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Abstract

Aim: Bone fracture is a common injury necessitating surgical procedures for stabilization of the fracture or improvement of medical conditions. 
Tetracalcium phosphate (TTCP) is a component used in the production of some hydroxyapatite calcium phosphate cements to repair bone 
defects. Our study aimed to investigate the biomechanical effects of TTCP in an in vitro bone fracture model not previously studied.

Methods: A total of 28 fresh chicken femurs (TFs) were obtained from 14 chickens of the same breed, age, and approximately the same weight 
for the study. Fresh TFs were randomly divided into 4 groups with 7 TFs per group: Control group, Plate group, Plate + TTCP group, and TTCP 
group. The maximum force (Newton) and maximum displacement (mm) values applied in the tests were recorded.

Results: There was a significant difference in maximum force values between the groups (P < .001), but no significant difference was found 
in maximum displacement. In the post hoc analysis performed to determine the source of the significant difference between the groups, it was 
revealed that the Plate group (PG) and Plate + TTCP group (PTG) showed significantly higher values than the Control group (CG) (P = .007 for 
both), while the CG showed significantly higher values than the TTCP group (P = .024).

Conclusion: Based on the data obtained in our study, we conclude that TTCP did not have a positive biomechanical effect on the in vitro 
fracture model we created. According to our results, the use of plate and screws alone appears sufficient for small bone fractures.
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Introduction

Bone fracture is one of the most common injuries and is 
associated with treatment costs exceeding billions of dollars, 
societal productivity loss, and individual disability.1,2 Bone tissue 
is a dynamic structure where old or damaged tissue is replaced 
with new bone tissue through a process called remodeling. 
Fracture healing is a complex coordination of various cellular 
and mechanosensitive processes. Several influential mechanisms 
affect fracture healing, such as systemic biological factors, 
biochemical factors, hormonal factors, and biomechanical 
factors.3,4 A problem in this process can result in nonunion or 
delayed union.5 Approximately 5% to 10% of fractured bones result 
in nonunion and/or incomplete healing.6 A better understanding of 
factors affecting fracture healing has helped target earlier and 
more functional recovery processes. There are two types of bone 
healing: primary and secondary. Primary bone healing occurs when 
bone fragments are tightly secured under compression resulting 
from implantation. There is no callus formation, and the two bone 
pieces are bridged and healed directly through the activities of 
osteoclasts and osteoblasts.7,8 More commonly seen, secondary 
bone healing occurs when there is minimal movement at the 
fracture site. Interfragmentary movement leads to the formation 
of soft callus and results in secondary bone formation through both 
intramembranous and endochondral ossifications.7,9 Problems with 
bone healing are common, especially in fractures with bone defects. 
Excessive movement at the fracture site, large interfragmentary 
gap, and loss of vascularity negatively affect bone healing.10 
Numerous surgical procedures are performed annually to stabilize 
fractured bones or to improve medical conditions that require bone 
fixation. Conventional fixation methods involve the use of metal 
plates, screws, etc., to stabilize the fracture.11 The primary issue in 
plate-screw fixation today is loosening and/or breakage due to the 
load applied to the plate and screws. Additionally, metallic fixation 
devices are associated with a high risk of infection and potential 
damage to surrounding tissues. Lastly, traditional methods are 
ineffective for treating small bone fragments or periarticular 
fractures.

The application of biodegradable bone adhesive molecules would 
be a simple and effective alternative solution for stabilizing 
bone fractures.12,13 Applying such a biologically degradable bone 
adhesive would eliminate the need for a second surgery to remove 
metallic fixation devices and reduce the risks of infection and other 
complications.

While there is no universally accepted definition for biodegradable 
bone adhesives, they must meet several requirements to function 
adequately in clinical practice. Primarily, they should exhibit strong 
adhesion to bone tissue in the presence of blood. For effective 
clinical application, a minimum bonding strength to bone of 200 
kPa has been reported by Weber and Chapman 14, as lower bonding 
strengths have been shown to be inadequate for effective bone 
fixation. Additionally, bone adhesives should maintain bonding 
strength in the weeks and months following application and 
demonstrate sufficient mechanical stability under static and 
dynamic loads. Furthermore, the application of these adhesives 
to the surgical site should be straightforward within a clinically 
acceptable timeframe. They should not be toxic to the body during 
application or post-reaction. They should be easily manufacturable 
and sterilizable, as well as cost-effective.

TTCP is a component used in the production of some 
hydroxyapatite calcium phosphate cements used to repair bone 
defects.15 Injectable osteoconductive calcium phosphate cements 

are produced in various types and properties and are used in 
addition to intraosseous fixation. Unlike polymethylmethacrylate 
(PMMA) cements, which cause local cellular damage due to the 
exothermic reaction reaching temperatures as high as 60°C during 
hardening, these cements harden at normal physiological pH and 
body temperature, thereby not causing local cellular death or 
denaturing body proteins.16 They continue to crystallize and harden 
in vivo, reaching 50% of ultimate compressive strength within 1 
hour and 80% within 4 hours. Therefore, when applied to areas 
with bone defects, they provide mechanical support.

An important advantage of TTCP cements is reducing the need for 
bone grafts, thereby eliminating significant donor site morbidity 
associated with bone graft procedures. Their general application 
supports the fixation of applied metal implants and requires 
implant support. They cannot provide fracture fixation alone and 
exhibit biomechanically weak resistance, especially against shear 
forces.17

In this experimental in vitro study, we aimed to investigate the 
biomechanical effects of TTCP, known for its mechanical support 
when used in early fracture treatment in small bone fractures.

Materials and Methods

Study Design
This study was supported by the Scientific Research Projects 
Coordination Unit of Çanakkale Onsekiz Mart University Hospital 
(Project No: THD-2022-3797).

The study was conducted at the Department of Orthopedics and 
Traumatology of a tertiary university hospital. Our study was 
carried out experimentally through modeling.

Specimen Selection
A total of 14 chickens of the same breed, age, and approximately 
the same weight were used in the study. A total of 28 fresh chicken 
femurs (TF) were used in the study. The TFs used were dissected 
without creating trauma to soft tissues. The dissected TFs did not 
undergo any chemical processing. After dissection, the TFs were 
kept at 4 °C until the time of the procedure (approximately 18 
hours).

Groups and Experimental Procedures
After dissection and storage at 4 °C, fresh TFs were randomized 
into four groups without distinction between right and left femurs, 
each consisting of 7 specimens. Except for the Control group (CG), 
the remaining groups (Group 2, 3, and 4) underwent transverse 
osteotomy at previously marked mid-diaphyseal regions using a 
motorized saw to create the fracture model. Subsequently, in the 
Plate group (PG), TFs with created fracture models were fixed using 
a 4-hole plate designed specifically for TF dimensions, secured with 
3.5 mm diameter self-tapping cortical screws placed in each hole. 
In the Plate + TTCP group (PTG), TTCP was applied to the fracture 
lines of TFs followed by fixation using the same 4-hole plate and 
screws. The Tetracalcium Phosphate group (TKG) received fixation 
using TTCP application alone without additional plating.

Following these procedures, chicken femurs were stored at 
approximately 4 °C for 24 hours and subsequently subjected to 
biomechanical testing. Biomechanical tests were performed at the 
Biomechanics Laboratory, Department of Biomechanics, Çanakkale 
Onsekiz Mart University, using a Shimadzu AG-IS Autograph 
testing machine with a three-point bending test. The test speed 
was set at 5 mm/min, consistent with previous studies. Maximum 
force (Newton) and maximum displacement (mm) values applied 
during the test were recorded separately for each specimen on 
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pre-established forms and archived.

To ensure standardization in biomechanical testing, the distance 
between the distal and proximal ends of chicken femurs in all 
experimental groups was measured, and the midpoint was 
marked (Figure 1). This marking designated the point where load 
application occurred and was marked for osteotomy (Figure 2).

All groups in the study, including the Control group (CG), underwent 
three-point bending tests to determine maximum resistance 
force at the bone’s maximum resistance point and subsequent 
deformation, recorded on predefined forms. After completion of 
biomechanical testing, data from study forms were transferred to 
digital format for statistical analysis.

Ethical Approval
Ethical approval was not required for this in vitro experimental 
study.

Statistical Analysis
Data obtained from our study and transferred to digital format 
were analyzed using SPSS version 26.0. Descriptive statistics 
including counts, percentages, median, interquartile range (IQR) 
(75th percentile - 25th percentile), minimum, and maximum values 
were used for data presentation. Before comparing two or more 
datasets, normality of data distribution was assessed using the 
Kolmogorov-Smirnov test. For analysis of categorical variables, 
Pearson’s χ2 test was used when variables were five or more; 
Fisher’s Exact Test was used when variables were fewer than five. 
Non-normally distributed bivariate data were analyzed using the 
Mann-Whitney U test, and for analysis of more than two variables 
that did not follow a normal distribution, the Kruskal-Wallis test 
was applied. Post hoc tests were conducted to identify the source 
of differences in parameters showing statistical significance from 
the Kruskal-Wallis test.

Statistical analysis was performed with a confidence interval of 
95% and a significance level of P < .05.

Reporting Guidelines
No specific reporting guideline was applicable to this in vitro 
experimental study.

Results

Our study included a total of 28 TFs divided into 4 groups, 
each comprising 7 specimens. Maximum force and maximum 
displacement values observed in the three-point bending test were 
analyzed. The median maximum force values creating the fracture 
were notably high in PTG at 769.84 N and in PG at 674.38 N. In 
contrast, the median value in CG was measured at 394.53 N, while 
it was much lower at 36.88 N in TKG, where only TTCP was applied. 
Results showed that values in PG and PTG were higher than those 
in CG, whereas the level in bone models of TKG was lower than 
the average in CG. Additionally, the median maximum displacement 
values obtained in the three-point bending test were 2.19 mm in 
CG, 4.56 mm in PTG, 2.43 mm in TKG, and 2.04 mm in PG. These 
results indicated that the maximum displacement was highest in 
PTG and lowest in PG.

Statistical analysis revealed significant differences in maximum 
force values among groups (P < .001), whereas no significant 
difference was found for maximum displacement (Tables 1 and 2). 
Following the identification of statistically significant differences 
among groups, post hoc analysis was conducted to determine the 
source of these differences. It was found that in terms of maximum 
force, PG and PTG were significantly higher than CG (P = .007 
for both), and CG was significantly higher than TKG (P = .024). 
Furthermore, in the evaluation of maximum force results, PG was 
significantly higher than both CG and TKG (P = .007 and P < .001, 
respectively), and this difference was not observed between PG 

Table 1. Results of 3-Point Bending Test and Median Values

Group 
femur 
model

CG PG PTKG TKG

Max force 
(N)

Max deflec-
tion, mm

Max 
force (N)

Max deflec-
tion, mm

Max 
force (N)

Max deflec-
tion, mm

Max 
force (N)

Max deflec-
tion, mm

1 274.22 2.19 550.31 2.60 769.84 4.56 64.06 1.67

2 268.28 1.86 570.78 1.02 640.94 4.67 36.88 0.54

3 432.97 2.36 1410.78 1.50 937.81 5.47 30.78 3.40

4 425.31 2.14 725.31 2.34 457.66 1.55 23.44 2.00

5 338.75 3.08 740.31 2.04 770.63 2.85 176.09 4.00

6 421.72 3.32 674.38 3.39 874.84 5.60 21.88 2.43

7 394.53 1.43 403.13 0.78 650.31 1.32 39.53 2.75

CG, Control Group; PG, Plate Group; PTKG, Plate+TTCP Group; TKG, TTCP Group IQR, Interquarter Range; N, Newton

Table 2. Median Values of Maximum Force and Maximum 
Deformation Measured in Each Group

*: Kruskal-Wallis test was applied
CG, Control Group; PG: Plate Group; PTKG, Plate+TTCP Group; TKG, TTCP 
Group; IQR, Interquarter Range; N, Newton

Groups
Median (IQR 75th-25th)

Max force (N) Max deflection, mm

KG 394.53 (425.31-274.22) 2.19 (3.08-1.86)

PG 674.38 (740.31-550.31) 2.04 (2.60-1.02)

PTKG 769.84 (874.84-640.94) 4.56 (5.42-1.55)

TKG 36.88 (64.06-23.44) 2.43 (3.40-1.67)

P* < .001 .252

Figure 1. After the measurement, the midpoint was marked as the 
place where the force would be applied.
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and PTG (P > .05). Median maximum force levels in PTG did not 
significantly differ from TKG (P > .05), but they were significantly 
higher compared to TKG (P < .001). There were no significant 
differences observed among the groups in terms of maximum 
displacement (Table 3).

Discussion

In the current literature, while the effects of many bioactive 
cements on fracture healing have been studied extensively, there 
are limited studies specifically examining the impact of TTCP, a 
bioactive cement used in fracture healing. Our study investigated 
the early biomechanical effects of TTCP following fixation in a TF 
fracture model. At the outset of our study, we hypothesized that 
TTCP could have beneficial biomechanical effects in early small 
bone fracture fixation. Previous studies have shown that TTCP has 
beneficial biomechanical effects in fracture healing and fixation. 
However, our study had distinguishing features from others, such 
as the use of a small bone model with a small surface area, room 
temperature conditions, a transverse osteotomy line in the fracture 
model, and a pH different from living tissues. Based on the data 
obtained in the study, we conclude that TTCP did not have a 
positive biomechanical effect on our fracture model. According to 
our results, we believe that plate and screw combinations alone are 
sufficient for small bone fractures. The results we expected were 
that the implants used in the study had higher resistance than the 
group with the fractures. However, we believe that the addition 
of TTCP to plate and screw fixation was not an additional factor. 
We also believe that the use of TTCP alone provides insufficient 
stability.

Bone fracture is one of the most common injuries, and it is 
associated with high treatment costs, societal productivity loss, 
and individual disability. Plate-screw combinations have been 
widely used in orthopedic surgery for approximately a century 
to treat fractures. However, the primary problem in plate-screw 
fixation today is loosening and/or fractures due to the load on the 
plate and screw.18,19 TTCP is a component used in the formation of 

some hydroxyapatite calcium phosphate cements used to repair 
bone defects.20 Cadaver studies have shown that in some fractures 
of the distal radius, tibial plateau, proximal femur, and calcaneus, 
the use of Grandus® B-One in addition to traditional internal 
fixation can produce better stability, hardness, and strength than 
using implant fixation alone.17

Clinical studies have shown that TTCP reinforcement in tibial 
plateau and calcaneus fractures reduces the time required to 
achieve full postoperative loading, provides faster strength and 
range of motion recovery when used in distal radius fractures, 
and offers better stability in some hip fractures. In a study by 
Kaymaz et al. in a rat model, the use of TTCP was reported to 
be beneficial in early fracture healing.21 Furthermore, in a study 
by Neral et al. on distal radius fractures, the use of cement was 
reported not to cause any adverse effects and could facilitate 
reduction and fixation in comminuted fractures.22 Watson’s study 
on eight patients with proximal or distal tibial metaphyseal 
fractures reported that calcium sulfate could be used safely.23 
Su et al. mentioned that TTCP cement is biocompatible and has 
osteoconductive properties.24 In another study by Trenholm et al. on 
tibial plateau fractures, the use of calcium phosphate cement was 
reported to be safer than using bone autograft.25 Upon reviewing 
the literature, it is evident that minimally invasive interventions 
are becoming more prominent, and the importance of cement use 
is highlighted in enhancing reduction and bone healing success in 
these minimally invasive approaches.

Previously, TTCP has been shown to have positive outcomes in 
the treatment of large bone fractures and comminuted fractures. 
However, it is necessary to evaluate TTCP under appropriate 
conditions, especially in vivo, and in more comprehensive studies 
for small bone fractures.

Limitations

This study has several limitations. Previous research has 
demonstrated the influence of factors such as blood flow, body 
temperature, and pH on the efficacy of TTCP usage. In our study, 
the ineffectiveness of TTCP could be attributed to the use of non-
living tissue, room temperature conditions, and the lack of desired 
pH levels. Furthermore, although there is insufficient data in the 
literature regarding dosage or applied surface area, we believe 
that the small applied surface area may have also impacted the 
results.

Conclusion

Based on the data obtained in the study, we conclude that TTCP 
did not have a positive biomechanical effect on the in vitro fracture 
model. According to our findings, TTCP is not yet an alternative 
treatment modality for plate fixation of fractures. However, it may 
be used as an augmentation in fractures with bone defects.

Table 3. Post Hoc Analysis Results for Maximum Force and 
Maximum Deformation Values Among Groups

Groups
Max force (N) Max deflection, 

mm

Median P Median P

CG

KG 394.53
.007

2.19
.931

PG 674.38 2.04

KG 394.53
.007

2.19
.173

PTKG 769.84 4.56

KG 394.53
.024

2.19
1.000

TKG 36.88 2.43

PG

PG 674.38
1.000

2.04
.054

PTKG 769.84 4.56

PG 674.38
< .001

2.04
.900

TKG 36.88 2.43

PTKG
PTKG 769.84

< .001
4.56

.203
TKG 36.88 2.43

*, Post Hoc Testi; 
CG, Control Group; PG, Plate Group; PTKG, Plate+TTCP Group; TKG, TTCP 
Group; IQR, Interquarter Range; N, Newton

Figure 2. 3-point bending test application and sample fracture 
formation image of groups
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