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Background: Scientific evidence is mounting for an association between traumatic brain injury and enhanced osteogenesis.
The aim of this study was to correlate the in vitro osteoinductive potential of serum with the features of fracture-healing and the
extent of brain damage in patients with severe traumatic brain injury and bone fracture.

Methods: Patients with a long-bone fracture and a traumatic brain injury (seventeen patients) or without a brain injury
(twenty-four patients) were recruited. The Glasgow Coma Scale score was determined on admission. Radiographs of the
fracture were made before surgery, at six weeks, and at three, six, and twelve months after surgery. The time to union was
estimatedclinicallyand radiographically, and thecallus ratio to shaftdiameterwascalculated.Serumsampleswere collected
at six, twenty-four, seventy-two, and 168 hours after injury, and their osteogenic potential was determined by measurement of
the in vitro proliferation rate of the human fetal osteoblastic cell line hFOB1.19.

Results: Patients with a traumatic brain injury had a twofold shorter time to union (p = 0.01), a 37% to 50% increased
callus ratio (p < 0.01), and their sera induced a higher proliferation rate in hFOB cells (p < 0.05). A linear relationship was
revealed between hFOB cell proliferation rates and the amount of callus formed (p < 0.05). The Glasgow Coma Scale score
was correlated with the callus ratio on both radiographic projections (p < 0.05), time to union (p = 0.04), and the
proliferation rate of hFOB cells at six hours after injury (p = 0.03).

Conclusions: Patients with a severe brain injury release unknown humoral factors into the blood circulation that enhance
and accelerate fracture-healing.

T
he existence of an association between traumatic brain
injury and enhanced osteogenesis has been debated.
Patients who have sustained a severe traumatic brain

injury commonly demonstrate alterations in the normal pro-
cess of bone-healing. A shorter time to bone union with hy-
pertrophic callus formation has been reported in patients with
a fracture and an associated severe head injury1. Many de-
scriptions of this phenomenon have been reported anecdotally.
The most considerable communications include two studies
published twenty years ago2,3. Those studies documented in-
creased callus formation and a shorter time to union in pa-
tients with a severe brain injury and an associated long-bone
fracture.

Previous studies have used in vitro cellular models to in-
vestigate the pathophysiologic mechanisms underlying these
osteogenic phenomena in patients with traumatic brain injury.
Boes et al.4 showed that in vitro human stromal stem cells
proliferated beyond expected parameters when incubated with
serum from rats with a brain injury, and they concluded that
brain-derived factors mediate a mitogenic effect on osteopro-
genitor cells by means of the humoral circulation. In earlier
studies, Bidner et al.5, using osteoblastic cells isolated from the
calvaria of fetal rats, demonstrated similar results with serum
from patients with a traumatic brain injury. The well-established
human fetal osteoblast cell line hFOB1.19 (hFOB) has been
described as an early-stage osteoprogenitor cell line6,7. This
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cell line has been used successfully in in vitro proliferation assays
to screen serum and cerebrospinal fluid samples for their os-
teoinductive potential and, therefore, the presence of osteogenic
factors in patients with traumatic brain injury and an associated
fracture8,9. However, no study to date, as far as we know, has
directly provided evidence linking the osteoinductive potential
of human serum with use of in vitro cellular assays with the
clinical features of enhanced callus formation and fracture-
healing in patients with traumatic brain injury.

The present study tested the hypothesis that serum from
patients with a traumatic brain injury, collected as early as six
hours after the injury, would have a greater proliferative influ-
ence on the osteoprogenitor cell line hFOB1.19 than would
samples from patients without a traumatic brain injury. It was
also hypothesized that traumatic brain injury would be asso-
ciated with early bone union and increased callus formation.
Furthermore, it was expected that the proliferation of osteo-
progenitor cells in response to sera from patients with a trau-
matic brain injury would be positively related to the quantity of
callus formed and the time to union of long-bone fractures.
Additionally, this study investigated whether the extent of the
central nervous system lesion was related to the degree of en-
hanced callus formation, shortened time to union, and the
osteogenic potential of serum from patients with a traumatic
brain injury.

Materials and Methods
Patients

Forty-one consecutive patients (thirty-one male and ten fe-
male patients between seventeen and seventy-two years of

age) were recruited from Royal Perth Hospital, Perth, Western
Australia, between January 2005 and February 2007 (Table I).
Seventeen patients with a severe brain injury presenting with a
long-bone fracture (femur, tibia, or humerus) were treated at
our level-I trauma center according to the Advanced Trauma
Life Support guidelines10. After primary diagnostic and thera-
peutic management, they were transferred to the intensive care
unit. Twenty-four patients with an isolated shaft fracture of the
femur, tibia, or humerus without a traumatic brain injury were
recruited as control subjects. The overall mean age of the pa-
tients in the study was 32.4 years (range, seventeen to seventy-
two years) and did not differ between treatment groups (p >
0.05).

On admission, all patients were evaluated with use of the
Glasgow Coma Scale11 and Abbreviated Injury Scale score12. The
type and extent of the hemorrhagic central nervous system le-
sion or diffuse cerebral edema were determined by computer-
ized axial tomography and were scored with the Marshall
computed tomography classification system13. Eligibility criteria
for recruitment were met if the patient had a severe traumatic
brain injury with a Glasgow Coma Scale score of £8 points and
an Abbreviated Injury Scale score of >2. All patients in the
traumatic brain injury and fracture group sustained a severe
traumatic brain injury and had a mean Glasgow Coma Scale
score of 5.6 (range, 3 to 8) and a mean Abbreviated Injury Scale
score of 3.9 (range, 2 to 5). The radiographic findings included

epidural, subdural, subarachnoid, and intraventricular hemor-
rhage as well as generalized brain edema and shearing injuries.
The mean Marshall computed tomography classification for the
patients with a traumatic brain injury was 2.9 (range, 2 to 4). In
addition to the intracranial lesions, eight of the seventeen pa-
tients with a traumatic brain injury had sustained a skull frac-
ture and nine required operative neurosurgical intervention.
Clinical and radiographic investigation revealed that none of the
control patients sustained a traumatic brain injury, and the mild
deficits on the Glasgow Coma Scale were due to extracranial
causes.

All patients sustained an isolated severe shaft fracture of
the femur (twenty-eight patients), tibia (ten patients), or hu-
merus (three patients). The long-bone fractures were imaged by
conventional radiographs in anteroposterior and lateral pro-
jections. The fractures in all patients were treated operatively.
All femoral fractures (fourteen patients in each group) were
stabilized with an intramedullary nail with use of a reamed
technique. The two groups were not significantly different in
terms of the time interval to surgical treatment of the bone
fracture (29.6 compared with 42.3 hours; p = 0.69; Table I).

Exclusion criteria included all forms of prior nervous
system or bone-related diseases, immunosuppression, rheuma-
toid arthritis, and diabetes as well as steroid or bisphosphonate
therapy. No further selection was performed after study inclu-
sion; only patients with at least a one-year survival were con-
sidered. Ethics approval was granted by the Royal Perth Hospital
Human Research Ethics Committee, and all patients or next of
kin gave informed consent.

Specimen Collection
Blood samples were collected from all patients at four time points
during the first week following the injury. The first sample was
obtained as soon as possible after hospital admission, but always
within six hours after the injury. Subsequent samples were col-
lected at twenty-four, seventy-two, and 168 hours after the injury.
All specimens (except the first sample after the injury) were ob-
tained at approximately 0800 hours in order to reduce the circa-
dian influence on biochemical markers and to maintain similar
conditions for all participant groups. Samples were centrifuged at
1500 g for ten minutes within thirty minutes of collection, and the
resulting serum was stored at 280�C. The levels of C-reactive
protein, alkaline phosphatase, adjusted calcium, inorganic phos-
phate, and parathyroid hormone were measured in all collected
samples.

Cells
The conditionally immortalized human fetal osteoblastic cell line
hFOB1.19 was obtained from the American Type Culture Col-
lection (ATCC, Manassas, Virginia). The cells were cultured ac-
cording to ATCC protocols in a D-MEM/F-12 medium (DMEM
[Dulbecco modified Eagle medium] Gibco; Invitrogen, Auck-
land, New Zealand) supplemented with 15% (volume per vol-
ume) fetal calf serum (FCS; JRH Biosciences, Lenexa, Kansas)
and 1% antibiotics (10,000 U/mL of penicillin-G sodium, 10,000
mg/mL of streptomycin sulfate, and 25 mg/mL of amphotericin B;
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Gibco) at 34�C under humidified atmosphere of 95% air and 5%
carbon dioxide. The cells were used four days after passaging and
before reaching confluence for the assays mentioned below.

Cell Proliferation Assay
The osteoinductive potential of the sera was quantified by mea-
suring the proliferation of the osteoblastic cell line hFOB1.198,9.

Briefly, 104 cells were seeded in ninety-six-well plates (Sarstedt,
Nümbrecht, Germany) in 200 mL of DMEM (containing 1%
antibiotics) per well. Patient serum was added at a concentration
of 6.25% and then was serially diluted to a final concentration of
0.78% in triplicates. Cell proliferation was assessed with use of
the 3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-
2-(4-sulfophenyl)-2H-tetrazolium (MTS) colorimetric assay

TABLE I Demographic and Clinical Profile of Patients with Traumatic Brain Injury and Fracture and of Control Patients

Patients with Traumatic Brain
Injury and Fracture Patients with Fracture

No. 17 24

Gender (M/F) 10/7 21/3

Age* (yr) 28.4 ± 10.4 (18-58) 36.4 ± 14.2 (17-72)

Glasgow Coma Scale score* 5.6 ± 2.2 (3-8)† 14.8 ± 0.2 (14-15)

Abbreviated Injury Scale score* 3.9 ± 0.9 (2-5) –

Fracture (femur/tibia/humerus) 14/1/2 14/9/1

Femoral implant (intramedullary nail) 14 14

Time to surgery‡ (hr) 29.6 (9-37) 42.3 (11-57)

Length of stay* (days) 106.8 ± 101.8 (21-384)† 24.2 ± 24.7 (3-74)

*The values are given as the mean and the standard deviation, with the range in parentheses. †The difference between the groups was significant
(p < 0.05). ‡The values are given as the mean, with the range in parentheses.

Fig. 1

The mean proliferation rates (and standard error) of hFOB cells measured after incubation with

serum from seventeen patients with a traumatic brain injury (TBI) and twenty-four patients without a

traumatic brain injury at six, twenty-four, seventy-two, and 168 hours after injury. The letters a and b

indicate a significant difference between the groups (p = 0.02), and the letters c and d indicate a

significant difference between the groups (p = 0.04).
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(Promega, Madison, Wisconsin) and was recorded with use of a
microplate reader (Multiskan RC; Labsystems, Helsinki, Fin-
land) at an absorbance of 492 nm. The proliferation rates were
calculated as the percentage of the negative control, which was
the proliferation rate of the hFOB cells incubated with standard
medium containing antibiotics and 0% fetal calf serum.

Reverse Transcription of mRNA and Real-Time Polymerase
Chain Reaction Analysis
Messenger RNA was extracted from hFOB cells with use of
ULTRASPEC RNA (Biotecx Laboratories, Houston, Texas)
after four days of incubation, and mRNA was reverse-
transcribed to cDNA with use of SuperScript III (Invitrogen).
One-tenth of cDNA was amplified with use of a Platinum PCR
SuperMix (Invitrogen) with gene-specific primers for osteo-
blast differentiation markers, including Sp7 (Osterix), alkaline
phosphatase, and macrophage colony-stimulating factor. The
amplified products were subjected to electrophoresis in 2%
agarose gel and were stained with ethidium bromide (Sigma-
Aldrich, St. Louis, Missouri). Primers used for the amplifica-
tion are listed in a table in the Appendix.

Clinical and Radiographic Follow-up
All patients were followed clinically for a minimum of twelve
months after discharge. Only patients with a closed diaphyseal
femoral fracture were considered for the clinical and radio-
graphic assessment of fracture-healing. Fourteen patients with
a traumatic brain injury were compared with fourteen control
patients. The patients were assessed at six weeks and at three,

six, and twelve months after injury. Clinical assessment of
fracture-healing and heterotopic ossification (defined as ec-
topic bone in muscle and connective tissue surrounding joints
without connection to the fracture callus) was investigated,
and standard anteroposterior and lateral radiographs were
made at all follow-up visits.

Two radiologists, blinded to the presence or absence of
traumatic brain injury, independently evaluated time to union,
defined as the time interval from treatment to bone-bridging of
both cortices on the two radiographs. Callus formation and
callus size were quantified with use of the method previously
described by Spencer14. Briefly, the ratio was calculated with use
of the widest callus diameter (measured at 90� to the long axis of
the bone) and the diameter of the normal adjacent diaphysis on
the anteroposterior and lateral radiographs. The highest ratio
calculated during fracture-healing was used for further analysis.

Statistical Analysis
A two-way repeated-measures analysis of variance was used to
test mean differences between the study groups in terms of
proliferation rates of hFOB cells across the various time points
after injury and in terms of serum markers. Independent-
samples t tests were used to determine specific differences
according to group and time point after injury. Pearson correla-
tions (bivariate) were used to analyze two continuous variables,
including patient age, proliferation rates, mean callus ratios,
time to union, length of stay, Glasgow Coma Scale score, Ab-
breviated Injury Scale score, and serum marker concentrations.
A p value of <0.05 was considered significant. Retrospective

Fig. 2

The mean callus ratio (and standard error) of the maximal callus to diaphysis diameter adjacent to

the fracture site on anteroposterior (AP) and lateral (LAT) radiographs. The letters a and b indicate a

significant difference between the groups (p < 0.01). TBI = traumatic brain injury.
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sample size calculations indicated that there were sufficient
patient numbers for statistical comparisons between treatment
variables.

Source of Funding
The funding was used to purchase reagents for this study.

Results
Cell Proliferation Assay and Real-Time Polymerase Chain
Reaction Analysis

The patients with a traumatic brain injury had a higher
mean proliferation rate of hFOB cells at all time points of

sampling than did control patients (120% and 88%, respec-
tively, of the internal negative control at six hours [p = 0.02],
123% and 93% at twenty-four hours [p = 0.02], 121% and
96% at seventy-two hours [p = 0.04], and 110% and 89% at
168 hours [p = 0.04]; Fig. 1). The sera of patients with a
traumatic brain injury induced a greater expression of mRNA
osteoblast differentiation markers (including Sp7 [Osterix],
alkaline phosphatase, and macrophage colony-stimulating
factor) than did that of the control patients (data not shown).

Radiographic Follow-up
The time to union of femoral fractures was shorter in the
traumatic brain injury and fracture group than in the control
patients (8.7 and 16.3 weeks, respectively; p = 0.01). The mean
callus ratio of the femoral fractures was considerably greater on
both the anteroposterior and the lateral radiographs for the
patients with a traumatic brain injury than for the controls (1.9
and 1.3, respectively, on the anteroposterior radiograph and
1.9 and 1.4 on the lateral projection [p < 0.01]; Fig. 2). Ra-
diographic evidence of heterotopic ossification was found in
four of the seventeen patients with a traumatic brain injury
and in one control. Sex or association with a skull fracture did
not influence the mean callus ratio.

The proliferation rate of hFOB cells incubated with se-
rum was positively correlated to callus ratios of the femur on
both the anteroposterior and lateral radiographic projections
at six, twenty-four, and 168 hours after the injury (p < 0.05).
Also of significance was an inverse linear relationship between
the time to union and the mean callus ratio on both radio-
graphic projections (p < 0.05; Table II).

There was a negative linear relationship between the
Glasgow Coma Scale score and the mean callus ratio on the
anteroposterior and lateral projections for all patients (p < 0.05;
Table II and Appendix). The time to union was correlated to the
Glasgow Coma Scale score for all patients (p = 0.04; see Ap-
pendix). Additionally, a negative correlation was observed be-
tween the Glasgow Coma Scale score and the cell proliferation
rate at six hours after injury (p = 0.03; see Appendix). Analysis
revealed a trend between the Abbreviated Injury Scale score for
head injury and the mean callus ratio on both radiographic
projections as well as between the Abbreviated Injury Scale score
for head injury and the cell proliferation rates at six and twenty-
four hours after injury.

Biochemical Markers
Plasma C-reactive protein levels were above the normal range at
all time points for both the patients with a traumatic brain injury
and the control patients (Table III). The C-reactive protein levels
at 168 hours were higher in patients with a traumatic brain
injury compared with control patients (p < 0.05). There was a
trend toward increasing serum alkaline phosphatase and de-
creasing parathyroid hormone concentrations over time in both

TABLE II Correlation Between Mean Callus Ratios on

Radiographic Projections and Proliferation Rates,

Time to Union, and Glasgow Coma Scale Score

for All Patients

Callus Ratio (r value)

Anteroposterior
Radiograph

Lateral
Radiograph

Proliferation rate
6 hr 0.49* 0.50*
24 hr 0.50* 0.50*
72 hr 0.40 0.47
168 hr 0.51* 0.49*

Time to union 20.45* 20.48*

Glasgow Coma Scale score 20.55* 20.58*

*The correlation was significant (two-tailed Pearson correlation
coefficient, p < 0.05).

TABLE III Mean Serum Marker Levels in Patients with and without Traumatic Brain Injury

Normal Range Patients with Traumatic Brain Injury and Fracture* Patients with a Fracture*

C-reactive protein level (mg/L) <5 148.6 ± 42.3† 88.5 ± 15.9†

Alkaline phosphatase (U/L) 40-90 70.5 ± 4.8 77.0 ± 7.4

Calcium (mmol/L) 2.7-7.5 1.9 ± 0.1‡ 2.2 ± 0.4‡

Phosphate (mmol/L) 0.84-1.45 1.1 ± 0.1 1.1 ± 0.3

Parathyroid hormone (pmol/L) 1.2-6.0 7.6 ± 1.0† 5.3 ± 0.6

*The values are given as the mean and the standard deviation. †The values are above normal range. ‡The values are below normal range.
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patient groups. There were no significant differences in alkaline
phosphatase, phosphate, or parathyroid hormone concentra-
tions between the groups at any time point, with the exception
of parathyroid hormone at twenty-four hours, when patients
with a traumatic brain injury had significantly higher parathy-
roid hormone levels compared with the control group (10.3 and
4.6 pmol/L, respectively; p < 0.05). Serum calcium levels were
significantly lower in the patients with a traumatic brain injury
compared with control patients over all time points (p < 0.05).
There was an inverse correlation between hFOB proliferation
rates and alkaline phosphatase levels at six hours after injury
(p < 0.05).

Discussion

All hypotheses were supported by the results of this study.
Patients with a traumatic brain injury and a femoral shaft

fracture demonstrated enhanced fracture-healing with a two-
fold shorter time to union (p = 0.01) and a 37% to 50% increase
in the mean callus ratio on both anteroposterior and lateral
radiographic projections (p < 0.01). These results are consistent
with previous clinical studies that have described this phe-
nomenon both in femoral1,15 and other long-bone fractures16.
To date, the exact pathophysiologic mechanism responsible
for this phenomenon remains controversial. However, there is
a consensus regarding enhanced fracture-healing in patients
with associated traumatic brain injury.

The hypothesis that serum from patients with a traumatic
brain injury would have a greater proliferative influence on the
osteoprogenitor cell line hFOB1.19 than would samples from
patients without a traumatic brain injury was supported. There
has long been a debate as to whether a humoral factor is released
from the injured brain, or whether a direct nervous action takes
place for the induction of enhanced fracture-healing. Several
studies have suggested that a combination of a signaling cascade
involving humoral, neuronal, and local factors may play an im-
portant role after trauma17,18. In this study, we used the hFOB cell
line to screen serum samples for the presence of osteoinductive
factors on the basis of the assumption that these factor(s) would
be released by the damaged brain tissue and would induce the
proliferation of stromal stem cells and their differentiation to-
ward the osteoblast pathway. The hFOB cells are stromal stem
cells at an early stage of differentiation, but naturally directed
toward osteoblasts, and we therefore expected any putative os-
teoinductive factors in the serum of patients with a traumatic
brain injury to enhance proliferation of these cells in vitro19. We
demonstrated increased proliferation rates at all time points
after trauma in the patients with a traumatic brain injury
compared with the control group. Furthermore, sera of pa-
tients with a traumatic brain injury induced a higher mRNA
expression of selected osteoblast markers. Both of these results
support the concept of a humorally released osteoinductive
factor(s) by the injured tissue. Beside the positive feature of
enhancing fracture-healing, the assumed osteoinductive fac-
tors are related to a harmful increased prevalence of hetero-
topic ossification. Heterotopic ossification is characterized by
the formation of lamellar bone at ectopic sites including

muscles and the connective tissue surrounding joints20. It may
result in clinical complications, such as complete ankylosis
in 10% to 16% of patients21,22. The prevalence of heterotopic
ossification after severe traumatic brain injury is between 11%
and 25% and is consistent with our observation23.

The results of our cellular experiments are in line with
previous studies with use of animal models. Bidner et al.5 re-
ported an osteoblast-specific mitogenic effect of serum from
patients with a head injury and were the first, as far as we
know, to postulate that a humoral mechanism may be impli-
cated in the association of osteogenesis with traumatic brain
injury. Boes et al.4 provided evidence for a humorally mediated
mitogenic effect on osteoprogenitor cells by showing that
in vitro human stromal stem cells proliferated beyond ex-
pected parameters when incubated with serum from rats with
a brain injury. Furthermore, Renfree et al.19 incubated fetal rat
osteoblasts with sera from patients with a traumatic brain
injury and observed a substantial increase in mitogenic activity
in all patients.

In our study, the osteoinductive potential of serum
showed a maximum activity as early as six hours after injury,
remaining at the same level for three days before declining one
week after trauma. This is in line with the hypothesis that the
osteoinductive effect could reflect the disruption of the blood-
brain barrier because of the trauma, allowing leakage of os-
teoinductive cerebrospinal fluid components into the systemic
circulation24. In addition to the disruption of the blood-brain
barrier, newly synthesized factors by the traumatized brain in
the context of early repair mechanisms could play a role under
such conditions. The reduction of circulating activity after
approximately one week might be due to a fall in the pro-
duction of osteogenic factors by the central nervous system,
an increased clearance, a regeneration of the blood-brain
barrier, or a combination of these events. However, no con-
clusion can be drawn about the exact time point of factor
release, and additional research is necessary to determine how
long such a putative factor may remain present and active
in the systemic circulation. Ongoing studies aim to identify
the osteoinductive factor(s) at the molecular level. Identifica-
tion of the osteoinductive factor(s) will provide a major con-
tribution to the understanding of pathophysiologic processes
involved in the interaction between the injured brain and
fractured bone.

We demonstrated that callus formation is positively
correlated with the mitogenic potential of serum from patients
with a traumatic brain injury. We showed that the extent of
brain injury is directly related to the mitogenic potential of
serum in the first six hours after the injury, time to union,
and the degree of enhanced callus formation at the fracture
site. This suggests that one or more osteogenic factors may be
released by the injured brain tissue as early as six hours after
trauma to influence the extent of repair tissue formed at
the fracture zone during the healing process. Furthermore, the
amount of callus formed appears to be dependent on the
mitogenic potential of serum. As such, it could be suggested
that there is a dose-dependent relationship between the
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amount of callus formed and the quantity of osteogenic fac-
tors released by the injured brain, which in turn may be due
to the extent of the brain injury. Although the severity of
brain injury as measured on computed tomography scans of
patients with a traumatic brain injury did not correlate sig-
nificantly with the osteogenic potential of serum, there was a
positive trend between these variables. Furthermore, brain
injury severity as well as the mitogenic potential of serum from
patients with a traumatic brain injury appeared to be nega-
tively related to time to union, supporting the hypothesis
mentioned above; however, these variables themselves were
not significantly related.

Appendix
A table showing the specific primer sequences used in this
study and graphs correlating the Glasgow Coma Scale

score with callus ratio, time to union, and cell proliferation rates
are available with the electronic versions of this article, on our
web site at jbjs.org (go to the article citation and click on
‘‘Supplementary Material’’) and on our quarterly CD/DVD (call

our subscription department, at 781-449-9780, to order the CD
or DVD). n
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