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Background: The regeneration of bone defects is indicated to restore lost tissue mass and functionality. Ostim®, an absorb-
able nanocrystalline hydroxyapatite (NCHA) paste, is indicated to enhance bone regeneration in bone defects
due to trauma or surgery. This retrospective study of 110 patients with long-bone fracture defects presenting
at a single trauma center between 2010 and 2012 aimed to compare outcomes with and without the use of
Ostim® absorbable nanocrystalline hydroxyapatite paste.

Material/Methods: The study encompassed fractures in 110 patients — 55 patients received any defect augmentation (ED) and
55 patients were treated with NCHA augmentation. Fractures were located at the distal radius (66.4%, n=73),
proximal humerus (5.5%, n=6), and proximal tibia (28.2%, n=31). Evaluating the clinical follow-up, the study
encompassed post-surgery complications (eg, non-unions, infection). Bone healing was evaluated by conven-
tional radiographs.

Results: Postoperative complications occurred in 45.5% of patients regardless of the treatment (P=1.0). The non-union
rate in both groups was 5.5% (n=8, P=1.0), and the risk for infection was lower in the NCHA group (3.6%,
ED: n=3, NCHA: n=1, p=0.62). Patients suffered open fractures were treated in the NCHA group (100%, n=7,
P=0.003). Radiological assessment demonstrated comparable healing of the fracture border, fracture gap, and
articular surface (P>0.05).

Conclusions: The findings from this retrospective study support previous studies that have shown Ostim® absorbable nano-
crystalline hydroxyapatite paste enhances outcomes and reduces the risk of complications when used to re-
pair bone defects in long-bone fractures in trauma patients. NCHA paste augmentation is suitable for use in
traumatic long-bone fractures.
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Background

Large bone defects represent a constant challenge in orthope-
dic and trauma surgery. In particular, bone defects due to trau-
ma, infection, cancer, and metastases often confront the sur-
geon with major challenges. Various surgical procedures exist
for treating bone defects, using biological materials such as au-
tologous, allogenic, or xenogeneic transplants. For more than a
century, autologous bone graft, mainly obtained from the iliac
crest, has been the global standard for filling bone voids [1].

General Information on Ostim®

Since 2006, an absorbable paste, Ostim® (aap Biomaterials
GmbH & Co. KG, Dieburg, Germany), has been used for bone
defect augmentation. Ostim®, an injectable nanocrystalline
paste, was already under evaluation for in vitro, in vivo, and
clinical trials, mainly in maxillofacial surgery [1].

Autoplastic techniques (eg, Ostim®) have osteoinductive and os-
teoconductive effects and fewer graft-versus-host reactions [2,3].
Osteoconductive procedures using bone grafts are rarely per-
formed [4]. Bone material demonstrates many structural sim-
ilarities to the synthetic hydroxyapatite minerals used in au-
toplastic bone graft substitutes [5]; Ostim®, a nanocrystalline
hydroxyapatite bone material paste, is an injectable bone sub-
stitute for filling bone defects that takes advantage of this fact
[1,6]. Ostim® has undergone in vitro and in vivo evaluation for
various conditions. Regarding revascularization, Ostim® demon-
strated a total porosity (ratio between the volume of all pores
and the total volume) of 52.66+10.14% and an open porosity
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(open pores) of 50.52+4.49% [7]. Comparing the total porosi-
ty of trabecular bone (50-90%), Ostim® shows a physiological
porosity (Table 1) [7,8]. Furthermore, the recommend optimal
pore sizes for bone ingrowth are pores with more than 50 um
and 100-300 pm [9-11]. It was reported that 95% of Ostim’s®
pores were smaller than 85 pum, with a maximum of 100 pm [7].
Ostim® has a high porosity with a small pore size. Considering
the primary stability, Ostim® has a density of 1.294+0.09 mg/mm3
and a compressive strength 0.24+0.05 MPa [7]. Bone densi-
ty measured in femoral cortical bone is 1.85+0.06 g/cm? [8].
Nanocrystalline hydroxyapatite paste was assessed for biocom-
parability and biodegeneration in controlling the amount of hy-
droxyapatite, chitosan, and gelatine due to the negative load of
phosphate residues (PO*,), carbonate groups (CO*), hydroxyl
groups (OH"), and the imine group (C=N) [12].

In vivo and Clinical Examinations of Ostim®

Ostim® has been evaluated in a study using fluorescence la-
beling, which showed a resorption rate of 51.76% without op-
timal osseous integration [13]. Although there was no optimal
osseous integration, void filling with Ostim® enhances the
bone regeneration and leads to a stable bone [14]. In a rabbit
model study, there were no differences between experimen-
tal and control groups in inflammation, bone formation, and
residual graft material [15]. An in vivo trial of Ostim® paste in
golden hamsters for bone defect filling showed better guided
revascularization compared to other bone replacement ma-
terials [16]. Translating these results to clinical practice, im-
proved bone regeneration and enhanced vascularization were
noticed in periodontal bone defects [17,18].

Table 1. Micro- and macrostructural parameters of the nanocrystalline hydroxyapatite paste (NCHA), Ostim®, compared with normal

bone structure.

Parameter

Pore size

Adult bone

144 pym [28]

50-90% trabecular bone
3-12% cortical bone [29,30]

1.85+0.06 g/cm?

0.30+0.10 g/cm? [10,29,30]

Cortical bone, 10.4 MPa [32]
Trabecular bone, 14.8 MPa [32]

Crystallite size 18 nm [13]
CpHvalee zsmsl
Cdprato 1e7(3l
Composton 35% hydroxyapatit, liquid solution [6,13] os%collagentype 1133]
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Figure 1. Fracture of the proximal tibia treated by bone substitute material augmentation. (A) Radiograph and (B) CT image following
material removal.

The main problem of previous published studies are small in-
vestigation groups, just assessing dental disease or metaphys-
ical trauma fractures, and lack of focus on intra-articular frac-
tures [8,19-21]. Recently, reviews of alloplastic bone materials
and nanocrystalline bone graft substitute in periodontal diseases
were published and demonstrated good healing processes [17,22].

On the other hand, there was no histomorphometrically influ-
ence on de novo bone formation or inflammation in using hy-
droxyapatite in sinus cavity augmentation [23,24]. Furthermore,
histopathological analysis found that patient age did not in-
fluence bone augmentation [25]. Recently, a clinical evaluation
of bone void filling demonstrated enhanced healing in geriat-
ric patients by using calcium phosphate and hydroxyapatite
nanocrystalline bone material in traumatic fractures [26]. Most
clinical studies on Ostim® have focused on atraumatic frac-
tures and tumor-related bone defects, as well as in oral sur-
gery, with good efficacy in void filling [21,27].

Purpose of This Study

This study of 110 patients with long-bone defects presenting
at a single trauma center from 2010 to 2012 aimed to compare

various outcome parameters with and without Ostim®. Proof of
enhanced bone healing could promote the use of nanocrystal-
line bone material substitutes for bone material augmentation
in large bone defects. A post-market clinical evaluation should
assess the safety and performance of this medical material.

The presented study hypothesized that fracture void augmen-

tation by Ostim® would not compromise the healing process,
be safe, and would result in improved healing metrics.

Material and Methods

The purpose of this study was to assess complications and the
bone healing process using the commercially available nano-
crystalline hydroxyapatite bone substitute material (NCHA),
Ostim®, for bone vault augmentation (Figure 1). The study de-
sign followed recommendations of the European Medicines
Agency Topic E10 Choice of Control Group in Clinical Trials.
Therefore, the experimental group was compared with a con-
trol group receiving standard management of defects without
materials. The trial was not double-blinded, but the scientists
had no knowledge of the treatment option administered to
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Patients suffering fractures of
proximal humerus, distal radius

Patients treated with

Patient with empty defects (ED),

augmentation of nanocrystaline

Exclusion criteria (big data loss)

Patients treated with

without manocrystaline

Matching criteria (age, geder)

Patient with empty defects (ED),

augmentation of nanocrystaline

without manocrystaline

Loss of data, radiograph or

Patients treated by
augmentation of nanocrystaline

Patient without added NHA

Figure 2. Flow diagram of participants in this trial. Exclusion of 13 patients due to loss of data, missing radiographs, or patient death.

each patient. This was a retrospective evaluation without ran-
domization of patients.

Ethical Approval

The study was conducted in accordance with the Declaration
of Helsinki, and approved by the local Ethics Committee of the
University Hospital Giessen (AZ225/20 of 11/29/21) for involv-
ing humans. The local Ethics Committee approved the analy-
sis of demographic patient data, pre-existing conditions, sur-
gery approach, and radiographs of patients with long-bone
fractures of the proximal humerus, distal radius, and proxi-
mal tibia. Patient informed consent was ensured by provid-
ing general surgery information and explanations of the bone
substitute material used prior to the surgery. Due to ethics ap-
proval of this retrospective trial, the requirement for separate
patient consent was waived.

Surgical Application

Acute long-bone fractures were treated by the highest stan-
dard of surgical treatment and by the intraoperative findings.
The control group received the standard osteosynthesis and a
bone graft with NCHA Ostim® during surgery. Ostim® was orig-
inally manufactured by Biomaterials GmbH & Co. KG, Dieburg,
Germany in 2010, and now is made by Heraeus Kulzer GmbH,
Hanau, Germany. Various package sizes of 0.2 mL up to 2 mL
are available [28]. Ostim® was prepared by a surgical assis-
tant as an injectable bone substitute material for use by the
surgeon. Ready-to-use pre-filled syringes with NCHA Ostim®
were bonded with cannulas for injecting into bone vaults. The
bone defect zone was prepared by vacuum extraction and ster-
ile dab dry for optimal contact of NCHA with the bone defect
zone. Finally, NCHA Ostim® was injected to refill the fracture
gap to the physiological bone corticalis. There were 55 patients

Group Formatting

Within a period of 2 years, 110 patients with traumatic bone
fractures were surgically treated. All patients were divided
into a group without defect filling (Empty Defects [ED]), and a
group with bone substitute augmentation using nanocrystal-
line hydroxyapatite paste Ostim® (NCHA).

Between January 2010 and February 2012, 58 patients were
additionally treated with the injectable hydroxyapatite bone
substitute Ostim® for defect filling during fracture treatment.
Every patient received up to 5 post-surgery examinations, with
at least 3 documented examinations. We excluded patients who
were under age 18 years, those who had reoperations caused
by complications and pathological fractures, and those with
less than 3 examinations or unavailable data.

Based on the control group, a matched reference group of 55
patients was formed from a cohort of patients with trauma-
related fractures who did not receive defect filling (Figure 2).
For matching the patients, gender, and age, with a range of
15 years, were set as primary matching criteria. Clinical condi-
tions measured using the ASA classification were checked for
generating comparable conditions (P>0.05). Due to the long
observation period chosen, it was possible to generate a ho-
mogeneously matched comparison group. Since there are no
recommendations for defect augmentation in fracture treat-
ment, it was possible to select patients from a much larger pa-
tient population. Similarity in both groups was ensured thanks
to the matching criteria whenever possible. For comparability
between the empty defect and the NCHA Ostim® groups, sim-
ilarity for gender, age, and severity of fracture were controlled
while matching subjects in both groups.
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Figure 3. Distal forearm fracture treatment without bone defect augmentation demonstrates the bone healing process. (A) Plate
osteosynthesis stabilized a fracture gap without bony filling. (B) Increased bone density in the first follow-up examination
of the distal radius fracture. (C) In evaluating the bone healing process, fewer sharp bone edges were noticed. (D) Optimal
interosseus integration demonstrate a slightly unclear edge and a fracture gap with bone density.

Demographic Characteristics

Demographic data and pre-existing conditions were collected
for each patient. Based on the pre-existing conditions, a clini-
cal scoring system, the ASA Physical Status System, was used
to categorize the preoperative conditions into groups. The ASA
score was assessed as standard in each patient in prepara-
tion for surgery. Furthermore, pre-existing conditions were il-
lustrated due to patient’s sex and the body mass index (BMI)
according to the WHO definition of obesity. Patient age was
classified by review of previous trials into a geriatric patient
group (aged over 65 years) and a non-geriatric group (aged
65 years and younger).

Surgical treatment of the fractures was performed with the
respective osteosynthesis as the criterion standard, depend-
ing on the region. In the NHA group, Ostim® was applied di-
rectly into the respective defect with a syringe.

Location of Fracture

Based on the inclusion criteria for traumatic fractures, we as-
sessed fractures at 3 distinct locations: distal radius (66.4%,
n=73), proximal humerus (5.5%, n=6), and proximal tibia
(28.2%, n=31). Utilizing the globally recognized Association for
Osteosynthesis (AO) fracture classification system, we catego-
rized the fracture regions into 3 groups: long bone, humerus
(type 1), and radius (type 2), and tibial fractures were classi-
fied as type 4 AO fractures. Fracture morphology was subdi-
vided using a numeric code.

Radiological Analysis

Data analysis was focused on 2 parameters: the primary out-
come parameter for clinical practice was the number and type
of complications, and the secondary outcome parameter as-
sessed was the bone healing process.

In clinical practice, physical examinations are used along with
radiographs to assess the bone healing process. Based on pre-
vious publications by Bohndorf et al and Islam et al, we have
developed a new classification system for bone healing in stan-
dard radiographs for improving the clinical relevance of the
data. For each patient, 2 perpendicular planes (a.p. and lateral
plane) were used for evaluating the bone healing process and
secondary dislocations. To improve the evaluation, computer
tomographics were used. The evaluations were conducted by
2 independent and blinded researchers. Later in the study, the
researchers were partially controlled by a senior trauma sur-
gery doctor and by a professional for evaluating X-rays. Four
areas were distinguished to evaluate the bone healing pro-
cess: fracture propensity, fracture gap, articular surface, and
osteosynthesis material [29-31]. For example, the fracture
gap demonstrated bone healing in case of increased density
in the fracture gap. If there was a restitutio ad integrum heal-
ing, the fracture gap was evaluated with the same trabecular
bone surrounding bone. Fracture healing was evaluated (mod-
ified from Bohndorf et al 2006) by measuring fracture bor-
ders and gaps with increasing density between the fracture
borders (Figure 3). Healing evaluation were ordinally scaled
(Table 2) based on the German school grading system, (1-5:
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Table 2. General radiological criteria of bone healing, modified after Bohnhof et al [29], Freyschmidt et al [30], and Islam et al [31] for
evaluating conventional radiographs.

Criterion Classification Radiological criteria
Fracture tilt 1 No visible edges
"""""""" 2 Dimyvisbleedges
3 Bluededges
"""""""" 4 palyshamp- partlyblured-edged
= B Sharpedged
© Fractwegap 1 Nofracture gap: Bridgingis completed
"""""""" 2 Condemsaton
3 Patlyblurred,partly compressed
"""""""" 4 Buwed
5 Reduction of density, bone gap looks more impressive
"""""""" 6  Visbegp
© Aticularsufface 1 Noanomales
"""""""" > intaatticuarfractwregap
3 intaatticdarstage
"""""""" 4 intaarticular stage and intraarticular fracture gap
© Osteosynthesis 1 Explantation of osteosynthesis because of bone healing
"""""""" 2 Alfracture fragments are fixed, osteosynthesis screws are extraarticulare,

osteosynthesis plate is fitting tightly on corticalis, no material fracture

3 All fracture fragments are fixed, osteosynthesis screws are extraarticulare,
osteosynthesis plate is fitting tightly on corticalis, no material fracture, x-ray
image while wearing gypsium

4 Osteosynthesis screws are extraarticulare, osteosynthesis plate is fitting tightly
on corticalis, no material fracture, some fracture fragments are not fixed

5 Osteosynthesis screws are extraarticular, osteosynthesis plate is fitting tightly on
corticalis, no material fracture, some fracture fragments aren’t fixed, x-ray image
while wearing gypsum

6 Pathological damages at the osteosynthesis, e.g.:
— Plate isn’t fitting tightly to the corticalis
— Screws are intraarticular
— Other pathology

Bone structure 1 Normal bone substance
"""""""" 2 localcondensation
3 Reductonofdensity
"""""""" 4 Resomtionoffactwecalus
- s B Growing and extended fracture callus
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Table 3. General pathologies of fracture healing evaluated in this

trial.

1 Expanded fracture gap
”””””” 2 subchondralsclerosis
”””””” 3 Minimized atticulargap
"""""" ,  Pseudarthrosis of the collateral bon (incl.

processus styloideus ulnae)

5 Dislocated fracture fragment
”””””” 6 Newfractureorwidening
”””””” 7 pseudathross
”””””” 8  Osteophytesandiorbonecysts

best to worst). Additionally, the bone substance was evaluat-
ed in the same manner to determine the local bone strength.

Post-Surgery Complications

Data on typical-occurrence pathologies of fracture healing
were collected, including an expansion fracture tendency, a
new fracture gap, and long-term problems such as subchon-
dral sclerosis, osteophytes, reduction of the joint gap, and
pseudarthrosis (Table 3).

Complications were also evaluated. Based on previous trials,
severe complications in trauma and orthopedics surgery, pseud-
arthrosis, and infection were evaluated. According to the FDA
definition of pseudarthrosis, we defined pseudarthrosis as any
non-union for more than 6 months without any progress in
healing for more than 3 months [32]. Delayed bone healing was
defined as delayed bone healing of more than 6 weeks without
any improvement in the healing process. Postoperative com-
plications included persistent severe pain, paresthesia, dyses-
thesias, and hyperesthesia for more than 6 weeks. Long-term
complications and cartilage damage, such as post-traumatic
osteoarthritis, were also considered.

This observational study was performed in a single center and
during a fixed time period; therefore, no power analysis was
carried out. Data from all patients that matched the inclusion
criteria were analyzed.

Limitation of Study Methods

A limitation of this study is that the surgeries were performed
between 2010 and 2012, and the bone replacement material
was used at a level one hospital in Giessen, Germany. Data col-
lection and curation were done in the years 2020 to 2021 with

CLINICAL RESEARCH

the current scientific knowledge, but there have been some
recent advances in bone vault treatment in the last 10 years
(eg, bone material paste with an antibiotic coating).

Statistical Analysis

Continuous variables are presented as mean and standard devi-
ation (SD) and the range with the minimum and the maximum
in each variability. Clarifying the proportion according to all pa-
tients in each cohort, the weighted mean or percentage was
calculated. For statistical analysis, the demographic data were
nominally scaled, while the variables for evaluating post-sur-
gery radiographs were ordinally scaled. The subsequent anal-
ysis was performed using IBM® SPSS® Statistics. Descriptive
data were evaluated as minimum, maximum, mean, and stan-
dard deviation. Post-surgery outcome was assessed using the
Mann-Whitney U test in unequal distribution. Comparing equal
distributed data, the t test for equal distribution was used.
Patients with missing data were excluded from the special
analysis and the number of patients was adapted. The two-
sided threshold level of significance was set at <5%. The post
hoc power analysis of 2 groups examined by the Wilcoxon-
Mann-Whitney test and a sample size of 55 patients in each
cohort demonstrated adequate power of 0.82 as determined
using the G*Power (Erdfelder, Faul, & Buchner, 1996) program.

Results

Surgical Application

The surgical approach was open surgery in all types of fractures
(n=110, 100%). Initial osteosynthesis was performed by exter-
nal fixation (n=16, 14.5%) with a subsequent plate osteosyn-
thesis for permanent stability in all cases (n=110, 100%). Using
an external fixator was particularly determined in the nano-
crystalline hydroxyapatite paste Ostim® paste cohort (23.6%,
n=13), while initial external fixature therapy in the empty de-
fect treatment group was less common (5.5%, n=3, P=0.013).
Plate osteosynthesis was used for localization of fractures.
Matching the nanocrystalline hydroxyapatite paste Ostim®
paste group (NCHA, n=55, 50%) with the empty defect group
(ED, n=55, 50%), there was no difference in cohort size (P=1.0).
The volume of injected NCHA paste (Ostim®, aap Biomaterials
GmbH & Co. KG, Dieburg, Germany) was [Minimum: Maximum;
Mean+SD] [1.00: 8.00; 2.71+1.74] mL. All patients who sustained
open fractures were treated with augmentation of Ostim® (ED
0.0%, n=0; NHA 100.0%, n=7, P=0.003).

Group Formatting

A total of 110 patients underwent fracture management sur-
gery in a level one trauma center between the years 2010 and
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Table 4. Frequency analysis of main descriptive parameters showed homogeneity of the investigated population in this examination.
In all parameters, statistic equality was demonstrated between the empty defect (ED) and nanocrystalline hydroxyapatite

paste (NCHA) treatment group (P>0.05).

Comparing the frequency of gender in the groups demonstrated equality in (A) all patients, in the (B) ED, and in the (C) NCHA
group. Comparing age, divided into 2 groups, showed equality in (D) all patients, in the (E) ED, and in the (F) NCHA group.
Statistical analysis of the frequency of affected side in (G) all patients, in the (H) ED, and in the (I) NCHA group demonstrated

homogeneity.

All patients

(both groups)

Empty defects Nanocrystalline hydroxyapatite
((3)] (NHA)

Gender of patient 50.91% 49.09%

Age of patient 5091% 49.09%

Affected body
side

50.91% 49.09%

M Female
W Male

52.73% 47.21% 49.09% 50.91%

[ Younger than 65
M Older than 65

36.36% 63.64% 34.55% 65.45%

M Indeterminate
I Leftside
I 1.85% M Rightside

43.64% 56.36% 50.00% 48.15%

2012. Patients were divided into 2 matched groups (empty de-
fects and nanocrystalline hydroxyapatite paste) and each in-
cluded half of the patients (ED: 50%, n=55; NCHA: 50%, n=55).
Based on the matching criteria, 55 female (50%, n=55) and
55 male patients (50%, n=55) were under evaluation, with no
differences between treatment groups (P=1.0).

Patients age at the time injury was [17: 91; 57.7+18.18]
years. Patients age in the ED group was [17: 91; 56.36+19.36]
years, while the age in the NCHA paste group was [22: 89;
57.67+17.07] years. However, there was no statistically sig-
nificant difference between the groups (P=0.97), (Table 4).

Demographic Characteristics

The body mass index (BMI) values were [18.03: 44.44;
26.93+5.17] kg/m?, in all patients. The values for each group
were [19.03: 44.08; 27.28+5.32] kg/m? for the ED group, and
[18.03: 44.44; 26.51+5.02] kg/m? for the NCHA paste group,
but the difference was not significant (P=0.453).

Almost half of the investigated fractures were located on the
left side (51.8%, n=57), while the rest (46.4%, n=51) were lo-
cated on the right side (P=0.45). In 2 factures (1.8%) the side
was not determined because of technical difficulties.
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Table 5. Overview of the number of complications in both treatment groups and significance between the empty defect (ED) group
and the nanocrystalline hydroxyapatite paste treatment (NCHA) group.

Relevant to total
number of patients
110 (100%)

Complication

Relevant to the NHA

Relevant to the ED

Number of complications 50 (45.5%)
pseudarthrosis 8 (3%
CNeeross 1 09%
Cnfecton 4 Gew
ligamentous or muscular injury 5 (as%)
Cwes 4 Gew
 Osteoporosis by inactivity 4 Q6%
Posttraumatic arthrosis 2 Q%
Dead prior final examination 1 09%
Secondary dislocation 6 (G5%
psychical disease 0 ©0o%
Neunological disease 7 64%)
 Premature plate removement 2 8w
Delayed bone healing 1 09%
 Pseudarthrosis collateral bone

(does not count for total number of 22 (20.0%)

complications)

S e

55 (100%) 55 (100%)

25 (45.5%) 24 (43.6%) 1.0
""""" 4 03% 4 @3 10
""""" 1 asw 0 0w 10
""""" 1oasw 3 65% 06
""""" 1osw 4 03% 036
""""" 2 Gew 2 Gew 10
""""" 2 Gew 2 Gew 10
""""" 9 (64% 13 (36%) o048
""""" 1 asw 0 @o%w 10
""""" 3 6s% 3 659 10
""""" 0o 0% 0 (0% 10
""""" 3 6s% 4 (3% 10
""""" 1oasw 1 8w 10
""""" 1w 0 0% 10

11 (20.0%) 11 (20.0%) 1.0

High impact trauma fractures comprised 41.81% (n=46) of total
fractures, including sport accidents (16.4%, n=18), traffic acci-
dents (16.4%, n=18), and fall from a height (9.1%, n=10). Low-
impact trauma comprised 50.0%, n=55), including SSF (stumbles,
slips, falls) accidents (29.1%, n=32), domestic injuries (13.5%,
n=15) and falling down stairs (7.3%, n=8). Due to incomplete
patient files, accurate cause of injury could not be evaluat-
ed in 9 patients (8.19%). There was no difference in energetic
impact between the ED and the NCHA paste cohort (P=0.13).

Location of Fracture

Most fractures were located at the upper extremities (71.82%,
n=79), with 7.59% (n=6) at the proximal humerus and 92.41%
(n=73) at the distal radius. The remaining (28.18%, n=31) frac-
tures were located at the lower extremity, all at the proximal
tibia (100%) (P=0.53). AO-classification of fractures severity
was performed on preoperative images of 89.1% (n=98) of
patients. The assessment resulted in 14.5% (n=16) extra-ar-
ticular, 13.6% (n=15) partial intra-articular and 60.9% (n=67)
intra-articular fractures. Due to technical difficulties, 11.8%
(n=13) of preoperative radiographs could not be analyzed.
The classification frequency of fractures was investigated in

both groups. The ED group showed 18.2% (n=10) extra-artic-
ular, 14.5% (n=8) partial intra-articular, and 65.5% (n=36) in-
tra-articular fractures, while the NCHA paste group had 10.9%
(n=6) extra-articular, 12.7% (n=7) partial intra-articular, and
56.4% (n=31) intra-articular fractures. The 13 (11.8%) invalid
preoperative radiographs were divided into 2 (3.6%) missing
radiographs in ED and 11 (20.0%) in the NCHA paste cohort.
Among all fractures, the intra-articular distal radius fracture
(2R3C3.2u) was the most common (16.4%, n=18). Supporting
this assumption, 10 (18.2%) patients in the ED group and 8
(14.5%) patients in the NCHA paste group had a 2R3C.2u frac-
ture. There was no significant difference between the treat-
ment cohorts in fracture severity (P=0.67).

Patient’s Previous Condition

Patient condition before surgery is a determinant of healing;
therefore, ASA classification was considered. The smallest
group showed no comorbidity and were graded with ASA | in
14 (12.7%) patients. Most patients (60.9%, n=67) were graded
ASA Il as per their moderate diseases and previous surgeries.
ASA llI, the worse calculation of comorbidities, was present in
21 patients (19.1%). Eight (7.3%) patients had missing data.

Indexed in:  [Current Contents/Clinical Medicine] [SCI Expanded] [ISI Alerting System]
[ISI Journals Master List] [Index Medicus/MEDLINE] [EMBASE/Excerpta Medica]
[Chemical Abstracts/CAS]

This work is licensed under Creative Common Attribution-
NonCommercial-NoDerivatives 4.0 International (CC BY-NC-ND 4.0)

€941112-9




Pawelke ). et al:
110 patients with long-bone fracture defects
© Med Sci Monit, 2023; 29: €941112

CLINICAL RESEARCH

Table 6. Overview of pattern of the bone healing in post-surgery radiographs in the empty defects (ED) group and nanocrystalline
hydroxyapatite paste (NCHA) group, showing statistically significant differences between the 2 treatment options.

Radiographs

Average in the
NHA group

Average in the
ED group

Significance between

Structure
groups (p-value)

(CEVD)

Border of fracture 2 days 4.57 4.82 0.12
"""""" 2813days 317 3 o006
"""""" 5947days 268 291 o047
. 18746days 9% 229 027
"""""" 4524days 1% 143 09

Gap of fracture 2 days 5.13 5.47 0.68
"""""" 2813days 357 35 o094
"""""" 5947days 277 323 o1&
 18746days 252 242 041
"""""" 4524days 180 174 023

Articular surface 2 days 3.00 3.11 0.22
"""""" 2813days 257 280 o049
"""""" 5947days 241 232 o8
- 18746days 9 193 075
"""""" 4524days 284  1e0  oes
""""""""""""""""""""""""""""" 2days 226 202 o014
"""""" 2813days 257 2% o003
Osteosynthesis 59.47 days 32 261 063
- 18746days 4 23 039
"""""" 4524days 113 217 <o0oo1*

Eight (14.5%) patients in the ED group had ASA |, 37 (67.3%)
had ASA I, and 10 (18.2%) had ASA lil. In the NCHA paste
group, 6 (10.9%), patients had ASA I, 20 (54.5%) had ASA I,
and 11 (20.0%, n=11) had ASA lIl. Because of missing anes-
thesiologic patient files, 8 (14.5%) cases in the NCHA paste
group could not be classified. Severe ASA types (IV to VI) were
not seen in either group. Pre-existing conditions were equiva-
lent in both groups (P=0.56).

All of the above descriptive parameters were compared and
demonstrated good comparability among both study groups
(P>0.05)

Post-Surgery Complications

Being a fundamental parameter regarding medical device’s
safety and the primary outcome parameter in this trial, clini-
cal complications were evaluated (Table 5). Both groups had
the same probability for complications in quantity and quali-
ty (P>0.05). One of the most challenging complications, mal-
union and non-union, occurred in 4 (7.3%) cases in each group
(P=1.0). Assuming that infection could occur by implanting

foreign material, there was just 1 infection in the NCHA paste
group (1.8%, n=1) and 3 in the ED group (5.5%, n=3), and
the difference between groups was not significant (P=0.62).
Various secondary neurological disease, such as a lower rate
of reduction of pain and paresthesia for more than 6 weeks,
were detected in 3 patients in the NCHA paste cohort (5.5%,
n=3) and in 4 patients in the ED group (7.3%, n=4, P=1.0).
Secondary dislocation was detected in both groups, and the
difference between groups was not significant (ED: 5.5%, n=3;
NCHA: 5.5%, n=3, P=1.0).

Radiological Outcome Parameters

In daily clinical practice, the secondary outcome parame-
ter, bone healing, was evaluated. Radiographs for reassess-
ment were performed at 2 days [0: 10;2.0+1.6], 28.1 days [6:
85;28.1+15.3], 59.5 days [16: 161;59.54+25.7], and 178.5 days
[20: 811;178.5+140.8], and a long-term follow-up after 453.4
[84: 1986;451.4+312.6] days after surgery. The time points
for reassessment were adapted in each patient based on the
clinical outcome and by recommendation of the doctor. Fewer
significant results were determined by comparing the cluster
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Figure 4. Follow-up (FU) examination demonstrating pattern of bone healing. (A) Border of fracture is sharply edged, with a (*) loss
of density in the fracture gap. (B) Border of fracture with (red arrow) dimly visible edges and slightly increasing density of
fracture gap. (C) Commencing consolidation with (°) increasing density in fracture gap. (D) Concentration of density in the

CLINICAL RESEARCH

ulnar part of fracture (yellow arrow) and maximal osseous integration in the radial part of fracture compared to previous

examinations. A similar consolidation pattern was seen on the ulna.
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Figure 5. Radiological assessment of bone healing in 5 follow-up (FU) radiographs of empty defect (ED) treatment and nanocrystalline
hydroxyapatite paste augmentation (NCHA). Healing process determined by (A) fracture border, (B) fracture gap (bridging)

and (C) articular surface, with no significant differences.
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Figure 6. Structural assessment in 5 follow-up (FU) radiographs of empty defect (ED) treatment and nanocrystalline hydroxyapatite
paste augmentation (NCHA). (A) Osteosynthesis demonstrates significant differences in second and fifth FU. Significance in
last FU is explained by osteosynthesis removal. (B) Bone substance is comparable between groups.

treated with NCHA paste with the ED group in each follow-
up examination (FU), (Table 6). We have noticed evidence of
statistical similarity for all biological pattern, fracture border,
fracture gap, and articular surface in radiographs (P>0.05),
(Figures 4, 5). The composition of osteosynthesis partially
demonstrated significant differences (Figure 6). Next to the
second reassessment (P=0.03), the last one mainly showed
lower counts in the grading system (ED [1: 6;1.9+1.1], NCHA
paste [1: 2;1.2+0.4], P<0.001). Metal removal was defined as
the smallest number of osteosynthesis. Considering this, the
group treated with additional NCHA paste augmentation dem-
onstrated a larger number of metal removals (38.2%, n=21)
than the ED groups (23.6%, n=13, P<0.001).

Subgroup Analysis - Geriatric Fractures

Based on the fact of belated bone healing in osteoporotic and
geriatric patients, the dataset was subdivided into 2 subsets,
1 group being under age 65 years and mainly without post-
menopausal patients, and 1 group being older than 65 years,
and some significant difference was seen. It appears that de-
layed bone healing in geriatric patients is possible. The main
difference was in the bone healing process according to the
fracture’s border. Earlier radiographs detected reduced grades
for patients treated with NCHA paste than patients treated in
the ED group (FU1, P=0.08; FU2, P=0.03). However, a progres-
sive alignment between both groups was noticed when com-
paring both age groups at later time points (FU3, P=0.28; FU4,
P=0.21; FU5, P=0.89).

Subgroup Analysis - Region of Fracture
Subdividing the data set once again based on the 3 regions

of fracture, less difference was seen regarding complications.
The reason for subdividing the data set based on fracture

localization was seen in the influence of force and pressure in
fracture healing. Comparing distal radius fractures, the NCHA
paste group showed decreased rates of post-traumatic arthro-
sis compared to the ED group (P=0.05). Fractures of the prox-
imal tibia and proximal humerus were similar between the
NCHA and the ED group (P<0.05). A more accurate assessment
of treating special regions of fractures would require a larger
number of patients in the subgroups.

Discussion

This work on the clinical and radiographic performance of the
injectable hydroxyapatite nanocrystalline bone paste Ostim®
demonstrated an enhanced bone healing process. The advan-
tages of using bone substitute materials are, on the one hand,
the similarity to the organic bone architecture in macro- and
microstructure and, on the other hand, the unlimited availabil-
ity. The current criterion standard, the harvesting of autolo-
gous bone (eg, from the iliac crest) is always associated with
additional risks for the patient. In particular, the indication for
polytraumatized or multimorbid patients must be made care-
fully due to the additional surgical risks [33].

Summary of Findings

Comparing descriptive data, both groups demonstrated a good
comparability in gender, age, affected body side, and pre-ex-
isting diseases between the cohort of empty defect treatment
(ED) and nanocrystalline hydroxyapatite bone paste Ostim®
(NCHA) (P>0.05). The BMI (26.93 kg/m?) in this patient cohort
was similar to the typical European average [33].

Essential for clinical treatment, a general risk of complications
of 45.5% was found in both groups (45.5%, P=1.0). The large
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risk of complications was due to long-term complications, main-
ly post-traumatic arthrosis (20%, n=20). There were no differ-
ences in infection (ED n=3, NCHA n=1, P=0.62). Pseudarthrosis
of the fracture zone was detected without differences between
groups (P=1.0). All open fractures were treated in the NCHA
paste group (P=0.003) and treatment with external fixation
was more frequent in the NCHA paste group (P=0.013). The
bone healing process evaluated with conventional radiographs
demonstrated a satisfactory healing process.

Comparison to Previous Trials

In daily clinical practice, risk of complications must be consid-
ered when choosing the optimal treatment option. The current
study confirms the results of previous studies showing that
one must be careful in making assumptions about any influ-
ence on the bone healing and the rate of complications [34].
We did not find any significant differences in complications
between the NCHA paste and the ED group. A previous met-
analysis reported a non-union rate of 0.6% and a mal-union
rate of 1.2%, which are lower than the rates we found in each
treatment cohort [35]. Because managing long-bone fractures
with an external fixation is associated with a larger number
of non-unions [36], the larger number of non-unions in this
study (n=4, 7.3%) compared to previous trials may be due to
soft tissue injuries and the treatment option.

We also investigated the hypothesis that bone defects be-
come contaminated by implanting bone substitute materials.
The NCHA paste treatment group had fewer infections than
the ED treatment group (P=0.62). Previous histomorphology
trials found no inflammation caused by using alloplastic bone
substitution, supporting use of NCHA paste [8,15]. Collectively,
the current data refute the assumption of infection by im-
planting any foreign material (eg, nanocrystalline hydroxyapa-
tite paste) in a sterile setting during surgery [37]. Using NCHA
paste to treat most patients with open fractures reduced the
infection rate caused by bacterial contamination, suggesting
that NCHA achieves better overall infection results in patients
with open fractures.

We mainly found non-significant differences between the 2
groups in the bone healing process. Use of a mixture of cal-
cium and hydroxyapatite pastes has previously been demon-
strated to improve bone healing [38]. Despite previous find-
ings that nanocrystalline hydroxyapatite paste Ostim® does
not affect bone healing in periodontal defects [39], it did not
significantly enhance bone healing in this trial compared with
the empty defect cohort, consistent with previous histomor-
phogenetic trials [15]. Based on improved vascular genesis,
the osteoconductive effect of NCHA paste is not clinically sig-
nificantly different from that of control groups [6,7,16-18].
Contrary to the results of the present study, previous studies

CLINICAL RESEARCH

have shown poorer osteoconductive performance [4]. This dis-
agreement may be due to the differences between our study
and previous in vivo and in vitro trials that mainly assessed
bone substitute materials focused in patient populations un-
dergoing vertebral body fusion or oral and maxillofacial sur-
gical procedures.

Previous studies demonstrated an improved bone healing pro-
cess caused by negative-loaded chemical groups [12]. Trauma
patients have lower pH values and higher lactate levels, which
impedes the bone healing process [40]. Although trauma pa-
tients are thought to have slight lactate acidosis, the patients
treated with nanocrystalline bone graft material augmenta-
tion demonstrated good bone healing.

Recently, bone substitute material in geriatric fracture treat-
ment demonstrated improved bone healing [26]. Supporting
previous findings of fewer complications and decreased rates
of pseudarthrosis in treating geriatric patients with various
bone material pastes, our study showed early stability in us-
ing nanocrystalline hydroxyapatite bone paste based on con-
ventional radiographs. In contrast, the bone healing process in
geriatric patients treated with NCHA bone paste demonstrat-
ed an insignificant difference. It seems appropriate that cal-
cium phosphate bone substitute material improved the bone
healing process more significantly than NCHA [26].

We found insignificantly fewer complications and insignificant-
ly enhanced bone healing process, supporting the hypothesis
that NCHA promotes osteoinduction and osteoconduction, de-
spite the insignificant difference in bone healing.

Discussing the limitations of this investigation, it should be
noted that data were evaluated retrospectively between the
years 2010 to 2012. In the level one trauma center, NCHA
Ostim® was the most commonly used bone substitute be-
tween 2010 and 2012. Data collection and evaluation were
examined in 2020 to 2021 with the current status of science.
Due to the retrospective analysis, no impact on patient popu-
lation was possible. We highly recommend other clinical trials,
especially RCT, for review of these retrospective clinical find-
ings regarding use of NCHA paste. Future studies should per-
form comparative analysis with a larger number of patients in
each group to extend the ability to generalize findings beyond
long tubular bones. We acknowledge that due to the relative-
ly low population distribution per group in our observation-
al study, calculating meaningful effect sizes and confidence
intervals may be challenging. Additionally, the nature of our
study design as an observational study limited our ability to
control for potential confounders. However, we recognize the
importance of addressing these limitations in future studies.
We are actively working on expanding our study to involve
multiple centers in a prospective study, which will allow for
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larger sample sizes, more robust analyses, and better control
of confounding variables.

Conclusions

Based on our study’s findings, we can conclude that the use
of nanocrystalline hydroxyapatite paste (NCHA) as a bone void
filling material for long-bone fractures did not have a signifi-
cant impact on overall healing outcomes compared to the emp-
ty defect treatment. Although both treatment groups had a
similar rate of postoperative complications and non-union, the
NCHA group showed a slight reduction in the risk of infection
compared to the empty defect group. However, it is worth not-
ing that open fractures treated with NCHA had a higher rate
of infection than closed fractures in both treatment groups.

Radiological assessment indicated that the biological healing
of the fracture border, fracture gap, and articular surface was

comparable between the NCHA group and the empty defect
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group. There were no statistically significant differences in
healing outcomes between the 2 groups. While these find-
ings suggest that NCHA may offer some benefits, particularly
in reducing the risk of infection, further research and studies
with larger sample sizes are needed to validate these results
and determine the long-term effects of using NCHA in bone
defect regeneration.
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