower
annual fracture rate compared to the control group C (2.0
and 2.8 vs. 5.4 fractures/year; p < 0.05).

Pamidronate: Letocha et al. [19] showed a significant-
ly decreased fracture rate in the upper extremities (p =
0.040) but not in the lower extremities (p = 0.090) after 1
year of intravenous pamidronate treatment. After 2 years
of treatment, the fracture rate did not decrease further in
the upper extremities (p = 0.840) or the lower extremities
(p = 0.290).

Ibandronate: In the study of Li et al. [35], the annual
new fracture rate was significantly reduced (from 1.9 to
0.13; p < 0.001) in the intravenous ibandronate group af-
ter 2 years of BP therapy and it was significantly lower
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than in the control (calcitriol) group (p < 0.001), which
indicated a slight tendency towards a decrease (from 1.8
to 1.0; p > 0.050).

Implied Significant Reduction (No p Value or HR

Mentioned)

Alendronate: Seikaly et al. [20] reported 3 fractures in
the oral alendronate group (n = 10) and 9 fractures in the
placebo group (n = 10) during 1 year of BP treatment.

Nonsignificant Differences

Risedronate: Rauch et al. [33] did not find any signifi-
cant differences in the number of fractures during 2 years
of BP therapy with risedronate. Seven patients in the rise-
dronate group and 6 patients in the placebo group sus-
tained at least 1 fracture; a total of 11 fractures occurred
in both groups during the study interval.

Pamidronate: Rauch et al. [22] reported 13 fractures in
the group that discontinued intravenous pamidronate
(n =12) and 6 in the group that continued pamidronate
treatment (n = 12) for 2 years (p = 0.480).

Alendronate: Ward et al. [34] reported a relative risk of
having >1 new long-bone fracture of 1.04 (95% CI 0.81-
1.34) in the oral alendronate group. The number of pa-
tients with >1 long-bone fracture was 71 (75%) in the
alendronate group (n = 95) and 21 (72%) in the placebo
group (n = 29).

Adverse Events

All included studies [17, 19-22, 31-35] described ad-
verse events as an outcome measure, and 9 of these stud-
ies [19-22, 31-35] reported actual adverse events and 1
study [17] reported no adverse events after BP treatment.

Risedronate: Bishop et al. [32] reported no differenc-
es in adverse events after 1 year of treatment with oral
risedronate compared to placebo. Nevertheless, >90% of
the patients in each group experienced an adverse event
(e.g. headaches, pain in the arms or legs, and vomiting).
Rauch et al. [33] reported that all patients had at least 1
adverse event after 2 years of BP therapy with oral rise-
dronate. The number of patients with gastrointestinal
complaints did not differ statistically between groups
(p = 0.420).

Alendronate: Seikaly et al. [20] reported that 2 children
(12%) had abdominal discomfort after oral alendronate,
which was immediately relieved after instructions for ad-
ministration were followed. Ward et al. [34] noted that
gastrointestinal complaints were the most reported ad-
verse events, but the occurrence was not significantly dif-
ferent between the oral alendronate and placebo groups
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(p = 0.836). Only abdominal pain and vomiting were at-
tributed to alendronate.

Neridronate: Gatti et al. [31] noted that 10 patients
(24%) had an acute-phase reaction (flu-like symptoms)
after the first intravenous neridronate infusion. After the
second infusion an attenuated response was noted by all
of them. Antoniazzi et al. [21] also noted an acute-phase
reaction with short-term fever in 9 patients (90%) after
the first intravenous neridronate infusion cycle.

Pamidronate: Letocha et al. [19] reported that all pa-
tients experienced acute-phase reactions after the first in-
travenous pamidronate infusion. Rauch et al. [22] noted
that 2 patients who stopped intravenous pamidronate
treatment began to feel unwell and lacked stamina, and
therefore treatment was resumed 15 and 16 months after
cessation. Two weeks later these symptoms disappeared.

Ibandronate: Li et al. [35] did not report any serious
adverse events in either the treatment or the control (cal-
citriol) group. However, in 65% of the patients fever with
muscle soreness occurred after the first intravenous iban-
dronate infusion. After subsequent infusions these symp-
toms did not recur.

Olpadronate: In contrast to all of the above-mentioned
studies, one study [17] did not report any acute-phase re-
actions or adverse events after oral olpadronate use.

(Bone) Pain

Five studies [19-21, 33, 34] measured (bone) pain, and
2 of these studies [20, 34] indicated significant improve-
ment in scores of pain as a result of BP treatment.

Alendronate: Ward et al. [34] found significantly fewer
patients with bone pain in the oral alendronate group at
24 months compared to baseline (p < 0.001); however,
compared to controls, the difference in the percentage of
patients with bone pain at 24 months was not significant
(p = 0.065). Furthermore, no significant difference was
observed in the number of days per week during which
patients suffered from bone pain (p = 0.167). Seikaly et al.
[20] showed a significant decrease (p < 0.001) in pain
score (in days/week) after oral alendronate treatment
(mean change -3.13 + 0.63) compared to placebo (mean
change 0.50 + 0.47) after 1 year of treatment.

Neridronate: Antoniazzi et al. [21] merely described
that signs of bone pain tended to disappear in the intra-
venous neridronate groups; however, no comparisons
were made with the control groups.

Nonsignificant Differences
Two studies [19, 33] indicated no significant change in
(bone) pain as a result of oral risedronate [33] or intrave-
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nous pamidronate [19] treatment, respectively. In the
study of Letocha et al. [19], pain scores changed from 3.75
+0.71 to 3.44 + 0.82 (p = 0.300) and from 3.94 + 0.18 to
3.55 £ 0.73 (p = 0.170), respectively, in the pamidronate
and control groups after 1 year of treatment. In the study
of Rauch et al. [33], 2 patients in the risedronate group
and 8 patients in the control group experienced bone pain
at baseline, and after 2 years of treatment 4 patients in
each group suffered from bone pain.

Urinary Markers of Bone Resorption

Seven of the included studies [17, 20-22, 32-34] mea-
sured urinary markers of bone resorption, and 5 of these
studies [20-22, 32, 34] reported a significant decrease in
levels of the bone resorption marker urinary cross-linked
N-telopeptide of type I collagen (uNTx) or in uNTx di-
vided by urinary creatinine (uNTx/uCr) after BP treat-
ment. Furthermore, 4 of these 5 studies [20, 21, 32, 34]
found a significant decrease in uNTx/uCr compared to
the control group.

Significant Decreases

Risedronate: Bishop et al. [32] reported a significantly
larger decrease in uNTx/uCr ratios after 1 year of BP ther-
apy with oral risedronate compared to placebo (p <0.001).

Alendronate: Ward et al. [34] reported that uNTx lev-
els decreased significantly (p < 0.001) more in the oral
alendronate group than in the control group after 24
months [mean change -62.2% (95% CI -67.4 to -56.1)
and -32.0% (95% CI -46.7 to —13.3), respectively]. In the
alendronate group, uNTX decreased from 131 to 63% of
the healthy average, and in the control group uNTX de-
creased from 128 to 112% (95% CI for the difference in
change -87 to —-15; p = 0.006). Seikaly et al. [20] reported
a significant (p < 0.010) decrease in uNTx/uCr ratios of
56% in the treatment group after 1 year of oral alendro-
nate (541 + 64 to 244 + 60 pmol/pmol Cr). The control
group showed no significant effects on uNTx/uCr ratios
after 12 months of placebo.

Neridronate: Antoniazzi et al. [21] reported a signifi-
cant decline over time in uNTX/uCr ratios, and uNTx/
uCr ratios were significantly lower after 12 [group A,
1,200 + 388 nmol bone collagen equivalents (BCE)/
mmol] and 6 months (group B, 1,380 + 355 nmol BCE/
mmol) of intravenous neridronate therapy compared to
untreated patients (group C, 1870 *+ 340 nmol BCE/
mmol; group A and B vs. group C; p < 0.050).

Pamidronate: Rauch et al. [22] reported that uNTx/
uCr ratios changed significantly after discontinuation or
continuation of pamidronate therapy for 2 years, both in
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absolute value (nmol/mmol) and in the percentage of age
and sex-specific reference means; p = 0.020 and p = 0.008,
respectively. Two years after discontinuation of intrave-
nous pamidronate, uNTx/uCr ratios increased (+36 + 87
nmol/mmol, +22 + 28%), and 2 years after continuation
of intravenous pamidronate, uNTX/uCr ratios decreased
(-0.54 + 86 nmol/mmol, -12 + 30%).

Nonsignificant Differences

Risedronate: Rauch et al. [33] reported no significant
difference in uNTx/uCr ratios (change -27.7 + 33.6 and
-10.7 +43.7%, respectively; p = 0.280) after 2 years of oral
risedronate compared to placebo, but in serum NTx a sig-
nificant decrease was reported (change -34.6 + 22.2 and
-6.2 + 39.0%, respectively; p = 0.030).

Olpadronate: Sakkers et al. [17] found no significant
differences within or between groups in urinary C-telo-
peptides/creatinine and D-deoxypyridinolines/creati-
nine [difference -114.5 (95% CI -281.2 to 52.3) and —-1.98
(95% CI -6.56 to 2.60); p = 0.190 and p = 0.400, respec-
tively] after 2 years of oral olpadronate or placebo.

Projection Area

Six studies [19, 21, 22, 31, 33, 34] measured the lumbar
spine projection area, and 3 of these studies [19, 21, 31]
indicated a significant increase as a result of intravenous
BP treatment. The projection area of L1-L4 was deter-
mined by dual-energy X-ray absorptiometry (DXA), un-
less otherwise stated.

Significant Increase

Neridronate: Gatti et al. [31] showed a significantly
higher (p < 0.050) mean percent increase in the projected
area of the lumbar spine in the intravenous neridronate
group after 1 year (6.68 + 8.1%; p < 0.010 vs. baseline)
compared to the control group (1.97 + 3.3%; p < 0.05 vs.
baseline). Antoniazzi et al. [21] reported an increase in
the radiographically determined vertebral projected area
in all treated patients. After 6 months the change in pro-
jected area in treatment group A was significantly greater
compared to group B (no treatment in the first 6 months)
and the control group C (4.0+0.8,3.2+0.7,and 3.1 £ 0.8
cm?, respectively; both p < 0.050). After 12 (5.1 + 1.0, 4.5
+0.9,and 3.8 £ 0.9 cm?, respectively) and 18 months (5.8
+1.1,5.2 £+ 1.2, and 4.3 + 1.0 cm?, respectively), the dif-
ferences between groups A and C were still significant
(p < 0.050).

Pamidronate: Letocha et al. [19] showed a significant
change in the radiologically defined summed L1-L4 ver-
tebral area after 1 year of pamidronate (1.35+ 0.95to 1.74
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+0.99 cm?; p = 0.006). After the second year (extended
treatment period, 6-21 months), the vertebral area still
increased, but this increase was not significant (1.76 +
0.59 cm? p = 0.110). Compared to placebo, the summed
L1-L4 vertebral area increased significantly more after 1
year of pamidronate (p = 0.005). Because vertebrae T12,
L1, and L2 were most likely to experience compressions
from weight bearing, these were also examined. The L2
vertebral area increased significantly more in the treat-
ment group compared to placebo (p = 0.020). In the sec-
ond year of treatment (extended treatment period), the
L2 vertebral area did not increase further (p = 0.340). The
T12-L2 vertebral area of the pamidronate group also in-
creased significantly more after 1 year of pamidronate
compared to placebo (p =0.050), but during the extended
treatment period the T12-L2 vertebral area did not in-
crease significantly (p = 0.250). The vertebral area of T12
and L1 showed no significant difference in the rate of in-
crease between groups during the first year (p =0.130 and
p = 0.710, respectively).

Nonsignificant Differences

Three studies [22, 33, 34] did not measure a significant
increase in lumbar spine projection area after BP treat-
ment compared to a placebo group, a matched OI type [,
I1I, and IV group, or a group that discontinued pamidro-
nate treatment.

Pamidronate: Rauch et al. [22] did not measure a sig-
nificantly different increase in lumbar spine area between
the group that discontinued pamidronate treatment and
a group that continued it after 2 years (mean change + SD:
2.2 +2.9and 2.9 + 5.8 cm?, respectively; p = 0.720).

Alendronate: Ward et al. [34] did not find a signifi-
cantly different increase in lumbar spine area in the oral
alendronate group compared to placebo after 2 years
[mean change 14.2% (95% CI 10.4-18.0) and 12.2% (95%
CI 6.7-17.6), respectively; p = 0.493].

Risedronate: Rauch et al. [33] did not measure a sig-
nificantly different increase in lumbar spine area in the
oral risedronate group compared to placebo after 2 years
(mean change + SD: 16.4 + 13.8 and 10.2 + 11.6%, respec-
tively; p = 0.230).

Discussion

The results of the current review show that children
with OI benefit from BP treatment in several clinical, bio-
chemical, and radiological outcomes. Moreover, (short-
term) therapy seems to be safe and well tolerated. All
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studies assessing lumbar spine aBMD independently
showed significantly greater increases in lumbar spine
aBMD (z-) scores in the BP treatment group (either oral
or intravenous) compared to placebo or no treatment.
These results are in line with findings from uncontrolled
or retrospective studies [36-38]. Furthermore, most stud-
ies displayed the largest increase in aBMD during the first
year of treatment [19, 22, 31, 33, 35]. During prolonged
treatment the sustained increase in aBMD is less than
during the first year of treatment. Two out of 3 studies
assessing hip aBMD showed a significant increase after
intravenous BP treatment [31, 35]. The third study [33]
showed an increase, though not significant, in hip aBMD
after oral BP treatment. Merely 2 studies [32, 33] assessed
total body aBMD after oral risedronate treatment and
both showed an increase in total body aBMD. However,
only 1 study reported a statistically significant increase
[32]. The difference in sample size between these 2 studies
(n = 147 vs. n = 26) might explain these different statisti-
cal findings.

Most studies (70%) indicated a significant [17, 19, 21,
31, 32, 35] or an implied significant [20] reduced fracture
incidence after intravenous or oral BP treatment. None of
the trials reported increased fractures with BP treatment.
These results are generally in line with the review of Dwan
et al. [39], although they included adult studies and non-
controlled studies as well. Though promising, the reduc-
tionin fracture incidence as a result of BP treatment is still
not fully understood [40]. Several starting points/hypoth-
eses can be formulated. BPs can increase the number (not
the thickness) of trabeculae and the thickness of cortical
bone, and BPs can improve long-bone geometry [41]. An
increase in bone mineral density is related to a decrease
in fracture risk, as each single SD reduction in total body
aBMD approximately doubles the risk of new fractures at
any site [42]. Furthermore, Clark et al. reported that the
fracture risk in childhood was related to the estimated
volumetric bone mineral density of the humerus and the
size-adjusted total body bone mineral content [43]. On
the other hand, in healthy children, total body aBMD
largely reflects cortical bone and therefore it can be as-
sumed that the relationship between a reduction in the
fracture risk and total body aBMD is an increase in the
external diameter of long bones. In contrast to healthy
children, long bones in children with OI are typically nar-
row and, in addition, BPs reduce endosteal resorption but
do not increase periosteal growth, emphasizing that an
increase in total body aBMD in children with OI will not
inevitably decrease the fracture risk. Two [33, 34] of the 3
studies [22, 33, 34] that did not show a significant reduc-
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tion in fracture incidence administered BPs orally. How-
ever, no consensus could be reached regarding the pre-
ferred administration method as the 3 studies with the
highest methodological quality using oral BP treatment
[17, 20, 33] did show significant reductions. Although
most studies indicate a significant decrease in fracture in-
cidence after BP treatment, several confounding factors
(such as natural changes in fracture incidence with age,
adaptations of hormonal blood levels, and changes in
physical activity behavior) should be taken into account
during childhood. In addition, fracture incidence was re-
ported in several ways. It would have been useful if abso-
lute numbers of fractures per patient, as well as the num-
ber of patients that suffered a fracture and perhaps even
the time to fracture, had been reported in every study,
facilitating comparison of the results in the future. More-
over, assessment of and clear differentiation between ver-
tebral and fractures of extremities should be made in fu-
ture studies.

Only a few, mostly mild and reversible, short-term ad-
verse effects have been reported as a direct result of BP
treatment. These findings are like those in the review of
Castillo et al. [1], though differences in adverse effects can
be distinguished between oral and intravenous BP treat-
ment. All studies using intravenous treatment reported
the predominant occurrence of acute reactions (flu-like
symptoms) only after the first infusion cycle [19, 21, 31,
35]; however, no adverse events recurred during subse-
quent infusions [31, 35]. Acute-phase reactions may be
due to upstream accumulation of isopentyl pyrophos-
phate acting on y8-T cells to initiate cytokine release [44].
The latter can be controlled with simple analgesics. Al-
though earlier studies have also indicated hypocalcemia
as a side effect [23-28], the studies in the current review
mentioning hypocalcemia depicted no symptoms related
to hypocalcemia and no low serum calcium levels were
found [20, 31]. In these studies, hypocalcemia was likely
prevented by supplementary administration of vitamin D
and/or calcium [20, 31], indicating its clinical value. In
studies using oral BP treatment, most patients reported
predominantly gastrointestinal or abdominal complaints,
headache, vomiting, and pain in the arms or legs as ad-
verse events [32-34]. However, the number of patients
with an adverse event did not differ between the BP and
control groups. Furthermore, one study [17] showed no
adverse events at all after oral BP treatment.

More than half (60%) of the included studies assessing
(bone) pain [20, 21, 34] measured a decrease in pain as a
result of oral or intravenous BPs. Similar results have also
been seen in several uncontrolled trials reporting a reduc-
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tion in (bone) pain [45-48]. However, our results in chil-
dren deviated from the review of Dwan et al. [39] in which
a reduction in bone pain was found in merely 1 out of 6
studies; however, they included adult studies and studies
comparing different doses of BP without control groups
[39]. Two included studies in our review did not measure
a significant reduction in (bone) pain; however, the pa-
tients in these studies already reported a low pain score at
baseline [19, 33]. The perception and level of pain are
subjective and difficult to compare between patients and
studies. Although pain is even more difficult to rate ob-
jectively in children, this outcome measure is of great
clinical relevance as pain complaints are frequently indi-
cated at the end of a treatment cycle or just before a new
administration of BPs.

As expected, most studies regarding urinary markers
of bone resorption observed a decrease in the uNTx/uCr
ratio during oral or intravenous BP treatment, as osteo-
clasts initiate bone resorption and BPs inhibit osteoclast
activity [11]. However, 2 studies [17, 33] did not show a
significant decrease in resorptive markers during oral
treatment despite (significant) bone remodeling. In one
study [17] not NTx but urine C-telopeptide and deoxy-
piridinoline were assessed. Furthermore, the low bio-
availability of the administrated oral BPs (0.65% for rise-
dronate [49] and 3-4% for olpadronate [50]) might ex-
plain in part these nonsignificant changes in resorptive
markers. Although higher doses of oral BPs could lead to
a stronger bone metabolism effect [33], wide variations
between the different types of BPs regarding the biologi-
cal activity on bone tissue should be taken into consider-
ation in the interpretation of resorptive markers. Further-
more, resorptive markers merely indicate a change in
bone homeostasis and are not reliable indicators of acute
change [39].

There are contradictory findings regarding the lumbar
projection area, as only half of the studies showed a sig-
nificant increase in lumbar projection area [19, 21, 31] as
a result of (intravenous) BP treatment. However, this lat-
ter is in accordance with several retrospective and uncon-
trolled studies [25, 28, 38, 45]. Remarkably, studies ad-
ministrating BPs orally did not report significant changes
compared to controls, whereas studies administering BPs
intravenously did. Bone area is related to bone size, which
may be important for bone strength if adjusted for body
size, as bone size depends on longitudinal growth. In the
study of Gatti et al. [31], bone area as well as height in-
creased more in the treatment group than in the control
group. However, BP treatment was not conclusively
shown to impact vertical growth [39]. Vertebral height
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and the concavity index are considered better indicators
of vertebral fractures compared to the projection area. Al-
though, the studies in the current review did not report
on the concavity index, retrospective studies of Land et al.
[38, 51] only found a significant increase in the treatment
(intravenous pamidronate) groups. However, no signifi-
cant differences were found between the treatment group
(OI type VI) and the control group (including patients
with type I, II, and IV) [51], and instead of a longitudinal
comparison with the controls, a cross-sectional analysis
was performed with historical matched patients (not re-
ceiving pamidronate treatment) [38].

All included studies showed comparable mean ages at
baseline (ranging from 7.9 to 11.9 years), except for the
study of Antoniazzi et al. [21], which described infants
with a mean age of 33 days. Although the latter study in-
cluded infants, similar effects of BP treatment were found
compared to the other included studies. Furthermore, all
studies included multiple types of OI (mainly I, III, and
IV) in their cohorts, except for the studies of Rauch et al.
[33] and Antoniazzi et al. [21], who described, respec-
tively, type I and III as the single investigated type of OI.
Strikingly, the study of Rauch et al. [33] did not find sig-
nificant changes in fracture rates, bone pain, uNTx/uCr
ratios, or projection area. Both studies indicated the plau-
sibility that distinct OI types might differently respond to
BP therapy. Although clinically different types of OI
should be separately investigated to observe the effects of
BPs, it is unethical to conduct placebo-controlled studies
in severe types of OI (e.g. type III), which respond well to
current BP treatment as indicated by Antoniazzi et al.
[21].

A few limitations of this review need to be mentioned.
Sixty percent of the included studies had poor method-
ological quality, which generates several types of biases
(table 2). Strikingly, all studies with a low risk of bias used
oral BPs and all studies with a high risk of bias used intra-
venous BPs. Moreover, different follow-up periods make
comparisons between studies difficult and, in addition to
this, assessing bone health in children who are of different
heights, have different growth rates, and are in different
stages of puberty, is difficult too. In one study [31], tex-
tual data of aBMD seemed different compared to data
depicted in figures. However, both revealed greater in-
creases in favor of the treatment group. These factors
might have biased the general conclusions in this review,
albeit not significantly, and therefore the results should
be interpreted with some caution.

The results of the current review show that most chil-
dren with OI benefit from BP treatment and (short-term)
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treatment seems to be safe and well tolerated. However,
when interpreting outcome measures in children, various
confounding factors should be taken into account, such
as the individual/natural course of bone development and
fracture incidence with age and the individual and pos-
sible changing bioavailability and biological activity of
BPs on bone tissue during childhood. Although the in-
cluded studies indicate that treatment is beneficial over
several years (with the most benefits occurring during the
first year of treatment), the optimal duration of BP treat-
ment is still unknown and cannot be concluded upon
from this review. Cyclical intravenous pamidronate is
one of the oldest and most widely used type of nitroge-
nous BP in children with moderate to severe OL; however,
merely 2 studies regarding intravenous pamidronate [19,
22] met the inclusion criteria and also displayed the low-
est methodological quality, next to intravenous neridro-
nate [21, 31] and intravenous ibandronate [35]. Based on
the current review it is not feasible to answer the question
of whether oral or intravenous administration of BPs is
more beneficial or preferred in children, although oral BP
treatment is contraindicated in very young children due
to the risk of reflux-induced esophageal damage. There-
fore, future longitudinal research with adequately pow-
ered RCTs (placebo controlled) is needed. The latter
should further address the safety and efficacy of all clini-
cally applied nitrogenous BPs (also including zoledro-
nate) in order to substantiate or revise the current find-
ings. Furthermore, these studies should also differentiate
between clinical subgroups and focus on the optimal du-
ration, bioavailability, biological activity, type, and dose
of BP treatment, as well as potential long-term adverse
effects of BP treatment in children with OI.

Appendix 1

Search String for PubMed

(‘Osteogenesis Imperfecta’ [All Fields] OR ‘Osteogenesis Im-
perfecta’ [MeSH Terms] OR ‘Brittle Bone Disease’ [All Fields] OR
‘Lobstein Disease’ [All Fields] OR ‘Fragilitas Ossium’ [All Fields])
AND (‘diphosphonates’ [MeSH Terms] OR (‘diphosphonates’
[MeSH Terms] OR ‘diphosphonates’ [All Fields]) OR ‘alendro-
nate’ [MeSH Terms] OR ‘Clodronic acid’ [MeSH Terms] OR ‘Eti-
dronic acid’ [MeSH Terms] OR (‘diphosphonates’ [MeSH Terms]
OR ‘diphosphonates’ [All Fields] OR ‘bisphosphonate’ [All
Fields]) OR (‘etidronic acid’ [MeSH Terms] OR (‘etidronic’ [All
Fields] AND ‘acid’[All Fields]) OR ‘etidronic acid’ [All Fields] OR
‘etidronate’ [All Fields]) OR ‘Etidronic acid’ [All Fields] OR (‘clo-
dronic acid’ [MeSH Terms] OR (‘clodronic’ [All Fields] AND
‘acid’ [All Fields]) OR ‘clodronic acid’ [All Fields] OR ‘clodronate’
[All Fields]) OR ‘Clodronic acid’ [All Fields] OR (‘tiludronic acid’
[Supplementary Concept] OR ‘tiludronic acid’ [All Fields] OR
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‘tiludronate’ [All Fields]) OR ‘Tiludronic acid’ [All Fields] OR
(‘pamidronate’ [Supplementary Concept] OR ‘pamidronate’[All
Fields]) OR ‘pamidronic acid’ [All Fields] OR (‘6-amino-1-hy-
droxyhexane-1,1-diphosphonate’ [Supplementary Concept] OR
‘6-amino-1-hydroxyhexane-1,1-diphosphonate’ [All Fields] OR
‘neridronate’ [All Fields]) OR ‘Neridronic acid’ [All Fields] OR
(‘olpadronic acid’ [Supplementary Concept] OR ‘olpadronic acid’
[All Fields] OR ‘olpadronate’ [All Fields]) OR ‘Olpadronic acid’
[All Fields] OR (‘alendronate’ [MeSH Terms] OR ‘alendronate’
[All Fields]) OR ‘Alendronic acid’ [All Fields] OR (‘ibandronic
acid’[Supplementary Concept] OR ‘ibandronic acid” [All Fields]
OR ‘ibandronate’ [All Fields]) OR ‘Ibandronic acid’ [All Fields]
OR (‘risedronic acid’ [Supplementary Concept] OR ‘risedronic

acid’ [All Fields] OR ‘risedronate’ [All Fields]) OR ‘Risedronic
acid’ [All Fields] OR (‘zoledronic acid’[Supplementary Concept]
OR “zoledronicacid’ [All Fields] OR ‘zoledronate’ [All Fields]) OR
‘Zoledronic acid’ [All Fields]).

Search String Embase

((‘osteogenesis imperfecta’/exp OR ‘osteogenesis imperfecta’)
OR ‘brittle bone disease’ OR ‘lobstein disease’ OR “fragilitas ossi-
um’) AND (‘bisphosphonic acid derivative’/exp OR alendronate
OR bisphosphonates OR bisphosphonate OR etidronate OR clo-
dronate OR tiludronate OR pamidronate OR neridronate OR ol-
padronate OR ibandronate OR risedronate OR zoledronate).
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