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Bone marrow fluid enhances the osteogenic
activity of induced membrane leading

to spontaneous osteogenesis: experimental
validation and application in tibiofibular
fusion for support reconstruction

of segmental tibial defects
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Abstract

Background Managing large bone defects remains a significant clinical problem. We enhanced the osteogenic
activity of the induced membrane (IM) by incorporating bone marrow fluid, leading to spontaneous osteogenesis
(SO). We aimed to explore the application of this method in tibiofibular fusion (TFF) for reconstructing segmental
tibial defects.

Methods Forty-two rats with femoral defects were divided into seven groups (n=6). Defects in groups A1-3 and
B1-3 were filled with polymethylmethacrylate spacers while Group B4 was the control. Kirschner wires were used in
Groups A1 and B1, plating was used in Groups A3 and B3-4, while the medullary canal was sealed in Groups A2 and
B2.1n Group A, osteogenic activity was measured using immunohistochemistry, W-B, and gRT-PCR. In Group B, the
osteogenic results were measured using X-ray and gross examinations. Ten patients with 4-10 cm segmental defects
of the middle and distal tibia underwent reconstruction using the IM technique, and IM and bone marrow fluid-
induced SO for TFF, whose effects were assessed.

Results At five weeks, Group A1 showed higher levels of BMSCs and expression of BMP-2 and TGF-31 than Groups A2
and A3 (p<0.05). After 12 weeks, Group B1 had more new bone at the bone end than Group B3 (p=0.009) whereas
Groups B2 and B4 did not. All tibial defects and TFF healed. The TFF site and posterior tibia healed faster than the other
sides and showed quicker clinical healing (p <0.05). All patients could fully bear weight before tibial clinical healing,
with an excellent-to-good functional rate of 80% (Paley’s criterion) at the 13 — to 36-month follow-up.
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Conclusion Bone marrow fluid enhances the osteogenic activity of IMs leading to SO. TFF by SO progresses faster
than tibial clinical healing, making the IM technique an effective stabilizer for faster and better functional recovery
after reconstruction of segmental defects of the middle and distal tibia.

Keywords Bone defect, Induced membrane, Tibiofibular fusion, Spontaneous osteogenesis, Bone marrow

Background

Segmental tibial defects are commonly encountered in
clinical practice. The primary approach for their recon-
struction involves using the Masquelet-induced mem-
brane technique (IMT) [1-3]. This technique consists of a
two-stage surgical procedure. In the first stage, surgeons
perform radical debridement and insert a cement spacer
made of polymethylmethacrylate (PMMA) into the bone
defect. During the second stage, the spacer is removed,
leaving the induced membrane (IM) in place, and the
cavity is filled with an autograft. In standard IMT, both
staged surgery and bone grafting are necessary [3, 4]. IMs
not only act as a protective physical barrier, preventing
autograft resorption but also function as bioreactors.
They promote osteogenesis through revascularization,
growth factor secretion, and the concentration of bone
mesenchymal stem cells (BMSCs) [3—6]. In other words,
IMs exhibit intrinsic osteogenic activity, making the IMT
highly effective in treating segmental tibial defects. In
2009, Klaue et al. [7] observed a small amount of new
bone formation in the IM near the bone end after 8—12
weeks of filling femoral defects in animals with PMMA.
Similarly, in 2013, Gruber et al. [8] reported similar find-
ings. In 2023, Yin et al. [9] introduced the term “induced
membrane spontaneous osteogenesis” (IMSO) to
describe new bone formation within IM without relying
on material bone grafts. At the same time, they reported
varying degrees of IMSO in a few cases. Due to the repar-
ative properties of autologous bone marrow fluid, which
contribute to healing of segmental bone defect, Yin et al.
hypothesized that bone marrow fluid from the bone end
enhances the osteogenic activity of the IM, potentially
leading to SO. However, this hypothesis has not been
adequately tested. Nevertheless, the IMSO phenomenon
enables the performance of one-stage surgery or the use
of fewer or no bone grafts for repairing bone defects with
the improved IMT.

Tibiofibular fusion (TFF) is an effective surgical
approach for patients with poor bone stock, complex
nonunion, and large segmental tibial defects [10-13].
This effectiveness has led many scholars to suggest an
auxiliary stabilizing role of TFF while repairing segmen-
tal tibial defects with IMT. For classic TFF, a material
bone graft is necessary above the distal tibiofibular syn-
desmosis (DTFES). In contrast, IMSO-induced TFF does
not require such a graft. Consequently, this enhanced
technique appears superior to classic TFF, representing

a viable strategy for reconstructing segmental tibial
defects.

Therefore, we developed the induced membrane and
bone marrow fluid-induced tibiofibular fusion (IMBM-
FITFF) technique to support the reconstruction of
segmental tibial defects treated using IMT. To our knowl-
edge, IMBMFITFF for this type of reconstruction has not
been reported in the literature. This study aimed to vali-
date IMSO and evaluate the effectiveness of IMBMFITFFE.

Methods

Study design

This experimental study was reviewed and approved by
the Institutional Animal Care and Use Committee of
our Hospital. We adhered to the ARRIVE guidelines and
included the ARRIVE checklist. Our retrospective clini-
cal study also received approval from the Ethics Commit-
tee of our Hospital and was consistent with the ethical
standards outlined in the 1964 Declaration of Helsinki
and its subsequent amendments. Written informed con-
sent for participation in the study was obtained from
each patient.

Animal experiment

Grouping and housing conditions of the animals

Forty-two 8—10 week specific pathogen-free adult male
Sprague-Dawley rats (mean weight 281 g, range 245-
305 g) were randomly divided into seven groups (n=6).
Group A, including Al, A2, and A3, was used to assess
the osteogenic activity of the IM under different fixa-
tion methods, which represent varying volumes of bone
marrow overflow, including a Kirschner wire (more bone
marrow overflow), medullary canal sealing (no bone mar-
row overflow), and a plate (less bone marrow overflow).
Meanwhile, Group B, including B1, B2, B3, and B4, was
employed to observe the osteogenic outcomes related
to the previously mentioned different fixation meth-
ods. Group B4 served as the bone defect control group.
After one week of acclimation in the animal experi-
ment center [temperature: 20-23 °C; the day/night light
cycle: 12 h/12 h; humidity: 60—80%; sterile complete feed
(Anlimo, Nanjing, China) and filtered water were freely
available].

Surgical procedure 5% pentobarbital (45 mg/kg) was
injected intraperitoneally to induce general anesthesia.
The surgical area was shaved and disinfected with iodo-
phor. A 3-cm incision was made in the skin and muscles
on the dorsal side parallel to the long axis of the right
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femur, and the subcutaneous muscles were dissected
to expose its surface. Two osteotomies were performed
using a swing saw to remove a 10-mm mid-diaphyseal
fragment [6, 9]. Bone defects were filled with in vitro-
prepared PMMA spacers of the corresponding size. In
Groups Al, A2, B1, and B2, 1.4 mm K-wires were used
for an intramedullary fixation through the spacer. In
Groups A3, B3, and B4, small steel plates were used for
internal fixation (Huachuang Medical, ALPS titanium
alloy pet orthopedic instruments). In Groups A2 and
B2, bone cement secured the junction of the spacer to
the bone end, effectively sealing the medullary canal. In
Group B3, the cement spacers were sutured to the plate.
Figure 1. The incisions were rinsed with physiological
saline. The muscles were repositioned and the incisions
closed using bioresorbable sutures. To prevent infection,
intramuscular injections of 4 x 10* U of penicillin sodium
were given within three days of the operation. Through-
out the recovery period, the animals were closely moni-
tored, and co-housed in a single cage until their surgical
incisions healed.

Osteogenic activity analysis

Rats in Groups Al, A2, and A3 were euthanized with
an overdose (130 mg/kg) of pentobarbital administered
intraperitoneally at five weeks after surgery. The animals
were then routinely disinfected, spread on towels, and
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opened along the initial surgical site. The IMs around the
spacers were harvested by separating the surrounding
muscles. The IM samples in Groups Al, A2, and A3 were
divided into two parts. Half of these samples were fixed
in 4% paraformaldehyde and placed in cryopreserva-
tion tubes, which were then immediately stored in liquid
nitrogen to assess the number of BMSCs. The remain-
ing half of the IMs was used for measuring protein and
mRNA expression of related factors.

BMSC count

The levels of BMSCs in the IMs were evaluated using a
quantitative immunohistochemical method that detects
STRO-1-positive cells [14]. The sections were incubated
with mouse anti-rat STRO-1 (3 h; MAB1038, R&D Sys-
tems, Wiesbaden, Germany). Optical density analysis of
the images was performed using Image] software. Three
randomly selected fields of view were used to measure
the optical density of STRO-1-positive cells. Subse-
quently, the data were analyzed using Prism Graph 6.0
software. The number of BMSCs in the IMs was counted
using immunohistochemistry by detecting STRO-1-posi-
tive cells.

Western blotting
Frozen samples were processed for Western blotting to
measure the expression of bone morphogenetic protein-2

Fig. 1 Grouping and fixation types of bone defects in the right femur in rats. (A) The bone defect was fixed using a Kirschner wire. (B) The bone defect
was fixed using a plate. (C) X-rays of Groups A1 and B1 fixed with Kirschner wires. (D) X-rays of Groups A2 and B2 with medullary canal sealing. (E) X-rays
of Groups A3 and B3 fixed with plates. (F) X-ray of Group B4 with a blank control
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(BMP-2), transforming growth factor p1 (TGF-B1), and
vascular endothelial growth factor (VEGF) protein. Pro-
teins were extracted from IMs using RIPA lysis buffer
(Beyotime Institute of Biotechnology, Nantong, China)
and quantified by the BCA Protein Assay Kit (Beyotime
Institute of Biotechnology). The protein extract was sub-
jected to SDS-PAGE gel electrophoresis and transferred
to polyvinylidene fluoride (PVDF) membranes. The
PVDF membranes containing target bands were incu-
bated overnight in the corresponding primary antibod-
ies at 4°C. After an hour of incubation of the secondary
antibodies of the corresponding species, the target bands
were detected using the CFX96 Real-Time System (Bio-
Rad, America). Quantification of the blots was performed
using Image] software, and the expression levels of the
target proteins were normalized to B-actin. The following
antibodies were used: BMP-2 (ab214821; Abcam), TGF-
B1 (ab215715; Abcam), and VEGF (ab46154; Abcam).

Quantitative real-time polymerase chain reaction (qQRT-PCR)
The IM tissue was removed from the cryopreservation
tube, and qRT-PCR was used to measure the mRNA
expression of BMP-2, TGF-B1, and VEGE. Total RNA
was extracted using Trizol Reagent (Thermo Fisher Sci-
entific, Waltham, MA, USA) and reverse-transcribed into
c¢DNA. qRT-PCR was performed using UltraSYBR Mix-
ture (Jiangsu CoWin Biotech, Co., Ltd., Beijing, China).
The expression of each gene was normalized to that
of the housekeeping gene, GAPDH, in a selected con-
trol sample. The following primer sequences were used:
VEGFA, Forward 5-TCCTGTGTGCCCCTAATGC-3'
and Reverse 5'-ACGCACTCCAGGGCTTCAT-3’; BMP-
2, Forward 5'- CTTTTGGCCACGACGGTAAA-3’ and
Reverse 5'-TGCCTTTTGCAGCTGGACTT-3'; TGE-
B1, Forward 5'-GACTCTCCACCTGCAAGACCAT-3’
and Reverse 5-GGACTGGCGAGCCTTAGTTTG-3';
GAPDH, Forward 5- GTATGACTCTACCCACGGCA
AGT-3' and Reverse 5'- TCTCGCTCCTGGAAGATGG
T-3'.

Osteogenic outcomes

Rats in Groups B1, B2, B3, and B4 were euthanized after
12 weeks postoperatively for radiographic and gross
examinations to assess new bone formation of the IMs.
The length of new bone formation was defined as the
average of the longest distances from the proximal and
distal bone ends to the center of the bone defect, mea-
sured either by X-ray examination or visual inspection.

Clinical application

Inclusion and exclusion criteria

Inclusion criteria: (1) Patients with segmental defects
of the middle and distal tibia treated with IMT for tib-
ial defects and IMBMFITFF for TFF in our hospital; (2)
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Patients aged>15 years; (3) Patients with a follow-up
time of >12 months. Exclusion criteria: (1) Patients with
malignant tumors, immunocompromised conditions, or
acquired immunodeficiency syndrome; (2) Patients with
postoperative infection; (3) Patients with incomplete
clinical or follow-up data.

General information

Between January 2018 and May 2023, ten patients met
the inclusion criteria. All of them had traumatic fractures
with bone defects. Among these patients, there were
seven males and three females; aged between 25 and 68
years, with an average age of 46.8 years.

Therapeutic methods
The surgery was performed in two stages.
Stage one:

(1) Debridement: Preoperative imaging and visual
assessment were used to identify bone areas and soft
tissue necrosis. Usually, the anterior lateral incision
approach of the calf was used. Debridement was
performed until the “paprika sign” was observed,
indicating bleeding and viable bone at the resection
margin. Necrotic tissue, sequestra, and old fixations
were completely removed. After debridement, the
wound was regularly irrigated with a large volume of
hydrogen peroxide and normal saline. Subsequently,
the surgical area was again disinfected again with
iodophor. Finally, the operating sheet was replaced,
and surgical instruments were prepared.

(2) Stabilization of the tibial bone defect: PMMA
cement spacers were inserted into the tibial defects
as well as between the tibia and fibula. Depending
on the defect location and infection risk, plates,
intramedullary nails, or external fixators were
used to restore normal limb length and alignment.
After filling the defects with PMMA bone cement,
the wound was closed. In challenging cases
(seven instances), skin flap repair was necessary.
Perforator flaps were preferred in five cases, and free
anterolateral thigh flaps in two cases. Deep drainage
was also performed.

(3) Postoperative management: Antibiotics were
administered for three days post-surgery.

Stage two:

After the initial stage, staged IMT was performed 6-12
weeks later, with no infection symptoms and normal pri-
mary laboratory indicators. During the second stage, in
all patients, we performed autologous iliac bone grafting
through the anterior lateral approach at the tibial bone
defect site, avoiding extension into the tibiofibular space.
Skeletal stabilization was achieved either using either
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internal fixation (in seven cases) or external fixation
(in three cases). Meanwhile, we dipped several hemo-
static sponge pieces into bone marrow fluid at the iliac
bone graft harvesting site and placed them into the IM
between the tibia and fibula. Finally, we inserted deep
drainage and sutured the incision closed.

Postoperative management and follow-up

Intravenous antibiotics were administered for five days
postoperatively. Functional exercises were initiated one
week after operation. Imaging examinations and outpa-
tient interviews were conducted every month before clin-
ical healing of the tibial defect and every three months
thereafter.

Evaluation

Evaluation involved observing initial and full weight-
bearing times, as well as healing times for specific tibial
regions: anterior, posterior, medial, and lateral sides,
including the TFF site. We also assessed clinical heal-
ing time, complications, and functional recovery.
Radiographically, the appearance of new bone bridging
indicated healing either of the bone defect on that side
or of the TFF. The imaging standard for clinical healing
of tibial defects is the presence of new bone bridging on
at least three of the four sides, or covering 75% of the cir-
cumference. Given that limb function generally stabilizes
2 years after reconstruction surgery, the longest follow-
up period in this study was 3 years. Limb function was
assessed in accordance with Paley’s criteria [15].

Statistics

Data with normal distribution are presented as
mean + standard deviation. Statistical analysis was per-
formed by one-way ANOVA using SPSS 26.0 software
(SPSS, Inc., Chicago, IL, USA), followed by a post-hoc
analysis with Bonferroni’s test for data with a normal
distribution. For data with a nonnormal distribution, we
used the nonparametric Kruskal-Wallis test. A p<0.05
(two-tailed) was considered statistically significant.

Results

Experimental outcomes

BMSC counts

BMSC counts showed significant differences among the
three groups at 5 weeks. Specifically, Group Al had more
BMSCs than Groups A2 and A3, with a significant differ-
ence (p<0.05). Figure 2.

Western blotting

The gray value and protein expression levels of BMP-2
and TGEF-P1 significantly differed at 5 weeks among the
three groups. Specifically, Group Al exhibited signifi-
cantly higher gray values and protein expression levels
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compared to Groups A2 and A3 (p<005). However, the
gray value and protein expression level of VEGF at 5
weeks did not differ among the three groups (p>0.05).
Figure 3.

qRT-PCR
At 5 weeks, Group Al had significantly higher mRNA
levels of BMP-2 and TGF-p in the IMs, compared to
Groups A2 and A3 (p<0.05). However, the mRNA level
of VEGF did not differ among the three groups (p >0.05).
Figure 4.

Osteogenic outcomes
X-ray examinations and gross observations after 12 weeks
revealed the following: (i) The IMs in Group Bl were
thicker and harder, with a distinct lip-shaped new bone
growth originating from the bone end, and expanding
along the IM. In two specimens, the new bone extended
to the middle of the bone defect. The length of new
bone formation ranged between 2 mm and 6 mm, with
an average of 3.4+ 0.4 mm. However, the new bone was
uneven, with more new bones formed proximally to the
bone defect and on the contralateral side of the incision.
(if) The IMs in Group B2 neither thickened nor hard-
ened, and bone atrophy was observed at the bone end.
(iii) The gap between the cement spacer and the bone
end in Group B3 partially disappeared, and only a small
amount of new bone formation was observed at the bone
end, the length of new bone formation ranged between 0
and 2 mm, with an average of 0.5+0.1 mm. (iv) The bone
ends of Group B4 were wrapped in soft tissue, leading to
bone resorption and bone atrophy. The new bone forma-
tion amount was significantly different between the four
groups (F=27.437, p<0.01). Specifically, in Group BI,
more new bone was formed than in Group B3 (t=3.126,
p=0.009), and, similarly, more new bone was observed in
Group B3 than in Groups B2 and B4 (t=9.948, p<0.001).
Figure 5.

The flowchart summarizing the experimental design
and the main findings for each group summary results
are shown in Fig. 6.

Clinical outcomes

All patients were monitored for 13—-36 months, with an
average of 20 months. The initial weight-bearing time
was 6.5 weeks (range, 4—13 weeks), and the full weight-
bearing time was 8.9 months (range, 7-12 months). All
bone defects healed with a clinical healing time for the
tibia of 10.9+2.2 months (range, 8—13 months). How-
ever, there was one case where a loss of the anterior tibial
cortex was observed. The TFF occurred in all cases. The
healing times at different sites, listed in ascending order,
were as follows: the posterior side (8.00 months), TFF site
(8.50 months), lateral side (9.30 months), tibial clinical
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Fig. 2 Comparison of BMSC concentration at 5 weeks. (A) Comparison of the columns based on the relative BMSC numbers. (B) Group A1 had more
BMSCs (STRO-1+ cells) than Group A3 (x 200). Note: black arrow, BMSC; ***p < 0.001

healing (9.70 months), medial side (9.90 months), and
anterior side (10.11 months). These showed significant
differences (F=5.799, p<0.05). Notably, the healing time
of the posterior side and TFF site was shorter than that
of the anterior and tibial clinical healing (p <0.05). Fig-
ure 7. There were no postoperative infections. At the final
follow-up, all patients were satisfied with the functional
recovery of their lower limbs. Based on Paley’s score, the
excellent-to-good rate for functional recovery was 80%. A
typical case is shown in Fig. 8.

Discussion

Causes of IMSO and IMBMFITFF

Giannoudis’s “diamond concept” has gained worldwide
recognition for identifying essential elements required
for successful repair of bone defects and nonunions [16].
These elements include osteoinductive mediators, osteo-
conductive matrix (scaffold), osteogenic cells, an optimal

mechanical environment, sufficient blood supply, and
resolution of host comorbidities. The absence of any
of these elements prevents fully functional reconstruc-
tion of bone defects and nonunions. IMs encompass all
key elements of the “diamond concept.” Since they func-
tion in close proximity to the bone end, they serve as: (i)
osteoinductive mediators: IMs contain osteogenic and
angiogenic factors such as BMP-2, TGF-f1, and VEGF
[3, 8]; (ii) osteoconductive matrix: IMs act as biological
scaffolds that mediate the attachment of cells and factors.
This separation prevents atrophy or absorption without
new bone formation, as observed in control group [17,
18]; (iii) osteogenic cells: IMs contain multiple cell types,
especially BMSCs [14]; (iv) the surface of IMs is rich in
microvessels, contributing to the growth of new bone
tissue; (v) an optimal mechanical environment is main-
tained by either internal or external fixation. Therefore,
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IMs near the bone end exhibit intrinsic osteogenic activ-
ity and BMSC presence, enabling SO.

Although BMSCs can originate from the bone marrow
and periosteum at the bone end, their primary source
is the bone marrow. Our experimental study confirmed
that bone marrow fluid can enhance the osteogenic activ-
ity of the IM, and that BMSCs in the bone marrow fluid
are crucial for IMSO. As in our study, experiments on
IMT conducted by Henrich et al. [14] confirmed the dif-
ferences in IMs formed in soft tissues, such as subcuta-
neous tissues and muscles, compared to those around
bone defects. IMs around femur defects had significantly

elevated levels of BMP-2, TGF-, and VEGF compared
to IMs in soft tissues. The IMs around bone defects also
contained BMSCs, which were absent in the soft tissue
IMs. Pelissier et al. [19] and Catros et al. [20] also con-
ducted experimental studies on IMT and have found
that there are no osteoinductive effects in subcutaneous-
induced membranes. The stimulation from the K-wire
during lower-limb activity increases bone marrow fluid
overflow, resulting in a higher number of BMSCs in
Group Al, compared to Groups A2 and A3. Conse-
quently, more new bone was formed in Group Bl than
in Groups B2 and B3. Additionally, IMSO always grows
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Note: ns, not statistically significant; **p < 0.01; ***p <0.001

from the bone end to the center of the defect, consistent
with the findings of Klaue et al. [7] and Gruber et al. [8].
All these observations indicate that bone marrow liquid
can enhance the osteogenic activity of IMs, inducing SO,
confirming a correlation between the amount of IMSO
and the number of BMSCs from bone marrow fluid.

Our experimental study confirmed that bone mar-
row fluid can enhance the osteogenic activity of the IM,
and BMSCs in bone marrow fluid are crucial for IMSO.
Similarly to our findings, Henrich et al. [14] conducted
an experimental study on IMT and found that there were
differences in IMs formed in soft tissues, such as subcu-
taneous tissues and muscles, compared to those around
bone defects; IMs around femur defects had significantly
elevated levels of BMP-2, TGF-f3, and VEGF compared
to IMs in soft tissues; The IMs around bone defects also
contained BMSCs, which were absent in soft tissue IMs.
Pelissier et al. [19] and Catros et al. [20] also conducted
experimental studies on IMT and have confirmed that
there are no osteoinductive effects in subcutaneous-
induced membranes. The stimulation from the K-wire
during lower-limb activity increases bone marrow
fluid overflow, resulting in a higher number of BMSCs
in Group Al compared to Groups A2 and A3. Conse-
quently, more new bone was formed in Group Bl than

in Groups B2 and B3. Additionally, IMSO always grows
from the bone end to the center of the defect, consistent
with the findings of Klaue et al. [7] and Gruber et al. [8].
All these observations indicate the bone marrow liquid
can enhance the osteogenic activity of IMs, inducing SO,
and there is a correlation between the amount of IMSO
and the number of BMSCs from bone marrow fluid.
Bone marrow fluid contains osteogenic progenitor
cells, such as multipotent hematopoietic stem cells and
BMSCs, which both originate and reside in the bone mar-
row. These cells respond to specific stimuli to migrate,
proliferate, and differentiate into specialized cells. Addi-
tionally, the bone fluid contains multiple growth factors,
with signaling factors such as BMPs being secreted by
BMSCs and endothelial cells to regulate the proliferation,
differentiation, and migration of various bone-forming
cells [21]. Therefore, bone marrow fluid represents an
attractive means of facilitating bone repair. Percutane-
ous bone marrow injections as a standalone treatment
method for delayed unions or nonunions resulted in long
bone bridging in about 70% of patients [22]. One of the
main reasons for the unsatisfactory healing rate is that
bone marrow fluid cannot accumulate at the fracture
site [22]. IMBMFITFF combining IM and bone marrow
fluid through IM and sponge pieces, accumulates a large
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Fig. 5 X-ray images after 12 weeks post-surgery. (A) Comparison of the amount of new bone formation in different groups. (B) Significant new bone
growth from the bone end towards the center of the bone defect, forming a lip-shaped wrapped bone cement spacer in Group B1. (C) No bone growth
was observed in Group B2. (D) In Group B3, a small amount of new bone grew at the bone end. (E) In Group B4, atrophy was observed at the bone end.

Note: **p<0.01; ***p <0.001

amount of bone marrow fluid containing active ingre-
dients (osteogenic cells and osteogenic factors) at the
treated bone defects, producing a 1+ 1> 2 effect, promot-
ing bone healing and achieving TFFE.

Asymmetrical healing

Our data suggest asymmetrical healing of tibial defects,
with the shortest healing time at the posterior side, fol-
lowed by the lateral and medial sides, and finally the
anterior side. Liu et al. [23] also observed asymmetri-
cal growth of regenerated callus in patients with femo-
ral defects treated using distraction osteogenesis. Our
results agree with their findings that the posterior cortex

was growing faster and exhibited a higher pixel value
ratio than the medial, lateral, and anterior sides. Since
the fibula and tibiofibular gap are located at the back of
the tibia, the TFF heals faster, as does the posterior side
of the tibia. Several factors contribute to this accelerated
healing of the posterior side: (i) asymmetrical muscle
coverage, with more extensive muscle coverage and blood
supply in the posterior and lateral tibia, and between the
tibia and fibula; (ii) gravitational sinking, leading to more
bone grafts and bone marrow at the posterior part of the
tibia and TFF site; (iii) different mechanical environment
of bone grafts, with bone grafts located in the front being
more susceptible to external forces. Additionally, the
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Fig. 7 Comparison of healing times at different sites. Note: ns, not statisti-
cally significant; **p <0.01; ***p <0.001

incision is usually made at the front, where the IM may be
incomplete. Consequently, the unfavorable mechanical
environment of the anterior bone grafts can easily lead to
graft dispersion, loss, or resorption. Especially during the
early stages of bone healing, if out-of-bed activity occurs
too early or is excessive, the stability of the bone grafts
diminishes, making bone resorption and sinking more
likely. In clinical practice, one patient who experienced
loss of the tibial anterior side had excessive out-of-bed
activity. Bone healing time correlates with factors such as
the quantity of bone grafts or bone marrow, blood supply,
and the mechanical environment [24—26]. Consequently,
the TFF site and the tibial posterior exhibit faster healing
compared to other areas.

Application effect and advantages of IMBMFITFF
TFF can be performed at or above the DTES, without
adversely affecting the ankle joint. A literature review
by Lim et al. [12] has found no significant difference
between syndesmosis fusion and ligament reconstruction
for DTES injuries. Magin [10] has found TFF especially
effective in the treatment of a complicated tibial non-
union, while Choi et al. [26] suggest “4-in-1 osteosynthe-
sis,” which includes TFF, for an atrophic-type congenital
pseudarthrosis of the tibia. Piatkowski and Modrzewski
[11] have proposed TFF for the treatment of infected and
difficult tibial pseudarthroses. Masquelet et al. [26] on the
other hand, recommend TFF for large segmental tibial
defects that had been treated using IMT. In essence, TFF
can be an effective method for treating nonunions, large
segmental tibial defects, DTES injuries, instabilities, or
comorbidities without producing adverse consequences
[10-13, 27-29]. However, the classic TFF mentioned
above requires bone grafts or/and internal fixation.

The enhanced IMT in this study has several advan-
tages: (1) IMBMFITFF maintains consistent strength,
alignment, and length of the lower limb, provides
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Fig. 8 A 54-year-old male patient with tibial defects treated using IMT and IMBMLITFF. (A) The appearance and (B) CT reconstruction revealed fractures
of the tibia and fibula, along with soft tissue necrosis and defects. (C) After debridement, there were large segmental tibial and soft tissue defects. (D)
PMMA spacers were independently inserted into the tibial defect (yellow arrow) and between the tibia and fibula (red arrow), and a free anterolateral
femoral skin flap was used to repair the wound. (E, F) X-rays showed the cement spacers placed in the tibial defect and between the tibia and fibula.
(G) During the second stage of the IMT, the spacer was removed. (H) Autologous bone was grafted at the tibial defect. (I, J) Several hemostatic sponge
pieces, soaked in bone marrow fluid from the iliac bone graft harvesting site, were inserted into the IM space between the tibia and fibula. (K, L) Instant
X-rays, after the second stage IMT procedure showed uniform bone grafting. (M, N) X-rays and (O) CT scans at 8 months postoperatively showed callus
bridging the posterior tibial side and the TFF site, but not the anterior tibial and medial sides. (P, Q) X-rays and (R) CT scans at 12 months postoperatively
showed clinical healing of the tibial defects, with a loss of the anterior tibial cortex. (S) The appearance at 12 months postoperatively shows good function
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additional stability for large defects of the middle and
distal tibia defects, and facilitates earlier weight-bearing.
Compared to the proximal and middle tibial segments,
the segment of the middle and distal lower tibia healed
more slowly and was prone to non-union. Patients with
the defects of the middle and distal treated with IMT
without TFF can fully bear weight only after their tibia
has clinically healed, resulting in longer waiting periods
before returning to work and routine daily activities,
and an unsatisfactory functional recovery. In contrast,
patients receiving TFF can fully bear weight before the
clinical healing of their tibia, thereby facilitating early
functional recovery, provided that both TFF and the dis-
tal and lateral sides of the tibia have healed, due to the
faster healing rates of TFF and increased stability. (2) No
increase in surgical trauma and treatment costs since
IMBMFITFF does not require material bone grafts nor
internal fixation, making it easy to implement. It is note-
worthy that the bone marrow fluid at the ilium harvest
site from the previous iliac bone grafting did not produce
the desired results. (3) IMBMFITFF itself has no adverse
consequences [10-12, 26]. Gupta G, et al. [30] reported
9 patients with an average of 5.2 cm (range 3.3-8.5 cm)
segmental tibial defects treated using IMT, the union
time was 10.5 months (range 8—13 months). In ten cases,
we performed IMBMLITFF to facilitate the reconstruc-
tion of segmental defects in the middle and distal tibia,
achieving a TFF success rate. The average clinical heal-
ing time for the tibial defects was 10.9 months, with a
range of 8—13 months), which aligns with findings from
other studies [3, 30]. However, all patients were able to
fully bear weight before the tibial defects clinically healed
as well as the TFF and healing of the posterior-lateral
tibia. This was because the healing of posterior-lateral
tibia was quicker than the clinical healing, resulting in an
excellent-to-good rate of 80% for functional recovery. No
adverse effects were noted for IMBMFITFE.

Limitations and future directions

This study has some limitations. First, IMBMFITFF has
not been conducted in in vivo animal models. Second,
STRO-1 positivity is not the only definitive marker for
BMSC. Third, the significant enhancement of osteogenic
activity of the IM by the bone marrow is not well under-
stood due to a lack of studies on the molecular mecha-
nism. Fourth, a relatively small number of cases has
been examined. Further research is necessary to validate
the effectiveness of IMBMFITFE. First, it is important
to investigate the effects of IMBMFITFF in vivo using
large animal models. Additionally, combining markers
such as STRO-1 and VCAM-1 to examine BMSCs could
provide valuable insights. Understanding the molecular
mechanisms through which bone marrow significantly
enhances the osteogenic activity of the IM is also crucial.
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Moreover, multicenter studies with larger sample sizes
and long-term follow-up periods are needed to validate
the clinical applications. Finally, determining the opti-
mal amount of bone marrow fluid required for the most
effective IMBMFITFF would be a valuable contribution
to the field.

Conclusion

In this paper, we have demonstrated that bone marrow
fluid can enhance the osteogenic activity of IMs, leading
to SO; the amount of IMSO correlated with the amount
of bone marrow fluid. The faster healing of the IMSO-
induced TFF than the clinical healing of the tibia indi-
cates that IMBMFITFF can provide additional stability
and facilitate a faster and better functional recovery with-
out additional material bone grafts and surgical trauma.
These findings suggest that IMBMFITFF can be an effec-
tive adjunct for the reconstruction of segmental defects
of middle and distal tibia treated using IMT, becoming an
alternative to classic TFFE.
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