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OBJECTIVE The authors’ goal in this study was to investigate the use of a novel, bioresorbable, osteoconductive, wet-
field mineral-organic bone adhesive composed of tetracalcium phosphate and phosphoserine (TTCP-PS) for cranial 
bone flap fixation and compare it with conventional low-profile titanium plates and self-drilling screws.
METHODS An ovine craniotomy surgical model was used to evaluate the safety and efficacy of TTCP-PS over 2 years. 
Bilateral cranial defects were created in 41 sheep and were replaced in their original position. The gaps (kerfs) were 
completely filled with TTCP-PS (T1 group), half-filled with TTCP-PS (T2 group), or left empty and the flaps fixated by 
plates and screws as a control (C group). At 12 weeks, 1 year, and 2 years following surgery, the extent of bone healing, 
local tissue effects, and remodeling of the TTCP-PS were analyzed using macroscopic observations and histopathologi-
cal and histomorphometric analyses. Flap fixation strength was evaluated by biomechanical testing at 12 weeks and 1 
year postoperatively.
RESULTS No adverse local tissue effects were observed in any group. At 12 weeks, the bone flap fixation strengths in 
test group 1 (1689 ± 574 N) and test group 2 (1611 ± 501 N) were both statistically greater (p = 0.01) than that in the con-
trol group (663 ± 385 N). From 12 weeks to 1 year, the bone flap fixation strengths increased significantly (p < 0.05) for 
all groups. At 1 year, the flap fixation strength in test group 1 (3240 ± 423 N) and test group 2 (3212 ± 662 N) were both 
statistically greater (p = 0.04 and p = 0.02, respectively) than that in the control group (2418 ± 1463 N); however, there 
was no statistically significant difference in the strengths when comparing the test groups at both timepoints. Test group 
1 had the best overall performance based on histomorphometric evaluation and biomechanical testing. At 2 years post-
operatively, the kerfs filled with TTCP-PS had histological evidence of osteoconduction and replacement of TTCP-PS by 
bone with nearly complete osteointegration.
CONCLUSIONS TTCP-PS was demonstrated to be safe and effective for cranial flap fixation in an ovine model. In this 
study, the bioresorbable, osteoconductive bone adhesive appeared to have multiple advantages over standard plate-
and-screw bone flap fixation, including biomechanical superiority, more complete and faster bony healing across the flap 
kerfs without fibrosis, and the minimization of bone flap and/or hardware migration and loosening. These properties of 
TTCP-PS may improve human cranial bone flap fixation and cranioplasty.
https://thejns.org/doi/abs/10.3171/2019.11.JNS192806
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TiTanium plates and screws are the current state-of-
the-art devices for cranial bone flap fixation. They 
occasionally loosen, resulting in hardware protru-

sion, cosmetic disfiguration, or pain, and can require re-
operation.5,9

Bone cements have been suggested as an alternative to 

metal for cranial fixation, but existing cements have not 
replaced hardware, primarily because they lack sufficient 
strength for this application.4 Currently available cements 
are also not chemically adhesive, do not provide a water-
tight seal, and add significant cost to the procedure.

During the initial healing process following cranial 
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surgery, CSF can leak through the dural closure and es-
cape beneath the scalp flap through the craniotomy mar-
gin, establishing a route for bacterial infection.2 CSF leaks 
and infections are potentially devastating complications 
that often result in hospitalization and can even lead to 
death.2,6–8,10,13 While infection and CSF leaks are respon-
sible for the majority of reoperations following crani-
otomy,7 pain and protrusion related to cranial plates and 
screws have been reported to prompt reoperation in 1.6% 
of cases.5

Composed of a wet-field self-setting aqueous-based 
reaction comprising tetracalcium phosphate and phos-
phoserine, TTCP-PS is a novel, bioresorbable bone adhe-
sive. When initially mixed, TTCP-PS maintains a tacky-
adhesive character through its initial setting process. It 
cures within minutes after application and produces a 
durable adhesive with load-bearing bond strength to wet 
bone tissue and metals. TTCP-PS has been studied in a 
canine model for dental implant stabilization1 and was 
recently approved by the Food and Drug Administra-
tion for first-in-human testing for this application. The 
objective of this study was to investigate the safety and 
efficacy of TTCP-PS for cranial bone flap fixation in 
comparison with titanium plates and screws in an ovine 
surgical model.

Methods
Mineral-Organic Bone Adhesive

TTCP-PS (Tetranite Bone Adhesive; LaunchPad Medi-
cal) was provided by the manufacturer (Stryker) packaged 
and sealed in powdered form in bowls and sterilized by 
gamma irradiation (20–30 kGy). The powdered material 
is composed of calcium phosphate, primarily tetracalcium 
phosphate (TTCP) phase, and phosphoserine (PS). It is 
mixed with sterile water for injection at a powder-to-liquid 
ratio of 3.9 wt/vol.

Fixation Hardware
The commercially available bone flap fixation system 

comprised 1) titanium low-profile 2-hole, 12-mm-long 
plates (n = 3, Stryker) and 2) 1.5 × 4–mm self-drilling tita-
nium screws (n = 6, Stryker).

Animals
Forty-one female sheep (50 to 75 kg, age > 2 years) 

were used in this study. The animals were kept in a pur-
pose-designed room and fed a standard laboratory diet. 

Before the experiment, the animals underwent a quaran-
tine period to help ensure health and acclimation. Animal 
management conditions complied with the European re-
quirements (EEC Directive 76/609), and the Biomatech 
ethics committee approved the protocol. Biomatech is 
an accredited facility and is registered with the French 
Department of Agriculture for animal housing, care, and 
investigations.

Study Design Summary
This study followed a 3-arm, controlled, randomized, 

prospective design. Two bilateral flaps were surgically 
created in the parietal region of the skull in each sheep (2 
test sites per sheep). Each flap was then removed, replaced 
in its original position, and fixed in one of 3 ways. In test 
group 1, the full circumference of the kerf was completely 
filled with TTCP-PS. In test group 2, only half of the kerf 
was filled with TTCP-PS (one-quarter circumference on 
one side, a second quarter opposite the first). In the control 
group, the flap was fixed using three 2-hole titanium plates 
and 6 screws, and the kerf was left empty. At specific time-
points, tissues were harvested, and all sites were used ei-
ther for mechanical testing or histological examination. 
The 3 groups were randomly assigned and allocated by 
permutation (Table 1).

Craniotomy Surgical Procedure
Premedication and anesthesia were administered 

by intravenous injection of a thiopental-pentobarbital 
mixture and atropine followed by inhalation of an O2-
isoflurane mixture. Each sheep received preoperative 
analgesic treatment as well as prophylactic antibiotics. 
A midline incision was made through the skin from the 
orbits to the external occipital protuberance. The tempo-
ralis muscles were elevated from the frontal and parietal 
bones and retracted bilaterally. All remaining soft tis-
sue was removed from the exposed site. Bilateral cra-
niotomies were located at a distance of approximately 
8 mm from the midline and 6 mm behind the frontal 
suture. Trephine drills were used to create circular cuts 
with a 15-mm inner diameter, 19-mm outer diameter, 
and an approximately 4-mm depth through the cranium, 
depending on skull thickness. Bone flaps were marked 
with crosshairs, and quadrants were labeled to provide 
correct flap orientation when the flaps were repositioned 
and fixed (Fig. 1). Sharp bony edges were smoothed with 
burrs. Flap thickness, position, diameter, and kerf length 

TABLE 1. Study design summary

Group Fixation Technique

Timepoint
12 Wks 1 Yr 2 Yrs

Biomechanical 
Testing

Histopath & Histomorph 
Analyses

Biomechanical 
Testing

Histopath & Histomorph 
Analyses

Histopath & Histomorph 
Analyses

T1 TTCP-PS, full application 6 sites 6 sites 7 sites 4 sites 4 sites
T2 TTCP-PS, half application 6 sites 7 sites 5 sites 4 sites 4 sites
Control Plates & screws 6 sites 7 sites 4 sites 2 sites 4 sites

Histomorph = histomorphological; histopath = histopathological; T1 = test group 1; T2 = test group 2.
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were measured and recorded. Bone flaps were immersed 
in sterile saline during the procedure before replace-
ment. Craniotomy was repeated for the contralateral 
defect.

Hardware Control Procedure
After the bone flaps were dried, three 2-hole plates 

were fixed to the flaps with self-drilling screws. Each flap 
was replaced in its original position, and the remaining 
screws were used to secure the plates to the surrounding 
skull bone. Each plate was positioned with approximately 
120° spacing from the other (Fig. 2A).

Test Group 1 Procedure (full application of TTCP-PS)
The bone flap was dried and replaced in its original 

position. TTCP-PS was mixed with 2 mL of sterile water 
for injection using a spatula. After 30 seconds of mixing, 
the material became a paste and was transferred into a 
3-mL syringe; injection was performed within 2 minutes, 
30 seconds from the beginning of mixing. TTCP-PS was 
injected starting at the bottom of the defect, ensuring full 
coverage through the entire thickness and all edges of the 
kerf. If necessary, additional TTCP-PS was applied to 
the kerf to fill any remaining gaps and to ensure that the 
TTCP-PS was flush with the surrounding bone. A gloved 
finger, moistened with sterile saline, was used to smooth 

the surface of the TTCP-PS to the surrounding bone. Ex-
cess TTCP-PS was removed with a plastic spatula. Sterile 
0.9% NaCl solution was applied at 5 minutes to evenly 
moisten the defect to prevent it from drying out. After 10 
minutes, TTCP-PS had sufficiently set for soft-tissue clo-
sure (Fig. 2B).

Test Group 2 Procedure (half application of TTCP-PS)
Test group 2 was prepared in an identical manner as 

test group 1. However, instead of filling the entire kerf 
with TTCP-PS, the material was only applied to 2 oppo-
site quarters of the kerf space. During material delivery, 
TTCP-PS was blocked from flowing into the 2 empty, op-
posing quarters by polyurethane stoppers that were placed 
into the kerf. The stoppers were removed within 2 min-
utes, 30 seconds. Sterile 0.9% NaCl solution was applied 
at 5 minutes to evenly moisten the defect to prevent it from 
drying out. After 10 minutes, TTCP-PS had sufficiently 
set for soft-tissue closure (Fig. 2C).

For all treatment groups, the soft tissues were reapprox-
imated over the defect sites. Povidone iodine solution was 
applied, and subcutaneous tissues were closed using a con-
tinuous suture with absorbable thread; the skin was closed 
using a continuous suture with a nonabsorbable thread. 
The skin was disinfected with oxytetracycline.

Clinical Observations
The health of all animals was monitored daily for any 

adverse reactions. When any clinical abnormality was 
detected, a complete veterinary clinical examination was 
conducted, and the observations were recorded. A veteri-
narian examined sheep showing severe signs of morbid-
ity, and those animals were euthanized if needed. When 
premature euthanasia was necessary before termination 
of the study, a necropsy was performed. Sheep were also 
observed for signs of neurological effects before treat-
ment, on postoperative days 1, 2, 3, and 7; week 6; and 
at termination. Attention was given, but not limited, to 
mental state, weakness, locomotion/mobility, tremors/
seizures, circling, posture, head tilt, and ocular move-
ments.

Euthanasia
At the end of the specified in vivo period, the animals 

were weighed and euthanized by lethal intravenous injec-
tion of pentobarbital solution (Dolethal, Vetoquinol).

FIG. 1. Defect placement guidelines and bone flap orientation markings.

FIG. 2. Representative macroscopic images of each test group condition. A: Control group. B: Test group 1. C: Test group 2.
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Necropsy
The skin and underlying fascia were cut to visualize 

the surgical sites. Craniotomy sites were evaluated for evi-
dence of flap movement from original positions, for flap 
fixation, for TTCP-PS presence in areas other than within 
the kerf, and disintegration or breakdown of the TTCP-PS. 
For sheep designated for histology and histomorphometry, 
the craniotomy sites with the surrounding bone were care-
fully removed while avoiding damage to the underlying 
brain tissue. The dura and surface of the brain in the re-
gion of the craniotomies were macroscopically observed, 
and any abnormality was recorded. The sites designated 
for histopathology were cut with approximately 1 cm of 
skull bone tissue surrounding the site and fixed in 10% 
neutral-buffered formalin. The sites designated for biome-
chanical testing were not separated but sampled together 
with the entire skinned skull intact. The explanted skulls 
were wrapped in saline-soaked gauze, sealed in plastic 
bags, and refrigerated between 4°C and 8°C until biome-
chanical testing.

Cranial Flap Fixation Evaluation and Biomechanical 
Testing

At necropsy, bone flap fixation quality was visually 
evaluated in a semiquantitative fashion using a bone flap 
fixation score. Observations of obvious screw loosening 
and dislodgment were also recorded. The fixation score 
was recorded as follows: No flap fixation, 0; severe flap 
movements, 1; moderate flap movements, 2; slight flap 
movements, 3; and no flap movements, 4.

Biomechanical evaluation of cranial flap fixation was 
assessed through pushout testing completed by Stryker 
personnel at the Biomatech facility within 24 hours of 
skull explantation. Each skull was secured in a custom 
fixture to ensure that each bone flap site was oriented such 
that it was orthogonal in alignment with the application 
of force upon testing. Pushout testing was completed with 
a Tinius Olsen machine and a 5-kN load cell at a cross-
head speed of 2 mm/min. The load cell was connected 
to a mechanical test adaptor, which made direct contact 
with the bone flap to execute the pushout test; this adap-
tor consisted of a metal cylinder with 3 protruding screws 
such that loads were applied only to bone flaps rather than 
to titanium hardware or TTCP-PS. Flap fixation strength 
was tested to failure. The maximum force reached for 
each bone flap was recorded as the fixation strength in 
Newtons (N).

Histological Preparation
Samples were prepared and labeled so that the histopa-

thologist was blinded to treatment group. After complete 
fixation, implanted sites were dehydrated in alcohol solu-
tions of increasing concentrations, cleared in xylene, and 
embedded in polymethylmethacrylate resin. Four sections 
per site were prepared. First, 2 paracentral sections of 20- 
to 30-µm thickness were obtained by a microcutting and 
grinding technique adapted from Donath et al.3 The 2 re-
maining blocks were glued together and cut, and 2 para-
central perpendicular sections were then prepared. The 
ground-section slides were stained with modified Paragon 

for histological analysis by means of bright-field micro-
scopic evaluation. The bone tissues and surrounding soft 
tissues were evaluated using an analysis adapted from the 
ISO 10993–6 histopathology standard. Histomorphomet-
ric quantitative evaluation of the bone sites was conducted 
by scanning and examining the sites using a motorized 
microscope equipped with a color-images analyzing sys-
tem (Samba, version 4.27; Samba Technologies).

Statistical Analysis
The mean and SD for the pushout strength and bone flap 

fixation score are reported by timepoint and test group. 
The mean is reported for histomorphometry by timepoint 
and test group. For testing the biomechanical significance, 
the mean pushout strength differences between timepoints 
and test groups were evaluated with a linear mixed-model 
analysis. Specifically, a model was used with both a sub-
ject-specific intercept and variances, which were allowed 
to differ by timepoint and test group. Estimated differenc-
es and p values are reported. All analyses were conducted 
with NCSS version 11.0.2 software.

Results
Clinical Observations

The first 8 sheep operated on displayed motion difficul-
ties after surgery due to surgical positioning, which was 
corrected in all remaining test animals. One sheep dis-
played transient abnormal neurological signs (tremors, cir-
cling, head tilt, and eye and lid impaired movements) that 
resolved in 24 hours. This animal sustained a dural lac-
eration at surgery with intraoperative CSF leak. Another 
sheep was found dead 50 weeks after surgery. The cause 
of death was a large abscess surrounding the pharynx. No 
other abnormal clinical abnormalities were observed.

Macroscopic Observations
The only sites that demonstrated bone flap movement 

were sites in the control group at both 1 and 2 years. Screw 
loosening appeared to contribute to this, as loose screws 
were observed in 4 of 6 sites at 1 year and 6 of 7 sites at 
2 years. In 3 of 7 sites in the control group, screws had 
completely backed out and were found in the surrounding 
soft tissues at 2 years. Test groups 1 and 2 showed no dif-
fusion, disintegration, or breakage of the material at any 
point during the study. No bone flaps fixated with TTCP-
PS became mobile over the 2-year study period (Table 2).

Mechanical Testing
At each timepoint tested for biomechanical strength, 

the mean pushout strength of the flaps fixated with TTCP-
PS exceeded that of the flaps fixated with metal plates and 
screws (Table 3 and Fig. 3). At 12 weeks, the bone flap 
fixation strengths in test group 1 (1689 ± 574 N) or test 
group 2 (1611 ± 501 N) were both statistically greater (p = 
0.01) than that in the control group (663 ± 385 N). From 12 
weeks to 1 year, the bone flap fixation strengths increased 
significantly (p < 0.05) for all groups. At 1 year, the flap 
fixation strengths for test group 1 (3240 ± 423 N) and test 
group 2 (3212 ± 662 N) were both statistically greater (p 
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= 0.04 and p = 0.02, respectively) than that in the control 
group (2418 ± 1463 N); however, there was no statistically 
significant difference in the strengths when comparing 
test groups 1 and 2 at both timepoints.

Histological Examination
In the histology images (Fig. 4), the bone is pink, the 

TTCP-PS implant is black, and the soft tissue is blue. The 
blue soft tissue can be seen in the kerf of the hardware 
control through 2 years; the degree of fibrosis in this group 
was consistently high. In contrast, the TTCP-PS groups 
had minimal fibrosis. Test group 1 exhibited no soft tissue 
in the kerf at any point, and new pink bone can be seen 
propagating across the kerf and through the implant mate-
rial. This histology also shows the black implant material 
contacting nearly all of the surrounding bone, indicating a 
high level of osteointegration. The TTCP-PS also demon-
strates resorption over time as the black becomes replaced 
with new, pink bone.

Microscopic Observations at 12 Weeks
Control Group 

Kerfs were mostly filled with a dense fibroconnective 
tissue, which was slightly infiltrated with macrophages. A 
variable amount of newly formed bone emerged from the 
kerf margins. Complete bone healing was never observed 
within the entire circular kerf of the sites.

Test Group 1
TTCP-PS appeared as a homogeneous material that had 

a moderate level of osteointegration. Some newly formed 
bone and signs of osteoconduction were observed within 

the TTCP-PS. There were multinucleated giant cells and 
activated macrophages in the vicinity of the TTCP-PS, 
signifying signs of TTCP-PS resorption in conjunction 
with bone ingrowth. No evidence of cytotoxicity or oste-
olysis was detected.

Test Group 2
In areas in which TTCP-PS was present, observations 

were similar to those of test group 1. In areas in which the 
kerfs were empty, the tissue region was fibrotic and simi-
lar to that in the control group.

Microscopic Observations at 1 Year
Control Group

Moderate bone formation was noticed in the kerfs with 
slight osteoblast activity. Fibroconnective tissue filled the 
remaining space of the kerfs. Some macrophages were ob-
served within this fibrous tissue.

Test Group 1
TTCP-PS was markedly osteointegrated with signs 

of TTCP-PS replacement by bone and osteoconduction. 
Some inflammatory infiltrates, including macrophages 
and multinucleated giant cells, were found in the lacunae 
of the new bone forming in the kerf. No evidence of cyto-
toxicity or osteolysis was detected.

Test Group 2
In the areas in which TTCP-PS was present, observa-

tions were similar to those of test group 1. In areas where 
the kerfs were empty, a higher level of bone healing was 
noted when compared with the control group (8 of 16 kerfs 
were healed in test group 1 in comparison with 0 of 16 in 
the control group). The tissue reaction in the nonhealed 
kerfs was fibrotic and similar to that observed in the con-
trol group.

Microscopic Observations at 2 Years
Control Group

Kerfs were completely healed in 13 of 32 sections. 
Some osteoblast activity was noted. Fibrous tissue filled 
the remaining space of the non–fully healed kerfs. Some 
macrophages were observed within the fibroconnec-

TABLE 2. Summary of flap fixation score and behavior of sites

Group Timepoint Mean ± SD Score for Bone Flap Fixation* Sites w/ Screw Loosening Sites w/ Screw Migration Sites w/ Mobile Plates

Control
12 wks (n = 12)

2.7 ± 0.4
0 0 0

1 yr (n = 6) 4 0 1
2 yrs (n = 7) 6 3 5

T1
12 wks (n = 12)

3.9 ± 0.4
Not applicable

Sites fixated w/ TTCP-PS w/o hardware

1 yr (n = 7)
2 yrs (n = 8)

T2
12 wks (n = 7)

3.7 ± 0.81 yr (n = 7)
2 yrs (n = 5)

* 0, no flap fixation; 1, severe flap movements; 2, moderate flap movements; 3, slight flap movements; 4, no flap movements.

TABLE 3. Cranial flap pushout strength

Group
Strength (N)

12 Wks (n = 6) 1 Yr (n = 4)

T1 1689 ± 574 3240 ± 423
T2 1611 ± 501 3212 ± 662
Control 663 ± 385 2418 ± 1463

Values are presented as the mean ± SD.
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tive tissue, and signs of osteolysis were noted around the 
screws.

Test Group 1
TTCP-PS was nearly completely osteointegrated with 

signs of TTCP-PS replacement by bone and osteoconduc-
tion. No inflammatory infiltrates were found, and there 
was no evidence of cytotoxicity or osteolysis.

Test Group 2
In the areas in which TTCP-PS was present, observa-

tions were similar to those in the T1 group. In the areas 

where the kerf was empty, the tissue reaction was similar 
to that observed with the control group. There were mod-
erate signs of material degradation.

Histomorphometric Analysis
Histomorphometric analysis was done to measure the 

total area of implant (TTCP-PS), bone, and soft tissue in 
a representative cross-section of each kerf (Fig. 5). The 
first 3 bars track test group 1, showing the resorption of 
TTCP-PS as it decreased at each timepoint and was re-
placed with new bone. The amount of soft tissue in the 
TTCP-PS groups was minimal, almost always below 5% 

FIG. 3. Pushout strength and shear moduli of flaps fixated with TTCP-PS and hardware. T1 = test group 1; T2 = test group 2.

FIG. 4. Representative histological images obtained at all timepoints. Modified Paragon stain, original magnification ×20.
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while bone and implant dominated over 95% of the kerf 
lines in test group 1 at all timepoints. Similar results were 
shown in the 50% filled kerf lines in test group 2. In con-
trast, the last 3 bars of data show that the control group 
kerfs were more than 50% filled with soft tissue until 2 
years, at which point bone replaced approximately half of 
it. The 50% empty kerf lines in test group 2 showed results 
similar to those of the control group.

Discussion
Clinical Observations

While impaired hind leg movement was observed in 
the initial sheep treated in this study, this finding was 
no longer observed after changing the surgical position 
of the sheep from flexed hind legs to extended hind legs. 
Thus, the impaired motion was most likely not induced by 
TTCP-PS or plate-screw fixation but was due to intraop-
erative sheep positioning, which likely caused peripheral 
neuromuscular compression.

Aside from the initial sheep positioned with flexed hind 
legs, only 1 sheep in the study displayed abnormal neuro-
logical signs. These signs resolved after postoperative day 
1. Significantly, CSF leakage was noted during this sheep’s 
surgery, which implies that the trephine lacerated the dura 
and subarachnoid membrane. Interestingly, although this 
sheep did not undergo dural repair, the bone flap was se-
cured and sealed with TTCP-PS. No further evidence of 
CSF leak was observed. One sheep that was found dead 
after 50 weeks had a parapharyngeal abscess, which was 
determined as the cause of death and was considered un-
related to the surgery or treatment.

Mechanical Strength
In this ovine model, TTCP-PS yielded better bone flap 

fixation strength and better bone healing than plate-and-
screw fixation. The force needed to fracture a native hu-
man skull varies between 2000 and 12,500 N, depending 

on location in the cranium. Thus, the pushout strength pro-
vided by TTCP-PS in this study (> 3000 N) would provide 
strength closer to that of the native skull than would hard-
ware fixation.11,12

In this study, animals were not euthanized early to 
compare differences in flap fixation strength between the 
test groups and control groups before 12 weeks. However, 
prior (unpublished) testing in sheep cadaver skulls demon-
strated that the condition in test group 1 (100% kerf fill) 
produced greater initial fixation strength than did plates 
and screws. Interestingly, this initial strength was lower 
than the strength found in the current study at 12 weeks, 
which was itself lower than the strength at 1 year. We posit 
that these increases in strength over time are due to bony 
ingrowth (osteoconduction) and provide a large enough 
effect to eliminate statistically significant differences be-
tween test groups 1 and 2.

Hardware loosening, including instances of screw mi-
gration, was observed in a majority of the control group 
sites at both the 1- and 2-year timepoints. Bone flaps fix-
ated with TTCP-PS, in contrast, showed no evidence of 
material migration or flap dislodgment. Based on these 
observations, fixation of human cranial flaps with TTCP-
PS might eliminate cosmetic disfiguration and pain that 
patients may experience if the metal plates and screws 
holding their bone flaps in place loosen over time.

Histology and Histomorphometry
There were no signs of infection or cytotoxicity at the 

surgical site in any group throughout the study. The con-
trol kerfs demonstrated greater fibrosis at all timepoints 
than kerfs filled with TTCP-PS. Sites were healed so well 
in the TTCP-PS group by 1 year that they were difficult to 
distinguish from the surrounding skull during gross exam-
ination. The lack of fibrosis and a high degree of osteointe-
gration in the kerfs treated with TTCP-PS resulted in one 
contiguous skull and a framework for healing with new 
bone. Soft tissue remained in the control group kerfs and 

FIG. 5. Histomorphometric calculation of the relative amount of soft tissue (blue), bone (green), and implant (gray) in each kerf.
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hindered complete bone healing. The low degree of fibro-
sis, high level of osteointegration, and new bone growth 
in the TTCP-PS groups all indicate better healing perfor-
mance of the kerfs fixed with TTCP-PS.

The findings of this study indicate that TTCP-PS pro-
vided greater fixation strength than plate-and-screw fixa-
tion in this ovine cranial bone flap model and also resulted 
in better and faster bone healing of the flap kerfs.

Limitations and Future Work
This study lacked an intentional durotomy; in human 

clinical cases, a durotomy is typically performed after the 
craniotomy to access the brain. The safety of TTCP-PS 
should be further evaluated in the presence of a durotomy 
to evaluate its effects on the compromised dura, possible 
CSF leakage, and the exposed brain below the incision. 
A neurotoxicity study should also be done to ensure the 
safety of TTCP-PS before its introduction into possible hu-
man clinical trials. In addition to testing TTCP-PS’s safety 
in a typical craniotomy and durotomy model, its effective-
ness should be evaluated in other cranial approaches (e.g., 
posterior fossa, transsphenoidal, supraorbital, and various 
skull base approaches).

Finally, the unique, wet-field adhesive properties of 
TTCP-PS enable it to fill and possibly even seal the cra-
niotomy kerf and burr holes to prevent CSF leaks, even 
in the presence of blood or other fluids. This capability 
should be tested, as it has the potential to significantly im-
prove patient outcomes by mitigating both CSF leaks and 
the frequently resulting infections.

Although there are several potential improvements that 
TTCP-PS bone adhesive could provide for human cranial 
fixation, it is not yet known whether this technology will 
work in humans and what its economic value might be. 
Additional translational studies, including studies in hu-
mans, will be necessary to help determine this. While 
pricing has not been determined for this product, given the 
low cost of goods to produce TTCP-PS, it is expected that 
procedures using it will cost no more than those utilizing 
cranial plates and screws and may actually cost less.

Conclusions
TTCP-PS was demonstrated to be safe and effective for 

cranial flap fixation in an ovine model. In this study, the 
bioresorbable bone adhesive appeared to have multiple ad-
vantages over standard plate-and-screw bone flap fixation, 
including biomechanical superiority, more complete and 
faster bony healing across the flap kerfs without fibrosis, 
and the minimization of bone flap and/or hardware migra-
tion and loosening. These properties of TTCP-PS may im-
prove human cranial bone flap fixation and cranioplasty.
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