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and allogeneic bone grafts: a randomized trial of 49 
adult bone tumor patients with a 10-year follow-up 
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Background and purpose — As a synthetic bone void 
filler, bioactive glasses (BGs) may enhance angiogenesis 
and osteogenesis. In this randomized trial, we compared the 
clinical efficacy of BG granules and standard bone grafts in 
patients undergoing surgery for benign bone tumors.

Patients and methods — 49 recruited patients were 
randomized to receive BG granules or undergo conventional 
bone grafting to fill defects following tumor removal. As the 
standard of care, small-sized defects were filled with autolo-
gous graft, and large-sized defects were filled with alloge-
neic graft. The primary endpoint was treatment success at 1 
year, defined by no reoperation, no tumor recurrence, and no 
device-related adverse events. Secondary endpoints included 
patient-reported outcomes (Rand-36 and pain scores) and 
quantitative assessment of blood flow and metabolic activity 
by means of 18F-fluoride PET/CT imaging. As an off-trial 
group, 15 children and adolescents (age < 18 years) under-
went tumor removal and BG-filling, without randomization.

Results — At 1-year, 21 of 25 BG-treated patients (risk 
estimate 0.84, 95% confidence interval [CI] 0.70–0.98) and 
20 of 24 patients in the standard of care group (0.83, CI 0.68–
0.98) met the criteria for treatment success. The groups had 
similar Rand-36 scores. In patients with small defects, BG 
filling was associated with shorter operative time and less 
postoperative pain at 1 month. In patients with large defects, 
blood flow was similar, but BG-filled defects showed higher 
metabolic activity than allograft-filled defects at 1-year. The 
survey of the postoperative period ≥10 years revealed no 
BG-related adverse events.

Interpretation — BG granules had similar overall rates 
of treatment success compared with autografts and allografts, 
but large-scale trials are needed for the confirmation of clini-
cal equivalence. The extended metabolic activity confirms the 
expected cellular responses of osseointegrated BG granules.

Among synthetic bone graft substitutes (1), silica-based bio-
active glasses (BGs) have a unique mechanism for chemical 
bonding and continuous ionic interchange with new bone (2,3). 
As a result, the attached new bone undergoes high turnover 
with accelerated formation and resorption rates (4). Related to 
the dissolution products (5), BG granules may induce expres-
sion of angiogenic growth factors (6) and bone morphogenic 
protein-2 (7). In contrast with robust basic science reports, 
clinical evidence for enhanced angiogenesis and osteogenesis 
remains lacking. 

Overall, published evidence of clinical efficacy has pro-
gressed slowly for all approved synthetic bone grafts. In bone 
tumor patients, most studies of bone graft substitutes remain 
observational and are rarely randomized (8-10). A randomized 
phase I trial compared BG granules (S53P4) with autogenous 
bone graft (11), but the clinical equivalence of the material has 
not been tested against allogeneic bone grafts.

Our randomized trial examined the clinical efficacy of BG 
granules and standard bone grafts in adult patients undergoing 
surgery for benign bone tumors. We hypothesized that BG gran-
ules (S53P4) are as good as traditional autogenous and allogeneic 
bone grafts in treatment of bone defects following tumor curet-
tage. The primary endpoint was treatment success, defined by 
defect healing without surgical complications. Secondary end-
points included patient-reported outcome measures (PROMs) 
and quantitative assessment of blood flow and metabolic activ-
ity by means of hybrid dynamic 18F-fluoride positron emission 
tomography (PET) and computed tomography (CT) imaging. 

Patients and methods
Trial design 
This single-center, investigator-initiated, randomized, active-
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controlled, open, phase II trial evaluated the efficacy of BG 
granules as a synthetic bone graft substitute. The subjects 
were recruited between January 1, 2007, and April 30, 2009. 
Patients were randomized to receive BG granules or undergo 
conventional bone grafting to fill surgically created defects 
following tumor removal (Figure 1). As the standard of care, 
small-sized control defects were filled with autologous bone 
grafts, and large-sized control defects were filled with allo-
geneic bone grafts. Postoperative recovery was evaluated 
at follow-up visits after 1, 6, and 12 months according to 
PROMs. 2-plane standard radiographs were used to evalu-
ate defect healing. MRI, or supplemental CT for patients with 
metal-implant artifacts, was performed postoperatively and 
repeated at 1 year. Postoperative MRI images were used to 
evaluate the completeness of surgical curettage and defect 
filling, and 1-year MRI images were applied for the exclu-
sion of tumor recurrence. In patients with large-sized defects, 
dynamic 18F-fluoride PET/CT was performed at 1 month and 
1 year for quantitative assessment of local angiogenesis and 
osteogenesis. As the safety measure, the occurrence of adverse 
events, serious adverse events (SAEs), and adverse medical 
device reactions was recorded. SAEs were defined as tumor 
recurrence or any event that required inpatient hospitaliza-
tion. The original 1-year follow-up was extended, because 
the prolonged persistence of synthetic bone-graft substitutes, 
such as ß-tricalcium phosphate (10) and BG granules (11,12), 
may serve as a potential stress riser. Long-term adverse events 
were evaluated based on the review of electronic medical 
records at 10 years. 

Eligibility criteria, randomization, and stratification
Patients scheduled to undergo bone tumor surgery at Turku 
University Hospital were recruited. Adult patients (≥ 18 years) 
with a benign intraosseous bone tumor or a tumor-like skel-

etal disease were eligible to participate in the trial. Giant cell 
tumors of the long bones were not included due to the pre-
ferred use of polymethylmethacrylate filling. Exclusion crite-
ria included a history of any malignancy, a medication affect-
ing bone metabolism, or a contraindication for MRI. 

Among eligible subjects, there were no refusals to partici-
pate in randomization. The enrolled patients were randomly 
allocated in a 1:1 ratio into 2 groups (Table 1) using a com-
puter-generated random sequence, stratified by lesion size, 
with the planned inclusion of 24 subjects per group. Small-
sized lesions were defined as lesions amenable to filling with 
autografts. No established standards exist to determine when a 
defect is sufficiently large to require allogeneic bone grafting. 
Therefore, the operating surgeon selected between autologous 
or allogeneic bone grafting according to subjective preopera-
tive estimations of graft volume. This pragmatic selection was 
made on the day of surgery before the electronic opening of 

Assessed for eligibility
n = 65

Randomized adults
n = 49

BG granules
n = 25

Standard bone grafts
n = 24

BG granules
n = 15

Non-randomized group
n = 15

Excluded (n = 16):
– age < 18 years, 15
– surgery not performed, 1

1-year analysis (n = 25):
– PROMs, 19
– radiographs, 24
– MRI, 17
– PET/CT, 9

1-year analysis (n = 24):
– PROMs, 20
– radiographs, 24
– MRI, 21
– PET/CT, 9

10-year survey
n = 24

Unrelated death
n = 1

10-year survey
n = 24

10-year retrospective
analysis
n = 15

Figure 1. Flow chart.

Table 1. Baseline demographic characteristics and operative details 
Values are count unless otherwise specified.

	 BG granules	 Standard graft
Factor	 n = 25	 n = 24

Age, mean (SD)	 46 (12)	 44 (16)
 range	 20–74	 20–70
Sex, male/female	 13/12	 12/12
Height, mean (SD)	 171 (8)	 171 (9)
Weight, mean (SD)	 76 (15)	 74 (18)
Preoperative Rand-36:
 PCS score, mean (SD)	 64 (25)	 59 (28)
 MCS score, mean (SD)	 66 (23)	 69 (25)
Location of lesion		
 Femur	 10	   5
 Hand	   8	   6
 Foot	   4	   6
 Humerus	   2	   4
 Tibia/Fibula	   1	   3
Preoperative biopsy
 No	 16	 14
 MRI-guided biopsy	   7	   8
 CT-guided biopsy	   1	   2
 Open biopsy	   1	   0
Histopathologic diagnosis
 Enchondroma	 15	 14
 Chondroblastoma	   0	   3
 Fibrous dysplasia	   2	   1
 Liposclerosing myxofibrous tumor 	   2	   0
 Other	   6	   6
Preoperative categorization
 Small defect	 12	 12
 Large defect	 13	 12
Maximum diameter of lesion, mm
 Small defects, mean (SD)	 16 (11)	 19 (9)
 Large defects, mean (SD)	 60 (33)	 55 (31)
Calculated volume of lesion, cm3:
 Small defects, mean (SD)	   2 (4)	   5 (8)
 Large defects, mean (SD)	 24 (21)	 39 (36)
Preoperative pathologic fracture, yes/no	   5/20	   3/21
Prophylactic internal fixation, yes/no	   5/20	   3/21
Operative time, min		
 Small defects, mean (SD) 	 35 (12)	 70 (43)
 Large defects, mean (SD) 	 80 (37)	 73 (37)
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the randomization code performed by the external trial coordi-
nator. This mechanism ensured the concealment of the random 
allocation sequence at the time of enrollment. 

Non-randomized group
Children and adolescents younger than 18 years (n = 15) 
(Table 2) underwent surgery and defect filling with BG gran-
ules, without randomization (Figure 1), between December 
21, 2006, and November 17, 2010. At 10 years, their clinical 
outcomes and postoperative radiographs were retrospectively 
reviewed from electronic medical records. In this review, the 
median postoperative follow-up time was 4.5 years (1–11). 
The success of treatment in children was defined by the 
absence of reported tumor residuals, recurrences, revision sur-
gery for any reason, or BG-related adverse events.

Surgical technique
A standardized surgical technique was applied. Using a cor-
tical bone window, the lesion was removed with a curette 
and a dental burr. Thin walls of bone cysts were scraped. No 
local adjuvants were used after curettage. After BG filling or 
bone grafting of the resultant defect, the cortical window was 
closed. Prophylactic internal fixation was performed when 
indicated (8 patients). The curetted tissue was sent for his-
topathologic examination. Surgery for a pathologic fracture 
(encountered exclusively in the hand) was delayed until the 
fracture healed (8 patients).

Autologous and allogeneic bone grafting
Autologous bone grafts were harvested from the anterior iliac 
crest using a standard technique (13). Using tissue bank pro-
tocols, allogeneic cancellous bone chips were obtained from 
fresh-frozen femoral heads retrieved during total hip arthro-

plasty. To reduce immunogenicity, allogeneic bone chips were 
defatted by pulse-lavage washing before implantation.

Synthetic bone graft substitute
The investigated BG (S53P4; BonAlive Biomaterials Ltd 
[formerly Vivoxid Ltd], Turku, Finland) is a bioresorbable, 
synthetic bone graft substitute, consisting of 53% SiO2, 23% 
Na2O, 20% CaO, and 4% P2O5. The product was approved in 
Europe in 2006 and in the Unites States in 2012 for intended 
use as a bone void filler. The BG composition was previously 
investigated in preclinical (4,14) and clinical (11,12,15) studies 
of bone defects. Granule sizes between 2.0 and 3.15 mm were 
used to fill large defects, and 0.8 to 1.0 mm granules were 
used to fill small defects. The cost of filling of a large defect 
(20 cm3) was €1,500 with BG granules and €980 with a bone 
banked allogeneic femoral head. Using prefilled applicators, 
granules were implanted without any vehicle or blood/bone 
marrow addition.

18F-Fluoride PET/CT imaging	
Dynamic 18F-fluoride PET/CT (16) was performed using a 
hybrid scanner containing a PET and a 64-slice CT (Discov-
ery VCT, General Electric Medical Systems, Milwaukee, WI, 
USA). The system produces 47 axial planes, with a slice thick-
ness of 3.75 mm and a total transaxial field of view of 15.2 
cm. The image matrix size was 128 × 128, with a 70-cm field 
of view. The PET study duration was 60 minutes, and data 
was reconstructed into 27 different dynamic frames (5 × 20 
seconds, 5 × 40 seconds, 5 × 60 seconds, 5 × 180 seconds, and 
7 × 300 seconds) using a 3D iterative method with 2 iterations 
and 28 subsets. All quantitative corrections, including attenu-
ation, scatter, and random correction; detector normalization; 
and dead time, were included in the reconstruction. A diagnos-
tic CT scan (120 kVp, 30–120 mA, noise index 15) was per-
formed for PET attenuation correction. After the intravenous 
bolus injection of 18F-fluoride (318 [SD 47] MBq), the uptake 
data of the initial frames (5 minutes) was used as a blood-pool 
phase marker, and the last frame (300 seconds) was used as a 
static-phase marker of metabolic activity.

Reconstructed PET images, fused with CT images, pro-
vided a visual demonstration of the tracer uptake. Uptake was 
measured in regions of interest (ROIs), including the aver-
age values of 3 ROIs (ROI2D) and 3 reference ROIs (ROIref) 
from the reference intact bone (range of voxels, 25–30). An 
additional 3D ROI for the filled defect (ROI3D; 474–485 
voxels) was analyzed, when feasible. ROIs were maintained 
constant by selecting the equivalent set of slices through the 
treated defects for 1-month and 1-year imaging. 18F-fluoride 
uptake was analyzed as standardized uptake values (SUVs), 
which were calculated as the measured tissue radioactivity 
divided by the relative injected dose, expressed per kilogram 
of bodyweight. Spatial and temporal differences in uptake 
were observed in the peripheral and central regions of heal-
ing defects. Therefore, both the peak (SUVmax) and mean 

Table 2. Clinical characteristics of non-randomized group (n = 15) 

Age, mean (SD) [range]	 10 (3) [4–15]
Sex, male/female	 13/2
Previous surgery of lesion, no/yes	 13/2
Preoperative pathologic fracture, no/yes	   9/6
Location of lesion
 Tibia	   6
 Femur	   3
 Humerus	   3
 Foot	   3
Maximum diameter of lesion, mm 
 mean (SD) [range], mm	 56 (38) [15–160]
Calculated volume of lesion 
 mean (SD) [range], cm3	 23 (34) [1–131]
Prophylactic or fracture fixation, no/yes	 13/2
Histopathologic diagnosis
 Aneurysmal bone cyst	   6
 Nonossifying fibroma	   3
 Unicameral bone cyst	   2
 Osteofibrous dysplasia	   1
 Fibrous dysplasia	   1
 Fibrous histiocytoma	   1
 Enchondroma	   1
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(SUVmean) values were recorded for all ROIs. The ratios 
(SUVratio) between the SUVmean values of filled defects 
(ROI2D) and reference regions (ROIref) were also calculated. 

Radiographs and MRI/CT images
Standard imaging procedures aimed for bone tumor patients 
(17) were adopted. Our contrast-enhanced MRI protocol 
included conventional signal sequences and dynamic imaging 
with intravenous gadolinium. Supplemental CT imaging was 
performed without contrast enhancement. Independent mus-
culoskeletal radiologists examined the images for the success 
of tumor curettage and defect treatment.

Using preoperative radiographs and MRI images, the tumor 
volume was calculated using the measured anterior–posterior 
and mediolateral dimensions and the height (18). The success 
of tumor curettage and defect treatment was classified using 
the Neer Classification (19), modified to include the informa-
tion provided by MRI/CT. Complete evacuation and defect 
healing were classified as Grade 1. Grade 2 represented suc-
cessful defect healing with suspicion of static minor residua 
on MRI/CT. Grade 3 represented tumor recurrence without 
reoperation. Grade 4 represented patients with reoperation for 
any reason.	

Statistics
The original primary endpoint was defined as defect healing 
examined by plain radiographs and MRI. This definition was 
aimed to represent radiological healing without complica-
tions. In order to emphasize this fact, the primary endpoint 
was renamed treatment success, defined by Grade 1–2 defect 
healing on the modified Neer Classification, with no reop-
eration for any reason, no tumor recurrence, and no device-
related adverse events. The between-group difference for 
treatment success, together with 95% confidence interval (CI), 
was tested with a chi-square test. 

Secondary endpoints included the physical (PCS) and 
mental (MCS) summary components of the Rand-36 survey 
(20) and pain assessments using the visual analog scale (VAS). 
Between-group differences of these PROMs were analyzed by 
a mixed-model repeated-measures analysis for the subcohorts 
of patients with small-sized and large-sized defects. The least-
squares mean differences with CI are presented.

SUVmean values of 18F-fluoride uptake for ROI2D were used 
to estimate blood flow and metabolic activity as secondary 
endpoints. Due to occasional non-normality, between-group 
differences and within-group changes were tested using a 
2-sided Mann–Whitney U test and Wilcoxon signed rank test, 
respectively. Results are presented as mean differences with 
95% confidence intervals (CI). Treatment group difference for 
the occurrence of adverse events and SAEs was tested with a 
chi-square test.

The frequency of missing data varied between 4% and 15% 
for 2-plane radiographs (number of examinations, n = 245), 
PROMs (n = 343), and MRI imaging (n = 147). 4 subjects did 

not undergo either of the 2 scheduled PET/CT sessions (n = 
50), and 3 additional subjects missed either the first or second 
imaging session. 	

P < 0.05 was considered significant. Data was analyzed 
using SAS version 9.4 (SAS Institute, Cary, NC, USA) and 
SPSS Statistics version 25.0 (IBM Corp, Armonk, NY, USA).

Ethics, registration, data sharing plan, funding, and 
potential conflicts of interest
All participants provided written informed consent. The 
Ethics Committee of the Hospital District of South–West Fin-
land approved the protocol (2/2003/49 and 4/2006/193). The 
trial is registered at clinicaltrials.gov (NCT01304121). The 
study was conducted in accordance with the ethical principles 
of the Declaration of Helsinki. Data may be shared after ethi-
cal approval and consent of the principal investigator. Funding 
was received from the Finnish Government, Instrumentarium 
Foundation, Emil Aaltonen Foundation and the Finnish Medi-
cal Foundation. Individual potential conflicts of interests: 
V-VV, NS, PL, EL, VS, MS: none, HTA: founding partner of 
former Vivoxid Ltd, Finland.

Results
Patient characteristics
All 49 patients (25 in the BG group and 24 in the graft group) 
were available for the primary outcome analyses at 1 year 
(Figure 1). The baseline characteristics of the BG-treated 
patients and the standard-of-care group were similar (see 
Table 1). In patients with small-sized defects, the operative 
time was statistically significantly shorter in patients under-
going BG filling (Table 1) (mean difference 35 minutes, CI 
8–61). 

Primary endpoint
At 1 year, 21 of 25 BG-treated patients (risk estimate 0.84, 
CI 0.70–0.98) and 20 of 24 graft-treated patients (0.83, CI 
0.68–0.98) met the criteria for treatment success (difference 
0.01, CI -0.20–0.21). 

Radiographs and MRI/CT images
Radiographs showed the rebuilding of bone structure in graft-
treated defects and incorporation of granules in BG-filled 
defects within 1 year. The sharp margins of BG granules dis-
appeared with time (Figure 2). 

MR imaging gave accurate information regarding the com-
pleteness of tumor evacuation and the success in filling of the 
resultant defect (Figure 2). On postoperative MRI images, 
contrast enhancement helped to distinguish any residua of the 
primary tumor from postoperative oedema and enhancement 
of granular tissue at the periphery of the evacuated lesion. 
Static minor residua (Grade 2) were found in 10 patients 
(Table 3). These lesions did not progress with time. 
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At 1 year, MR images showed reconstitution of cancellous 
bone structure in autografted defects, incorporation of alloge-
neic grafts in large defects, and the healing of cortical bone 
windows independently of the filling material. MR images 
were not amenable to the measurement of new bone within 
narrow spaces between BG granules. BG granules showed 
low signals of T1, T2 weighted imaging and did not exhibit 
remarkable dissolution with time. 

Patient-reported outcomes
No statistically significant differences in the PCS and MCS 
scores of Rand-36 were observed between the BG group and 
the autograft group or between the BG group and the allograft 
group (Figure 3). Compared with autografts, BG filling was 
associated with less pain at 1 month (p < 0.001; Figure 3).

Dynamic 18F PET/CT imaging
The treatment groups showed similar blood flow in filled 
defects. The result was independent of the ROI (ROI3D or 
ROI2D), the method of measurement (SUVmax or SUVmean), 
and the postoperative time point (1 month or 12 months). 
SUVmean values of blood flow were many times higher in 
treated defects than in intact bone regions (ROIref) at 1 month 
(Table 4). Based on SUVmean values of ROI2D, blood flow 
decreased statistically significantly by 1 year both in BG-
treated and allograft-treated defects (Table 4). Compared 

with intact bone regions, the SUVratio values of blood flow 
were 4.2 (CI–1.2 to 9.D6) in BG-filled defects and 1.8 (CI 
1.0–2.5) in allograft-filled defects at 1-year (difference 2.5, 
CI –2.5 to 7.5). 

The 2 groups showed no statistically significant difference 
in metabolic activity at 1 month, assessed by SUVmean values 
of ROI2D for the 18F-fluoride uptake (Table 4). In BG-filled 
defects, the metabolic activity decreased slower and was 
higher (p = 0.01) than in allograft-filled defects at 1 year. Com-

Figure 2. Giant cell granuloma of the first metatarsal bone with cortical-
bone thinning and an undisplaced pathologic fracture in a 42-year-old 
female (A–B). Radiographs immediately after tumor evacuation and 
filling with BG granules (C), at 1 year (D) and at 3 years (E) showed 
incorporation and gradual changes of BG granules. Postoperative MRI 
images demonstrated no signs of residuals (T1-weighted sequence) 
(F) and no tumor recurrence at 1-year (T2-weighted sequence with 
contrast enhancement) (G).

Table 3. Modified Neer classification of the success of tumor curet-
tage and defect treatment. Values are counts

	 BG granules	 Standard graft	 Total
Grade 	 (n = 25)	 (n = 24)	 (n = 49)

  1	 17 	 14 	 31
  2	 4 	 6 	 10 
  3	 1 	 2 	 3 
  4	 3 	 2 	 5 

Preop. 10 20 30 40 50

Weeks after surgery

0

20

40

60

80

100

PCS score – small defects

Preop. 10 20 30 40 50

Weeks after surgery

0

20

40

60

80

100

PCS score – large defects

Preop. 10 20 30 40 50

Weeks after surgery

0

20

40

60

80

100

MCS score – small defects

Preop. 10 20 30 40 50

Weeks after surgery

0

20

40

60

80

100

MCS score – large defects

0. 10 20 30 40 50

Weeks after surgery

0

1

2

3

4

5

VAS score – small defects

0 10 20 30 40 50

Weeks after surgery

0

1

2

3

4

5

VAS score – large defects

a

BG granules
Allogeneic graft

BG granules
Autograft

BG granules
Allogeneic graft

BG granules
Autograft

BG granules
Allogeneic graft

BG granules
Autograft

Figure 3. Patient-reported outcomes. PCS and MCS scores of Rand-
36 and VAS scores in patients with small defects treated by BG filling 
or autografts and in patients with large defects treated by BG filling or 
allografts. The values represent the least-squares means with CI. 
a statistically significant.
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pared with metabolic activity of intact bone regions, BG-filled 
defects also showed higher SUVratio values (4.5, CI 3.0–6.0) 
than allograft-filled defects (2.6, CI 1.6–3.7) (difference 1.9, 
CI 0.2–3.6) (p = 0.04) at 1 year. 

Intact bone regions (ROIref) did not show statistically sig-
nificant time-related within-group changes or between-group 
differences in blood flow and metabolic activity (Table 4). 

SAEs and adverse events
No reoperations were performed to enhance defect healing. 
Based on the categorization (Table 3), treatment failures 
(Grade 3 or 4) occurred in 8 patients. 3 patients from both 
groups experienced local recurrence. 2 additional patients, 1 

in each group, underwent reoperation for postoperative frac-
ture. The total number of SAEs and adverse events was 5 in 
the BG group and 10 in the graft group (p = 0.1) (Table 5, see 
Supplementary data). 3 patients who underwent autograft har-
vesting experienced donor-site pain for more than 1 month. No 
adverse BG-related medical device reactions were recorded. 
There were no late fractures of BG-filled bone regions.

Non-randomized group 
Of 15 children and adolescents, 12 had complete clinical 
recovery without reoperation or residual symptoms. The 
successful outcomes included 2 children who were referred 
for treatment of recurrent aneurysmal bone cysts following 

Table 4. Quantitative assessment (SUVmean) of blood flow and metabolic activity using dynamic 18F PET/CT. Values are mean (SD) unless 
otherwise specified

	 BG granules	 Allogeneic graft	 Between-group difference
			   Within-group			   Within-group	 1 month	 1 year
	 1 month	 1 year	 change, mean (CI)	 1 month	 1 year	 change, mean (CI)	 mean (CI)	 mean (CI)	

Blood flow
 ROI2D	 16.6 (7.7)	 7.8 (2.8)	 8.9 (3.0 to 15)	 17 (9.9)	 5.6 (3.5)	 11 (3.7–18)	 –0.0 (–9.1 to 9.0)	 2.2 (–1.0 to 5.4)
    p-value			   0.004			   0.006	 1.0	  0.2
 ROIref	 2.6 (1.4)	 4.4 (2.3)	 –1.8 (–3.9 to 0.4)	 4.9 (2.3)	 4.6 (4.3)	 0.2 (–3.9 to 4.4)	 –1.8 (–3.9 to 0.4)	 –0.2 (–3.9 to 3.4)
    p-value			    0.1			   0.9	 0.1	 0.7
Metabolic activity
 ROI2D	 7.7 (3.1)	 5.0 (1.4)	 2.6 (0.2 to 5.1)	 9.5 (3.2)	 3.1 (1.5)	 6.4 (3.9 to 8.9)	 –1.9 (–5.1 to 1.4)	 1.9 (0.5 to 3.4)
    p-value			   0.04			   < 0.001	 0.2	 0.01
 ROIref	 1.5 (1.7)	 1.2 (0.4)	 0.3 (–0.9 to 1.6)	 1.5 (1.3)	 1.4 (0.9)	 0.1 (–1.0 to 1.3)	 0.0 (–1.7 to 1.7)	 –0.2 (–0.9 to 0.5)
    p-value			   0.6			   0.9	 1.0	 0.9

Figure 4. Large aneurysmal bone cyst of the proximal tibia in a 4-year-old boy. On admission (A–C), there was severe thinning of the medial cortex 
with an emerging pathologic fracture. The surgery involved thorough curettage and filling with BG granules close to the proximal growth plate (D). 
Control radiographs at 17 months showed solid regrowth of the cortical bone and bone growth (E). At the 10-year follow-up, the middle part of the 
tibia showed remnants of BG granules. The arrow indicates the site of surgical exploration performed to exclude disease recurrence (F). There 
was a slight overgrowth of the affected tibia (+3 mm) with mild medial bowing of the shaft. The mechanical loading axis was unaffected and the 
functional outcome was excellent (G–H).
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allogeneic bone grafting. 3 children underwent reoperation. 
A 4-year-old boy with an aneurysmal bone cyst of the tibia 
underwent surgical exploration, but the postoperative radio-
graphic change was not a recurrence (Figure 4). A 14-year-old 
girl with fibrous dysplasia of the proximal femur encountered 
treatment-resistant recurrence. A 9-year-old boy had a recur-
rence of an osteofibrous dysplasia of the anterior tibial cortex 
as a low-grade malignant osteofibrous dysplasia-like adaman-
tinoma.

Discussion

In our pragmatic active-controlled trial, synthetic BG gran-
ules had similar overall rates of success compared with auto-
grafts in the treatment of small defects and with allografts in 
the treatment of large defects, but the clinical equivalence 
could not be confirmed due to the large CI for the difference 
of treatment success. In dynamic 18F-fluoride PET/CT imag-
ing, BG-filled defects showed higher metabolic activity than 
allograft-filled defects at 1 year, confirming the expected cel-
lular responses of osseointegrated BG granules. There were no 
treatment group differences in blood flow. 

This trial represents the first clinical evaluation of a synthetic 
bone graft by means of 18F-fluoride PET/CT imaging, extend-
ing previous studies of bone allografts (21-23). Using18F-PET/
CT, the numeric estimation of blood flow requires a plasma 
clearance technique, whereas the measurement of SUV values 
provides a semiquantitative approach (16). A previous 18F-flu-
oride PET study of bone tumor patients showed a 60% to 65% 
postoperative decrease of metabolic activity in allogeneic 
cancellous bone grafts at 2 years (23). In our study, BG-filled 
and allograft-filled defects showed high blood flow and meta-
bolic levels as early as 1 month after operation. The likely 
explanation is strong blood flow-dependent angiogenesis and 
osteogenesis from the surrounding healthy bone (24), over-
shadowing any angiogenic and osteopromotive effects of BG 
granules. Like the original observation, the metabolic activity 
remained elevated for BG-filled defects at 1 year, confirming 
preclinical results regarding high turnover of the attached new 
bone (4). The clinical significance of high metabolic activity 
in BG-filled defects remains open. High turnover of attached 
new bone is associated with slow dissolution of BG granules 
(4). Interestingly, as reported previously (11,12), slow replace-
ment of BG granules particularly in large defects seems to 
promote the cortical bone to increase in thickness.

The slow dissolution of BG granules over many years is a 
safety feature to control the released ion levels, particularly 
silicon (Si). BG compositions with too high reactivity may 
cause toxic tissue reactions (2). Commercialized BG compo-
sitions have controlled surface activity. In line with the long-
term results of the phase I trial (12), our survey of the post-
operative period ≥ 10 years revealed no BG-related adverse 
events.

Despite the use of preoperative MRI to outline the lesion 
margins, our MRI monitoring revealed the presence of non-
progressive scanty residuals (Grade 2). Previous studies have 
rarely applied MRI to evaluate the success of intralesional 
tumor curettage. Our rate for reoperations and recurrences (8 
of 49 patients) was in line with the reported rate in the lit-
erature (8,25,26). The recurrence of fibrous dysplasia in the 
proximal femur confirms recent evidence that the disease is 
resistant to surgical evacuation and bone grafting (27). The 
observed malignant transformation of osteofibrous dysplasia 
of the tibia is concordant with the complex nature of the dis-
ease (28).

We are reluctant to use allografts in children due to their 
high immunologic capacity to respond to histocompatibil-
ity antigen disparities. Our supervised use of BG granules 
in children was efficacious. We observed no recurrences of 
aneurysmal and simple bone cysts in children treated with BG 
granules, and even recurrent aneurysmal bone cysts responded 
to treatment. A retrospective multicenter study of 18 children 
showed a recurrence in BG-filled aneurysmal bone cysts of 2 
children (15). The systemic release of Si ions from large BG-
filled cysts may be a concern, although BG filling is not asso-
ciated with increased serum Si levels in adults (29). BG gran-
ules may also have an influence on open physes. However, no 
growth arrest or major overgrowth were observed, even after 
BG granule implantation next to growth plates (Figure 4).

Limitations
The sample size selection was not based on a power calcu-
lation because the treatment effect of allogeneic bone graft 
was unknown. The limitations of this study included failure 
to perform all scheduled study assessments. Clinical nonin-
feriority testing was not feasible due to the small study popu-
lation with wide CI for the difference of treatment success. 
Therefore, definitive large-scale trials are necessary. Based 
on the current data and the recommended 10% noninferior-
ity margin, the required sample size would be approximately 
290 patients (145 per group). Our trial would have benefited 
from a control group of unfilled small-sized defects. Large-
sized defects carry an increased fracture risk if left empty after 
evacuation, but the absolute need for a bone-void filler for 
small-sized defects has been questioned (26,30). Our results 
are applicable only to the investigated graft substitute, as BG 
composition, particle size, and particle size range might have 
biological effects. High-resolution CT imaging allowed for 
the measurement of osteogenesis between BG granules in a 
preclinical model (14), but neither MRI nor CT was useful for 
the measurement of new bone volume as a reference for PET/
CT results.

Conclusion
These results suggest the potential of BG granules in the treat-
ment of contained bone defects, independent of defect size, 
but large-scale trials remain necessary to confirm the noninfe-
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riority compared with standard bone grafts. Especially in large 
defects with a need for large amounts of grafting material, not 
only the biologic efficacy and safety but also the cost-effec-
tiveness is important. As a cost-saving feature, BG granule 
filling does not appear to require biologic augmentation, such 
as adjunctive use of bone marrow aspirate. Our study urges 
that further clinical trials with dynamic 18F-fluoride PET/CT 
imaging be undertaken to delineate biologic responses to syn-
thetic bone grafts.
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Supplementary data

Table 5. Adverse events and serious adverse events (SAEs)

Defect  BG granules	 Auto/allograft

Small-sized (n = 12)	 (n = 12)
 Recurrence (SAE)	 Harvesting-site pain, 3
 	 Local paresthesia, 1
 	 Recurrence (SAE), 2
Large-sized (n = 13)	 (n = 12)
 Local paresthesia	 Prolonged local pain
 Residual (SAE)	 Superficial infection
 Postoperative 	 Local paresthesia
      fracture (SAE)	 Postoperative fracture (SAE)
 Residual (SAE)	 Recurrence (SAE)


