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Induced membrane technique combined with antibiotic-loaded
calcium sulfate-calcium phosphate composite as bone graft
expander for the treatment of large infected bone defects:
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Background: Management of large infected bone defects is a major clinical and socioeconomic problem.
The induced membrane technique has been widely used as a solution. However, it has apparent disadvantages
such as limited autologous bone graft supply and lack of continuous infection control. Meanwhile, calcium
sulfate/calcium phosphate composites have efficacious osteogenesis and antibiotic delivery capacity. For
the first time, we analyzed the efficiency of calcium sulfate/calcium phosphate composites as a bone graft
expander in the induced membrane technique to treat large infected bone defects.

Methods: We retrospectively analyzed the clinical data of 12 patients with large infected bone defects of
6.1-17.2 cm treated with the induced membrane technique from November 2016 to July 2019. In the second
reconstruction stage, the bone defect was filled with a mixture of the autogenous iliac bone and vancomycin-
impregnated calcium sulfate/calcium phosphate composites at a ratio of 3:1. We assessed the bony union by
Samantha X-ray score and recorded infection recurrence and complications. Paley scale and SF-36 score
were used to evaluate the function of adjacent joint and quality of life pre and postoperatively. Pearson’s
correlation coefficients were calculated for union time and other clinical scores.

Results: The mean follow-up was 69 weeks (ranging from 30 to 142) after the second stage of the
operation. The mean Samantha X-ray score was 5.1 [3-6], preoperative and postoperative SF-36 scores
showed that there were statistical differences in all the nine aspects, and the excellent rate of adjacent joint
function was 75% (Paley). All cases were radiologically healed, and none of the 12 patients had infection
recurrence or failure of fixation at the last follow-up. Two cases had delayed wound healing and were cured
after dress changing. There was a significant correlation between union time and Samantha X-ray score
(r =—0.887; P=0.000), while there was no correlation between filling dose, size of the defect, and other
outcomes.

Conclusions: This study provided evidence supporting calcium sulfate/calcium phosphate composites as
an effective and safe bone graft expander in the induced membrane technique to treat large infected bone
defect. This technique may help decrease the use of autologous bone graft and enhance the anti-infection

effect of the induced membrane technique.

Keywords: Induced membrane technique; calcium phosphate (CP); calcium sulfate (CS); bone infections; bone

substitutes; bone defects

© Annals of Translational Medicine. All rights reserved. Ann Transl Med 2020;8(17):1081 | http://dx.doi.org/10.21037/atm-20-1932


https://crossmark.crossref.org/dialog/?doi=10.21037/atm-20-1932

Zhao et al. CS/CP composite bone substitute

Page 2 of 14
Submitted Feb 25, 2020. Accepted for publication Jul 19, 2020.
doi: 10.21037/atm-20-1932
View this article at: http://dx.doi.org/10.21037/atm-20-1932
Introduction

Ciritical-sized bone defects refer to those defects 2-2.5 times
greater than the diameter of diaphysis that are too wide for
self-restoration (1,2). A large infected bone defect caused
by chronic osteomyelitis is still a considerable challenge in
bone reconstruction.

The induced membrane technique was first presented
and applied in the clinic by Masquelet in 1986, and was used
especially for the treatment of segmental bone defects. The
strategy proceeds through the two following stages: stage 1
involves membrane induction by polymethyl methacrylate
cement (PMMA) after thorough debridement, and stage 2
involves defect reconstruction with autologous cancellous
bone or other artificial bone. Since its invention, it has been
widely used in the field of orthopedics due to the operation
being simple and providing outstanding results (3). The
characteristics of the technique can be described as follows:
Firstly, this technique is a model of multiple simultaneous
osteogeneses rather than the traditional longitudinal
creep model, and offers a rapid osteogenesis. Secondly,
the induced membrane around bone cement not only has
the function of local mechanical isolation, but also offers
a stable circumstance for osteogenesis and assists in bone
graft implantation (4). Finally, its abundant blood vessels
allow it to produce cytokines like BMP and TGF-p, which
provide strong support for the absorption, osteogenesis, and
reconstruction of bone substitutes (4-6).

Surgeons’ interest in this technique centers around
the high demand for bone substitutes when filling large
defects during stage 2 of the operation. Due to the limited
availability of autologous bone, it is often impossible to fill
large bone defects with autologous bone grafts alone, even
though these carry no risk of immunological reaction or
infection (7,8). As an autologous bone substitute, allogeneic
bone is a limited source and holds a potential risk of disease
transmission (HIV or hepatitis B and C virus transmission)
(9-11). Tissue-engineered bone grafting is a relatively
new approach which has been applied as an alternative to
conventional bone grafting, but its clinical application still
needs exploration. Also, synthetic substitutes like the calcium
sulfate/calcium phosphate (CS/CP) composite (75% CS and
25% CP) have been proven to be an effective alternative for
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the treatment of bone defects (12). The CS/CP composite
combines the benefits of both of its constituent materials and
exhibits the properties of biocompatibility, bone induction,
and osteoconduction (13-16).

Moreover, the combination of these two materials in the
proper proportion provides an ideal resorption rate that
enables the composite graft to keep pace with the rate of
bone formation. Additionally, its microporous structure also
enables satisfactory antibiotic loading and maintenance of
high local antibiotic concentrations over extended periods.
Furthermore, due to the introduction of CP, the mechanical
strength of the composite is superior to CS and autogenous
cancellous bone (17). Both animal studies and clinical
studies have demonstrated the satisfactory osteogenesis and
antibiotic loading effect of CS/CP composites (18-20).

The value in our approach of combining vancomycin-
loaded CS/CP with autologous cancellous bone in induced
membrane technology is that it overcomes limited sources
of autogenous cancellous bone, thus enabling local
antibiotic delivery and enhancing mechanical strength.
Although CS/CP has been applied in various clinical fields
like the treatment of necrosis of the femoral head, bone
cysts, and bone tumors, no studies have analyzed the clinical
effect of the induced membrane technique associated
with CS/CP as an autologous bone graft expander in the
treatment of large infected bone defects (18,19,21).

We applied CS/CP composite (Wright Medical Group,
Memphis, TN, USA) to the induced membrane technique
and evaluated the treatment performance. We aimed at (I)
analyzing the bone reconstruction ability of the CS/CP
composite as an autologous bone volume supplement and (II)
evaluating the postoperative infection control and recovery
of function provided by this technique. We present the
following article following the STROBE reporting checklist
(available at http://dx.doi.org/10.21037/atm-20-1932).

Methods
Participants

Twelve patients managed by the induced membrane
technique between November 2016 and July 2019 were
included in this retrospective study. There were 9 males and
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3 females with an average age of 39.5 years (18-59 years).
The study was conducted at one tertiary level hospital,
and the same surgeon performed all the procedures. The
study was conducted in accordance with the Declaration
of Helsinki (as revised in 2013). Our study received
permission from the ethics committee of our institution
and was performed with their guidance and help (No.
TDLL-201709-19). All patients provided informed consent
preoperatively.

Inclusion criteria

Patients with a large segmental infected bone defect of
over 6 cm of long bone (humerus, femur, tibia) caused by
trauma or osteomyelitis, who consented to admission for
induced membrane technique were included in the study.
Meanwhile, these patients had no fractures in the same limb
as the defect and no nerve or major vascular injuries, and
had good soft tissue conditions.

Exclusion criteria

The exclusion criteria were as follows: acute osteomyelitis
with systemic symptoms, large bone defect with severe soft
tissue and vascular loss, autologous bone deficiency caused
by any reason, low immune function or acquired immune
deficiency syndrome, diabetes or systemic malnutrition,
allergy to CS or CP, severe cardiovascular diseases, and liver
or kidney dysfunction.

The distribution of bone defects were as follows: one
in the humerus, three in the femur, and eight in the tibia.
Pathogenesis was as follows: three were post-traumatic, and
nine were caused by infection after internal fixation. The
wound secretions were cultured, and we found two cases
of methicillin-sensitive Staphylococcus aureus (MSSA), two
cases of methicillin-resistant Staphylococcus aureus (MRSA),
one case of Enterobacter cloacae, and one case of Staphylococcus
simulants, with six cases being negative, all of which were
sensitive to vancomycin. The induced membrane technique
combined with the antibiotic-loaded CS/CP composite as
an autologous bone graft expander was applied to manage
the large infected bone defect in the second stage of
reconstruction. We mainly used bone union, recurrence of
infection, and function as the outcome.

Operative procedure

Preoperative X-ray, computed tomography (CT), and
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occasional magnetic resonance imaging (MRI) scans were
routinely performed to evaluate the scope of infection
and to preliminarily calculate the number of autologous
grafts required. We assessed the pelvis of each patients to
determine the conditions of bone graft donor site. After
discussion among senior physicians and with the patient’s
consent, the second reconstruction stage of induced
membrane technique was scheduled. If the autologous bone
proved to be insufficient, the CS/CP composite was applied.
We selected the types of fixation according to the fracture
site, including locking plate, intramedullary nail, external
fixator, and Kirschner pin.

We paid considerable attention to the thoroughness of
debridement and stability of the fracture. During stage 1 of
the technique, the earlier fixations were removed if there
were any. Then, a procedure to eliminate the sinus tract and
complete debridement of the soft tissues was performed.
Intraoperative frozen-section analysis was performed to
clarify the scope of debridement by counting the number of
neutrophils under a high magnification. A bone window was
made at a predetermined position by using an electric drill
and oscillating saw, after which, pus was removed from the
intramedullary cavity. The medullary cavity was enlarged
with a soft reaming drill to observe blood seeping into the
bone window (capsicum sign positive). Necrotic bone was
collected using a laminectomy rongeur, and the bone end
was ground with osteotomes until bleeding was observed.
Subsequently, the cavity was irrigated two or three times
with sterile saline and hydrogen peroxide, after which it
was again debrided. Later, the wound was soaked in dilute
iodophor saline for 5 minutes, and the surgical drapes and
gloves were replaced. Then, proper fixations were applied
to stabilize the bone defect (If needed). PMMA cement
(OSTEOPAL®V, Heraeus Medical GmbH, Germany)
was prepared and placed into the defect after molding to
induce membrane formation. We mixed 40 g PMMA with
5 g of vancomycin, as previously reported (22). During the
polymerization of the PMMA cement, sterile saline was
continuously used to reduce damage to the surrounding soft
tissues caused by the heat generated by the polymerization.
If possible, primary closure was suggested, and if not, a flap
transplant was applied. Postoperatively, we routinely used
intravenous antibiotic therapy by drug sensitivity.

Oral and intravenous antibiotics were given
postoperatively for 2 to 4 weeks. X-rays and CT scans
were used to observe fracture alignment and the stability
of internal fixation. Next, laboratory tests (white blood cell
count, erythrocyte sedimentation rate, C-reactive protein)
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Figure 1 Patient with large infected bone defect of femur treated by CS/CP. (A) We obtained sufficient autogenous iliac bone after

estimating the size of the defect, (B,C,D) prepared the CS/CP composite, and (E,F) then mixed them in a 3:1 ratio. (G) The membrane

induced by the first stage of surgery was exposed by removing the PMMA cement while attention was paid to protect the membrane. (H) A

bone defect size of about 10 cm was observed, and (I) the mixture was implanted into the defect, leaving no cavity. CS/CP, calcium sulfate/

calcium phosphate; PMMA, polymethyl methacrylate cement.

were conducted to record infection indicators before the
second stage operation.

The second stage of the surgery was performed at least
2 months after stage 1 of the operation and consisted of
reconstruction grafting using autogenous iliac bone and
the CS/CP composite (Figure 14,B,C,D,E,F). Briefly,
an incision was made along the original surgical scar. A
fully formed membrane induced by the PMMA cement
was observed (Figure 1G). The membrane was carefully
dissected and turned upward, after which the cement and
plates were removed. The soft tissue was attached to the
outside of the membrane, so it could not be easily damaged.
Necrotic bone was taken until a positive capsicum sign was
obtained (Figure 1H). We ensured that the proximal and
distal medullary cavities were unobstructed. The wound was
thoroughly irrigated two or three times with sterile saline
and then soaked in a diluted iodine solution for 5 minutes.
The size of the defect was exactly measured to calculate
the volume of bone graft required. The CS/CP composites
were loaded with vancomycin by a concentration of
300 mg/cc. Then, a 5-cm-long curved incision was made at
the highest point of right/left posterior superior iliac spine,
and a 3x2 ecm’ iliac bone was harvested and cut into pellets
with a rongeur. Some cancellous bone was scraped from
the medullary cavity, and the bone marrow was extracted
for later use. The mixed graft combined with autologous
cancellous bone and the CS/CP composite at a ratio of
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3:1 was then filled into the defect (Figure 11), and internal
fixation or external fixation was applied if needed. Patients
were allowed to exercise without bearing weight 1 week
postoperatively. Bone union was judged by radiological
examination and was defined as 3/4 cortices showing callus
formation.

Functional exercise was guided postoperatively by
professional physicians. Partial weight bearing could be
permitted earlier if indicated by radiological examination.
However, total weight bearing was not allowed until
satisfactory corticalization was present.

Data collection and assessment

Patients were required to have follow-up visits in the
clinic at 1, 3, 6, and 12 months after surgery. Baseline
data including age, gender, site, etiology, fixation method,
and size of the defect were collected. Complications and
recurrence were recorded to evaluate the prognosis after
treatment. Meanwhile, laboratory examinations, including
white blood cell (WBC) count, C-reactive protein (CRP),
and erythrocyte-sedimentation rate (ESR), were conducted
and analyzed pre and postoperatively.

X-rays were used to assess the quality of union with two
independent observers using the Samantha radiographic
grading scale to quantify the healing (23,24) (Table I).

The Paley (25) scale was used to evaluate clinical
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Table 1 Radiographic grading scale for the degree of healing

Grade description Grade

e No changes from the immediate postoperative appearance 0

e Aslight increase in radiodensity distinguishable from the graft 1

e Recognizable increase in radiodensity, bridging of one cortex with new-bone formation to the graft 2

e Bridging of at least one cortex with the material of nonuniform radiodensity, early incorporation of the graft suggested by 3
the obscurity of graft borders

e Defect bridged on both medial and lateral sides with the bone with uniform radiodensity, cut ends of the cortex still visible, 4
and graft and new bone not easy to differentiate

e Same as grade 3, with at least one of four cortices obscured by new bone 5

e Defect bridged by new uniform bone, cut ends of cortex no longer distinguishable, and graft no longer visible 6

outcomes, including bone results and joint function.
Four criteria were included to assess bone results: union,
infection, deformity, and leg-length discrepancy. Excellent
was defined as a bone union, no infection, deformity of
less than 7°, and length discrepancy of less than 2.5 cm.
Good was defined as a union with the presence of any other
two items. Fair was defined as a union with the presence
any other single item. Poor was defined as nonunion or
refracture.

Function was evaluated using the following 5 indicators:
() pain; (II) significant limp; (III) soft tissue dystrophy; (IV)
rigid contracture of surrounding joints; (V) participation in
normal daily activities. Excellent was defined as indicator
5 with no presence of the other four indicators. Good
was defined as indicator 5 with the presence of half of the
other four indicators. Fair was defined as indicator 5 with
the presence of three of the four other indicators or an
amputation. Poor was defined as being unable to perform
routine daily activities.

The SF-36 scale was used to assess patients’ quality of
life from the following eight aspects: physical functioning,
role-physical, bodily pain, general health, vitality, social
functioning, role-emotional, and mental health (26). The
results of preoperative and final follow-up were used to
compare and analyze the statistical differences.

Statistics analysis

Data were collected and recorded with Microsoft Excel
(2017). The quantitative data were presented as X 5. We
conducted the homogeneity test of variance for each group
of data for preoperative and postoperative SF-36 scores,
and then an independent #-test was applied. We used one-
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way analysis of variance (ANOVA) to examine the statistical
difference of WBC and CRP between the groups and non-
parametric tests to examine the statistical difference of
ESR. Pearson’s correlation coefficients were calculated for
different size of defect and change in clinical scores. All
calculations were performed using SPSS version 23.0. A P
value <0.05 was considered statistically significant.

Results

Twelve patients with an average age of 39.5 years (18—
59 years) with large bone defects were included in this
retrospective study. The mean duration in the hospital
for stage 2 of the reconstruction operation was 27 days.
Patients had a mean follow-up time of 69 weeks (30—
142 weeks). The mean times of operation in other medical
institutions before admission to hospital was 1.5. The mean
size of the bone defect was 10 cm (6.1-17.2 c¢m). None of
the 12 patients had infection recurrence or wound-related
problems. The membrane was successfully induced in all
cases after stage 1 surgery. Preoperative mean ESR, CRP,
and WBC were 22.25 mm/h, 3.56 mg/L, and 6.56x10” /L,
respectively. Patients’ baseline data are provided in Table 2.
During surgery of stage 2, all bone defects were filled
with autogenous iliac and CS/CP composite as a volume
expander at a ratio of 3:1. The mean dose of CS/CP
composite and the antibiotic load was 15 cc mixed with
vancomycin (300 mg/cc). Microbial culture showed that
the most common bacteria were Staphylococcus (5 out of
12), all of which were sensitive to vancomycin. Ten patients
received internal fixation or external fixator to support
limb stability, and all remained stable without loosening
or infection during follow-up. Two cases (two in the tibia)
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Table 2 Baseline and follow-up data of 12 cases
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Case ci:/ln/?:)er Age Site Pathogenesis ILTgeecr); Graft material de?;j: (chm) Cigiz {22?9 S:';Tg:;; Fg/yg::;:)p
1 M 30 Tibia Internal fixation 2 lliac bone + CS/CP 13.9 20 41 105
2 F 59 Humerus Internal fixation 3 lliac bone + CS/CP 17.2 19 22 98
3 M 56 Tibia Internal fixation 2 lliac bone + CS/CP 12 21 31 142
4 M 26 Tibia Internal fixation 1 lliac bone + CS/CP 7 12 35 138
5 F 35 Tibia Internal fixation 1 lliac bone + CS/CP 9.8 8 26 55
6 M 56 Tibia Post-traumatic 1 lliac bone + CS/CP 8 15 23 55
7 F 33 Femur Internal fixation 2 lliac bone + CS/CP 9.9 12 20 57
8 M 44 Tibia Post-traumatic 0 lliac bone + CS/CP 6.2 5 25 47
9 M 18 Tibia Post-traumatic 1 lliac bone + CS/CP 6.1 7 34 46
10 M 55 Tibia Internal fixation 1 lliac bone + CS/CP 10.9 26 23 30
11 M 29 Femur Internal fixation 2 lliac bone + CS/CP 10 18 28 32
12 M 33 Femur Internal fixation 2 lliac bone + CS/CP 9 11 23 30
Table 3 Preoperative and postoperative infection-related indicators (X £ 5)

ltem Before stage 1 Before stage 2 After stage 2 P

WBC (/L) 6.56+1.40 6.83+1.32 7.45+1.68 0.333*

ESR (mm/h) 22.25+22.70 7.83+3.56 9.17+4.73 0.079°

CRP (mg/L) 3.56+2.26 3.72+2.11 3.72+2.08 0.979*

*, one-way ANOVA; s, non-parametric test. WBC, white blood cell; ESR, erythrocyte-sedimentation rate; CRP, C-reactive protein.

had delayed wound healing and were cured after dress
changing by using diluted iodophor saline (the results of
bacterial culture were negative) with no other treatment.
Primary healing of incisions was acquired in the rest of the
patients, and infection was effectively eradicated during
the follow-up. The mean ESR, CRP, and WBC 2 months
after operation were 9.17 mm/h, 3.72 mg/L, and 7.45x
10°/L, respectively, which were all in the normal range.
We conducted statistical analysis on the infection indicator
(ESR, CRP, and WBC) before stage 1, before stage 2, and
after stage 2, and found no significant difference between
the groups (7able 3). Systemic antibiotic therapy (including
intravenous and oral methods) lasted until 2—4 weeks after
the second stage of operation and was adjusted according to
the drug sensitivity results.

Six months after surgery, radiological examination
showed that the bone defect had been filled by new bone
with uniform density and that the osteotomy line was

© Annals of Translational Medicine. All rights reserved.

blurred. At around 3 months, primitive callus formation
was apparent, and bone substitute absorption could be
observed (Figures 2,3). The mean score of Samantha X-ray
was 5.1 [3-6]. The mean progression to union time of the
12 patients was 29 weeks (16-48 weeks) (Table 4, Figures 2,3).

The union result assessed by the Paley scale showed
excellent in 12 cases. Radiographs showed the presence
of bone union and that no infection had occurred during
follow-up. Additionally, all cases had achieved anatomical
reduction with no deformity beyond 7° and no length
discrepancy of more than 2.5 cm occurring. In joint function
assessment, nine cases achieved excellent, two achieved
good, and one achieved fair. The excellent rate was 75% (9
in 12). One case suffered from dysfunction of adjacent joints
due to insufficient postoperative rehabilitation training
(Table 3).

We compared the preoperative and postoperative SF-
36 scores, and the results showed that there were statistical
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Figure 2 Typical radiographs of chronic osteomyelitis of femur treated with CS/CP (A) preoperatively, (B) managed with vancomycin-
loaded PMMA, locking plate. (C) Filling the bone defect with a mixture of autogenous iliac and vancomycin-impregnated CS/CP composite
in a 3:1 ratio after thorough debridement. Follow-up at 3 (D), 6 (E), and 9 months (F). CS/CP, calcium sulfate/calcium phosphate; PMMA,
polymethyl methacrylate cement.

Figure 3 Typical radiographs of chronic osteomyelitis of the tibia treated with CS/CP (A) preoperatively, (B) managed with vancomycin-

loaded PMMA. (C) Filling the bone defect with a mixture of autogenous iliac and vancomycin-impregnated CS/CP composite after
thorough debridement. (D) Follow up at 3, (E) 6, and (F) 9 months. CS/CP, calcium sulfate/calcium phosphate; PMMA, polymethyl

methacrylate cement.

differences in all nine aspects (P<0.05) indicating that the Case presentation
postoperative quality of life of patients had dramatically
improved (Table 5).

We analyzed the correlations between defect size, filling

A 58-year-old woman presented to our hospital with a
17-year history of right humeral infected bone defect

dose, union time, Samantha X-ray score, and other clinical associated with right upper limb malformation, sinus

outcomes. There was a significant correlation between
union time and Samantha X-ray score (r=—0.887; P=0.000),
while there was no correlation between defect size, filling
dose, and other clinical outcomes.
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shortening, and yellowish discharge (Figure 44). During
stage 1 of the induced membrane technique, necrotic and
infected bone and soft tissues were thoroughly debrided.
Then, one locking plate (SDDZ36, Medtronic Kanghui
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Table 4 Postoperative data analysis and results of 12 cases

Samantha Paley bone Paley Union time
Case Microbial culture Fixation Method Y functional Complications Recurrence
X-ray score result (weeks)
result
1 Negative None 6 Excellent Excellent 25 None No
2 MSSA 2 locking plate + 3 screws 3 Excellent Good 48 None No
3 Negative Intramedullary nail + 6 Excellent Excellent 16 Sterile wound No
4 screws leakage
4 Enterobacter None 5 Excellent Excellent 24 Sterile wound No
cloacae leakage
5 Staphylococcus 2 locking plate + 4 screws 6 Excellent Excellent 23 None No
simulans
6 Negative Intramedullary nail + 5 Excellent Good 30 None No
3 screws
7 Negative Intramedullary nail + 5 Excellent Excellent 32 None No
3 screws
8 Negative External fixator + 1 locking 4 Excellent Fair 36 None No
plate + 6 screws
9 MSSA External fixator + 1 locking 6 Excellent Excellent 28 None No
plate + 6 screws
10 MRSA 1 locking plate + 10 screws 5 Excellent Excellent 29 None No
11 MRSA 1 locking plate + 8 screws + 5 Excellent Excellent 30 None No
Intramedullary nail
12 Negative 1 locking plate + 9 screws + 5 Excellent Excellent 26 None No
Intramedullary nail
MSSA, methicillin-sensitive Staphylococcus aureus.
Table 5 Preoperative and postoperative SF-36 scale scores (X £5)
Classification Pre-op SF-36 score Post-op SF-36 score P
Bodily pain 51.50+9.80 64.50+7.59 0.001*
Physical functioning 21.67+9.61 63.33+9.85 0.000*
Role-physical 47.92+16.71 70.83+25.75 0.017*
General health 31.67+10.52 57.50+10.47 0.000*
Vitality 38.75+6.44 60.83+9.49 0.000*
Social functioning 42.59+19.44 61.11+13.81 0.013*
Role-emotional 30.56+26.43 86.11+17.16 0.000*
Mental health 50.00+7.14 67.00+8.20 0.000*
Reported health transition 37.50+13.06 60.42+12.87 0.000*

*, P<0.05.
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Figure 4 Typical X-ray and CT scans of chronic osteomyelitis of humerus treated with CS/CP. (A) Plain radiographs before the first stage

of surgery showed a large bone defect. (B) PMMA was implanted in the first stage. (C) X-ray examination immediately after the second stage

of surgery showed that the bone defect was completely filled with the calcium sulfate/calcium phosphate composites and autologous bone.
(D,E,EG,H,1,],K) Plain radiographs and CT scans of the bone defect taken at (D,E) 4 months, (F,G) 6 months, (H,I) 9 months, and (J,K)

12 months postoperatively. With the formation of new bone, the composite was gradually absorbed, no new defects formed until new bone

formation was complete, and the rate of absorption was comparable to new bone formation. (J,K) At 12 months after surgery, the composite

was almost completely absorbed, and new bone formation was complete which was equivalent to the density of the surrounding bone. CS/

CP, calcium sulfate/calcium phosphate; PMMA, polymethyl methacrylate cement.

Orthopedics, Changzhou, China) and screws (SDLDO03,
Medtronic Kanghui Orthopedics, Changzhou, China) were
used to fix the bone defect. PMMA cement was placed into
the defect after molding to induce membrane formation
(Figure 4B). Two weeks after the operation, shoulder and
elbow-joint mobilization were encouraged, and partial
loading was allowed and gradually increased.

The second stage of the induced membrane technique
surgery was delayed and performed 8 months after
the implantation of PMMA cement and consisted of
reconstruction grafting using autogenous iliac bone and
the CS/CP composite at a ratio of 3 tol (Figure 4C).
The size of the defect was measured as about 78 cc with
a length of 17.2 cm. Afterward, 58 cc autologous iliac
plate was harvested and cut into pellets from the left
and right posterior superior iliac spine. Some cancellous
bone was scraped from the medullary cavity. As the
volume accounted for only three-quarters of the defect,
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we prepared 19 cc of the CS/CP composite material
loaded with vancomycin (300 mg/cc) according to the
manufacturer’s instructions (Wright Medical Group,
Memphis, TN, USA). We fixed the humerus with one
PHILOS plate and one locking plate and screws (DePuy
Synthes Company, Somerville, NJ, USA).

Four, six, and nine months after the second stage of
induced membrane technique surgery, the internal fixation
was stable (Figure 4D,E,F,G,H,I), and the patient could
carry out simple daily activities like combing hair, pouring
water, and sweeping the floor. The latest X-ray and CT
scans, performed 12 months after the second surgery,
showed that about 90% of the CS/CP composite material
had been absorbed, and bone continuity had been restored
(Figure 47,K). Single-photon emission CT/computerized
tomography (ECT/CT) scans performed at 9 months
revealed active bone metabolism, suggesting new bone
formation (Figure 5).
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Figure 5 ECT/CT scans of a patient with large infected bone defect in the humerus. Scans at 9 months after operaion revealed bone-

tissue changes in the right humerus accompanied by active bone metabolism. Radioactive materials were uneven, highly distributed, and

concentrated.

Discussion

Thus far, the induced membrane technique has shown
excellent prospects in large infected bone defect
reconstruction due to the advantages of simple operation
procedure, straightforward postoperative nursing, shorter
treatment duration (compared with the Ilizarov technique),
and faster recovery of limb function (27-30). For the first
time, we chose the antibiotic-loaded CS/CP composite
as the supplement to autologous bone graft during the
reconstruction stage of the induced membrane technique to
overcome the significant demand for autologous bone and
lack of sustained-release antibiotics.

In this study, after 3 months, both primitive callus
formation and bone substitute absorption could observed.
The average duration for full corticalization was around
29 weeks, and the union rate of all the 12 cases was 100%.
Bone consolidation with corticalization was regularly
observed within 4 months through the traditional induced
membrane technique in which only autologous bone
graft was used in the reconstruction stage (31). Thus,
compared with the traditional technique, our technique
might have a longer duration of union time; however, all
cases obtained a successful union. We noticed that in most
cases, at 9 months, the remolding was finished, and the
new bone density was the same as the surrounding bone
tissue. What is intriguing is that in the humeral defect
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case, at 9 months, ECT examination was still positive,
indicating that the osteogenesis metabolism might still
have been present. The detailed osteogenesis process in
our method still requires further investigation. We did
not find a significant relationship between union time and
defect size. Masquelet also found corticalization of the
reconstructed bone segment is independent of the initial
size of the defect (31).

In our study, the ratio of CS/CP composite supplement
and autologous bone graft was 1:3. Masquelet surmised that
isolated cancellous allograft or bone substitute inside the
membrane is not sufficient for obtaining full bone formation
because allograft or bone substitute does not contain stem
cells or growth factors. Bone substitutes can be associated
with cancellous autologous bone with a ratio which should
not exceed 1:3. There have been some reports of extenders,
including cancellous allograft or demineralized bone matrix,
being used in patients when the autologous bone graft was
insufficient (32,33). In these reports, the ratio of extender
and auto bone graft did not exceed 1:3, and there was no
increase in complication or nonunion rates. However,
allografts may increase the risk of disease transmission and
infection.

However, Gupta ez al. and Sasaki et al. attempted to use
B-TCP as an extender by grafting autologous cancellous
bone and B-TCP mixed in approximately the same
proportions (1:1). Most patients achieved satisfactory
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healing results, even though B-TCP does not have
osteoinductive ability (34,35). Therefore, the appropriate
ratio of bone substitute to auto cancellous bone still needs
to be explored.

Some studies report failures of bone reconstruction
through the induced membrane technique due to recurrent
infection. The traditional induced membrane induced
technique had inadequte anti-infection efficiency, and it can
only be used once the infection is definitively eradicated. As
we know, thorough debridement combined with systemic
and local administration of antibiotics is a widely accepted
treatment strategy against osteomyelitis (36,37). The ability
of biomaterials to locally deliver antibiotics has greatly
contributed the anti-infection efficacy (20).

Earlier studies have shown that the antibiotic elution of
calcium sulfate alone has a marked decrease in concentration
within the initial 3 days (38). However, elution of CP
calcium phosphate can be prolonged to 8 weeks (39).
When the CS and CP were combined with composites,
the antibiotic elution was around 4 weeks (40). Scharer and
Sanicola found that the CS/CP composite, when combined
with vancomycin, elutes vancomycin in a gradual and
sustained fashion for 22 days in vitro with a ratio of 1 g/ to
10 g (41). Furthermore animal studies have discovered that
the CS/CP composite loaded with vancomycin (2 g/20 g)
could effectively prevent osteomyelitis and enhance bone
defect healing through improved bone remodeling (20,38).
The local elution ability of the CS/CP composite enables
the local antibiotic concentration to be 100-200 times over
intravenous dose (42). In our previous study, vancomycin
300 mg/cc was loaded with CS/CP to treat focal infected
bone defect, and demonstrated excellent anti-infection
efficacy (43). Thus, the concentration of vancomycin
300 mg/cc loaded with CS/CP combined with the induced
membrane technology might be effective.

This is one of the reasons why we introduced the CS/
CP composite to the induced membrane technique as an
expander; theoretically, we think that the antibiotic loading
ability can enhance anti-infection efficiency to combat
residual latent infection. In our study, all 12 cases of bone
defect were accompanied by infection, and no cases showed
signs of recurrence in the latest follow-up, even though
2 cases had exudation from the wound, which did not show
a relation with relapse. Cases with complications were
resolved by dressing changes.

The choice of antibiotic must take into consideration
local microbial causative organisms, as well as the notion
that high concentrations of certain antibiotics can affect
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the normal bone regeneration process (44). The reason we
chose vancomycin as the local antibiotic in our study can be
explained as follows: firstly, the water-soluble vancomycin
has a dose-dependent nature. Secondly, vancomycin is
effective against the most common causative organisms in
osteomyelitis, particularly methicillin-resistant Staphylococcus
aureus (MRSA) and other Staphylococci bacteria (45-48).
The microbial culture showed that the most common
bacteria in this study were Staphylococcus (5 out of 12),
all of which were sensitive to vancomycin. Thirdly, high
concentrations of vancomycin will not affect the normal
bone regeneration process.

Moreover, through appropriate postoperative functional
exercise guided by our professional physician, all patients
recovered well after surgery and were able to engage in
necessary daily activities, which greatly improved their
quality of life. However, in our study, the total weight
bearing was not allowed for 6 to 7 months, until the
satisfactory corticalization was present. Masquelet indicated
that for the induced membrane technique, a period of
3—4 months is too short to allow total weight bearing;
instead, the recovery of weight bearing should be
gradually acquired within 6-7 months after the definite
reconstruction, regardless of surgical stabilization (31).

Conclusions

In summary, the CS/CP composite demonstrated
capabilities of biodegradation, antibiotic eluding, and
osteogenesis. For the first time, this study provided
evidence supporting CS/CP as an effective and safe
bone graft expander in the induced membrane technique
for treating large infected bone defect. This technique
is especially useful for patients who have previously
undergone autologous bone grafting and for young or
elderly patients who have limited sources of autologous
bone or low osteogenic capacity. In addition, this technique
may help decrease the infection recurrence resulting from
the continuous local elution of antibiotics.

There are certain shortcomings to our study. Our
research was a retrospective clinical study with a small
number of cases. In the future, a randomized controlled
trial involving a larger patient sample should be performed,
and the traditional treatment of autologous bone graft
alone should be used as the control. In our study, the
average follow-up period was 16 months, and a longer
period of follow-up will help confirm the usefulness of the
CS/CP composites expander in the induced membrane
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technique. While we used a 3:1 ratio of autologous bone
to CS/CP composite expander, the optimal ratio of the
CS/CP composite and autologous bone and concentration
of antibiotic load should be further explored to ensure
osteogenic and anti-infection efficacy.
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