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Abstract
Background Many reconstruction methods have evolved to offer limb salvage surgery (LSS) to patients with musculoskel-
etal sarcomas. It can be achieved using endoprosthesis or biological reconstruction methods like allograft or autograft or a 
combination of both. In carefully selected patients, resected bone can be recycled and reimplanted after sterilisation using 
methods like irradiation, autoclaving, pasteurisation or liquid nitrogen.
Methods From 2010 to 2016, 10 patients with primary musculoskeletal sarcoma underwent limb salvage surgery (LSS) 
by wide resection of the tumour and reconstruction using recycled autograft treated with liquid nitrogen. Intercalary resec-
tion was carried out in six patients and intra-articular in four. The resected bone was dipped in liquid nitrogen for 25 min, 
thawed at room temperature for 15 min followed by dipping in vancomycin-mixed saline for 10 min. The recycled bone was 
re-implanted into its original site and stabilised with internal fixation.
Results At a mean follow-up period of 39.6 months (range 6–97 months), all patients had a good function (mean functional 
score of 80%) with no evidence of local recurrence in the re-implanted bone or otherwise. Union was achieved at 15 of the 
16 osteotomy sites with a mean union time of 5.2 months (range 4–7 months) without any additional surgical interventions. 
In none of the patient, augmentation with vascularised/non-vascularised fibula was done. No complication like fracture of 
the autograft, implant failure or deep/superficial infection was reported in any patient.
Conclusion Recycled tumour-bearing autograft after treatment with liquid nitrogen is an anatomical, cost-effective, rela-
tively simpler and reliable technique for reconstruction of bone defect after resection in selective primary musculoskeletal 
sarcoma patients.
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Introduction

Limb salvage, wherever possible, has become the modal-
ity of choice for surgical treatment of primary malignant 
bone sarcomas. Advances in imaging, neo-adjuvant chemo-
therapy, improved surgical resection and reconstruction 

techniques have contributed to our understanding and man-
agement of sarcomas more effectively resulting in not only 
an improved survival rate but also a good functional limb. 
Limb salvage surgery involves two main steps, i.e., resection 
and reconstruction [1]. Reconstruction can be achieved with 
the use of non-biological endoprosthesis or biological meth-
ods such as allograft, vascularised fibula, recycled autograft 
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or by making use of a combination of allograft/autograft and 
endoprosthesis.

Endoprosthetic replacement after resection of tumour is 
the most commonly used technique for reconstruction of 
the bone and joint loss in sarcoma patients due to its easy 
availability for almost all anatomical locations and modu-
larity to fit any bony defect. Excellent survival rates and 
long-term good results have been reported for this method of 
reconstruction [1, 2]. However, there are concerns regarding 
long-term durability of endoprosthesis on account of com-
plications like loosening, fracture, failure of locking mech-
anism and infection which often requires revision [3–7]. 
Another significant factor is cost of primary endoprosthetic 
replacement which further increases when revision surgery 
is required.

Biological reconstruction has, therefore, been used to 
overcome the problems with non-biological  materials for 
musculoskeletal sarcomas. Biological reconstruction makes 
use of allograft or autograft such as fibula or recycled autol-
ogous bone. Allograft is  not readily available due to lack 
of bone banking facilities at many hospitals. Also, concerns 
regarding potential complications like immune-mediated 
rejections, transmission of communicable diseases, high 
incidence of infection, fracture and non-union have still not 
been adequately resolved [8–11].

Fibular autograft is another option for reconstruction of 
segmental bone defects after tumour resection. However, 
a defect size of 12 cm or more reconstructed with non-
vascularised or vascularised fibula has been shown to be a 
statistically significant risk factor for suffering mechanical 
complications like fatigue fractures and non-union requiring 
surgical revision besides complications like donor site mor-
bidity including ankle joint instability in children and sub-
clinical gait alteration as observed by gait analyses [12–15]. 
In addition, in vascularised fibula, there may be technique-
related failure of anastomosis reported to be varying from 
4 to 17% [16].

Utilisation of sterilised recycled autograft is a use-
ful alternative for reconstruction of tumour bone defects 
in selective patients. Recycled autograft has the unique 
advantage of providing an anatomically size-matched graft, 
while restoring the bone stock with sufficient biomechani-
cal strength [17]. It is an inexpensive modality and does 
not require the services of a bone bank. However, use of 
this modality is possible only in cases of bone tumours with 
minimal bone destruction or in tumours where restoration of 
bone has taken place due to good response to chemotherapy. 
Thus, in carefully selected cases, recycled autograft seems 
to be an excellent option.

Several methods have been developed to sterilise the 
resected bone such as extra-corporeal radiotherapy (ECRT), 
autoclaving and pasteurisation [18–21]. ECRT although has 
shown good results but requires a radiation oncology facility 

in the hospital and also involves transporting the resected 
bone outside the operation theatre (OT) with proper aseptic 
precautions [18, 19]. Pasteurisation has shown good early 
results; whereas, autoclaving degrades the biological and 
mechanical properties of the bone [22].

In 2005, Tsuchiya et al. described a method of recon-
struction using tumour-bearing autograft treated by liquid 
nitrogen in 28 patients [23]. This method of cryosterilization 
has shown excellent results with the added advantage of not 
requiring a special set-up as it was performed within the OT 
itself. There is no denaturation of bone collagen ensuring 
better biomechanical and osteoconductive properties as com-
pared to other methods of sterilisation of tumour-bearing 
bone [17]. Based on these encouraging results and simplicity 
of technique, we undertook a similar procedure for recycling 
the tumour-bearing autograft for reconstruction in carefully 
selected patients of musculoskeletal sarcomas.

Materials and Methods

From 2010 to 2016, 10 patients (4 females, 6 males) under-
went limb salvage surgery (LSS) by wide resection of the 
tumour and reconstruction with recycled tumour-bearing 
autograft sterilised using liquid nitrogen. The mean age of 
the group was 16 years (range 8–35 years). Ewing’s sarcoma 
was diagnosed in seven patients and two patients had osteo-
sarcoma. One patient had liposarcoma which was wrapped 
around fibula. Sites involved were the proximal humerus 
(Fig. 2), shaft femur (Fig. 3), distal femur (Fig. 1) and distal 
fibula in two cases each. Proximal femur and shaft fibula 
were the sites affected in one patient each.

After confirmation of histopathological diagnosis 
and appropriate staging investigations, all patients with 
Ewing’s sarcoma and osteosarcoma underwent appropriate 
neo-adjuvant chemotherapy as per institutional protocol. 
Response to chemotherapy was  assessed pre-operatively 
clinically as well as by radiographs  and  magnetic reso-
nance imaging (MRI) of the affected part. The resection 
length was planned pre-operatively based on the MRI 
imaging showing the maximum extent of the tumour. 
Intercalary resection was carried out in six patients and 
intra-articular in four. The four patients who underwent 
intra-articular resection were with tumours in proxi-
mal humerus (n = 2) and distal fibula (n = 2). The aver-
age length of resection was 20.5 cm (range 14–27 cm). 
Length of resection also included safe surgical margin(s). 
Bone marrow biopsy was taken from end(s) of resected 
bone as well as residual bony stump(s). In seven patients, 
it was possible to achieve wide surgical margins includ-
ing margin of  ≥   2  cms in the bone. In three patients 
where bony  resection margins were close to the tumour, 
the barrier concept elucidated by Kawaguchi et al. was 
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taken into consideration [24]. In two patients, tumour 
extended up to but did not involve epiphyseal plate. In 
one patient with Ewing’s sarcoma of proximal femur, the 
involved segment along with epiphyseal plate was sepa-
rated from capital femoral epiphysis; whereas in the other 
patient with osteosarcoma involving distal femur, trans-
epiphyseal osteotomy close to epiphyseal plate was done 
(Fig. 3). In third patient with Ewing’s sarcoma involv-
ing shaft of femur, on pre-chemotherapy MRI, tumour 
extended up to lesser trochanter proximally. However due 
to good response to chemotherapy, there was significant 
reduction in the intramedullary and soft tissue extent. The 

proximal resection margin in this patient was 1 cm away 
from intramedullary extent as determined on pre-chemo-
therapy MRI but was > 2 cm away as determined on post-
chemotherapy MRI (Fig. 2). In these three patients, intra-
operative frozen sections of marrow/bone samples from 
osteotomy sites were taken to establish whether osteotomy 
sites were tumour free or not. All were reported as tumour 
free. Resected bone was stripped of soft tissues including 
periosteum. Intramedullary reaming as well as curettage 
of any surface tumour tissue on the resected bone was car-
ried out. Liquid nitrogen was poured into a stainless steel 

Fig. 1  a Post neo-adjuvant 
chemotherapy MRI in a13 
yrs female with osteosarcoma 
involving distal femur but spar-
ing of epiphysis. b Check X-ray 
after 6 months of intercalary 
resection (distal osteotomy was 
trans-epiphyseal) and reimplan-
tation after treatment with liquid 
nitrogen showing union at both 
osteotomy sites. c Check X-ray 
after 96 months of surgery. d 
Full range of movements at 
knee joint

Fig. 2  a X-ray of humerus in a 18 years male with osteosarcoma 
involving proximal humerus. b MRI showing large soft tissue com-
ponent. c Post neo-adjuvant chemotherapy MRI showing significant 

decrease in soft tissue component, d resected bone after treatment 
with liquid nitrogen. e Check X-ray after 6 months of reimplantation 
showing union at osteotomy site
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cylindrical container. The resected bone was dipped in 
liquid nitrogen for 25 min, and then thawed at room tem-
perature for 15 min, followed finally by dipping in vanco-
mycin-mixed saline for 10 min. The recycled excised bone 
was re-implanted at original site and stabilised by appro-
priate internal fixation using plating, nailing or a combina-
tion of both. Patients were given planned cycles of adju-
vant chemotherapy after 3 weeks of surgery. Patients were 
regularly followed up at monthly intervals with X-rays to 
assess the status of bone union at osteotomy site(s). Gradu-
ally increasing weight bearing was allowed based on the 
radiological evidence of progress of union. Radiological 
union of the re-implanted segment both proximally and 
distally was assessed according to the method followed by 
Hsu et al. [25] Graft union was defined as uninterrupted 
external bony borders between the graft and the recipient 
bone in addition to obscured or absent osteotomy lines at 
both junctions. Once the osteotomy site(s) united, a three 
monthly follow-up was maintained for the first 2 years and 

thereafter a 6 monthly follow-up to evaluate for any local 
recurrence or distant metastases.

Results

The mean follow-up period till the filing of the study was 
39.6 months (range 6–97 months). At the latest follow-up, 
six patients continue to remain disease free. Three patients 
had died due to metastatic disease. One patient died at 
6 months of follow-up due to chemotherapy-related com-
plications. No local recurrence in the surgical site region 
or recycled autograft has been seen in any patient. Union 
was achieved at 15 out of the 16 osteotomy sites in 10 
patients with a mean union time of 5.2 months (range 
4–7 months). Non-union was seen only in one patient (case 
10) at the proximal femoral osteotomy site (Fig. 4). This 
patient who had Ewing’s sarcoma of femoral diaphysis 
and was given additional local radiotherapy at a regional 
centre where he was receiving chemotherapy after 3 weeks 

Fig. 3  a Pre-chemotherapy MRI 
of femur in a 16 years male 
with Ewing’s sarcoma involving 
shaft of femur. b Post neo-
adjuvant chemotherapy MRI 
showing significant decrease in 
both soft tissue component as 
well as intramedullary extent, 
c resected bone. d Clinical 
photograph after reimplantaion 
and fixation of liquid nitrogen 
treated resected bone. e, f Check 
X-rays after 24 months of 
reimplantation showing union at 
both osteotomy sites
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of surgery which might have contributed to non-union at 
proximal osteotomy site. In this patient, additional autolo-
gous bone grafting was done after 11 months of initial 
surgery when the patient had completed his chemotherapy. 
Union was achieved at the end of 23 months. Patient is full 
weight bearing on this limb and is pain free.

The functional evaluation was performed using the modi-
fied system of the Musculoskeletal Tumour Society based on 
parameters including pain, functional activities, emotional 
acceptance, the use of external support, walking ability and 
gait [26]. For the upper extremity reconstructions parameters 
such as hand positioning, manual dexterity and lifting abil-
ity were taken into consideration instead of external sup-
port, walking ability and gait which are more relevant for the 
lower limb. The mean functional score for the study group 
was 80.2% (range 75–85%).

No complication such as fracture of the autograft, implant 
failure or deep/superficial infection was reported in any of 
our cases. One patient, where reimplantation of distal fibula 
was done, complained of irritation due to screw heads. In 
this patient, implant removal was carried out after 3 years 
of initial surgery. No evidence of joint cartilage damage and 
resultant arthritis as assessed by absence of joint surface 
irregularity  or pain in cases that have undergone intra-artic-
ular resection has been reported till the last follow-up. Limb 
shortening by 1.5 cm was seen in one patient (case 1) of dis-
tal femur osteosarcoma who underwent a transphyseal dis-
tal femoral osteotomy as part of the resection process. The 
patient has an excellent knee function and does not complain 
of a limp as a result of the shortening; thus, no further inter-
vention has been advised. Details of results are in Table 1.

Discussion

Reimplantation of resected bone treated with liquid nitrogen 
has been used in the domain of oral surgery since long. In 
1966, Gage et al. researched the effects of liquid nitrogen on 
bone and in 1976, Marciani et al. reported good remodel-
ling capacity after reimplantation of liquid nitrogen-treated 
resected mandibular bone [27, 28]. In 1969, Marcove and 

Fig. 4  AP and lateral X-rays in a 18 years male with Ewing’s sarcoma 
involving shaft of femur showing union at distal osteotomy site but 
non-union at proximal osteotomy site after 9 months of reimplanta-
tion of liquid nitrogen treated autograft

Table 1  Union time, functional and oncological outcome

M male, F female, NU non-union, NED no evidence of disease, DOD died of disease, DUC died of unrelated causes, MSTS musculoskeletal 
tumour society score

Age (years) Sex Diagnosis Site Follow-up 
(months)

Time to union (months) Outcome Functional 
score (MSTS) 
(%)

1. 13 F Osteosarcoma Distal femur 97 5 NED 85
2. 11 F Ewing’s sarcoma Proximal humerus 61 5 NED 75
3. 8 M Ewing’s sarcoma Proximal femur 20 5 DOD 80
4. 16 M Ewing’s sarcoma Shaft femur 47 6 NED 85
5. 21 F Ewing’s sarcoma Distal fibula 47 5 NED 80
6. 35 M Liposarcoma Shaft fibula 45 7 NED 80
7. 18 M Osteosarcoma Proximal humerus 39 5 DOD 75
8. 12 M Ewing’s sarcoma Distal femur 6 5 DUC 77
9. 9 F Ewing’s sarcoma Distal fibula 9 4 DOD 85
10. 18 M Ewing’s sarcoma Shaft femur 25 5 (NU prox. osteotomy) NED 80
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Miller used liquid nitrogen for palliative treatment in bone 
metastasis with good pain control [29]. In 1984, Marcove 
et al. described the use of the liquid nitrogen for manage-
ment of the primary lesion in osteosarcoma adopting liq-
uid nitrogen as an adjuvant to curettage and cement for 
reconstruction [30]. Subsequently, it was Tsuchiya et al. 
in 2005 who described the reconstruction method using a 
tumour-bearing autograft treated with liquid nitrogen and 
accordingly divided the technique into three types (IA/IB, 
II, and III). The surgical technique comprised free-freezing 
and pedicle-freezing methods that were used according to 
the tumour location. Limb functional results were graded as 
excellent in 71.4% of the patients [23].

The mechanism of action of liquid nitrogen on tumour 
cells is mainly by inducing ice crystal formation and dehy-
dration. This selectively leads to cell death of the tumour 
cells as they are more sensitive to low temperatures than 
normal cells [31, 32]. Another possible cause of cell death 
during cryosurgery is ischemic infarction due to thrombosis 
of the microcirculation [33]. It is actually the process of 
alternate freezing (− 196°) for 20 min, then thawing first at 
room temperature for 15 min and then in physiological saline 
or distilled water for another 15 min which is considered 
fatal to the tumour cells. It has been shown that number of 
cycles whether one or two with liquid nitrogen treatment 
had a similar effect on reduction of tumour volume [17]. 
We followed a single cycle of liquid nitrogen treatment for 
25–30 min, thawing at normal operation room temperature 
for 15 min and then in vancomycin-mixed normal saline for 
10 min.

Proper patient selection is vital for successful use of 
recycled autograft. Tumours causing gross destruction of 
the bone are unsuitable for reconstruction with recycled 
autograft. Thus, a careful pre-operative assessment of bone 
quality is critical. The unparalleled advantage with autograft 
is the anatomical and symmetrical fit with ease of fixation. 
This makes autograft an attractive option especially in geo-
graphical locations where procuring custom-made prosthe-
ses or allograft is still a problem [34].

The osteoinductive and osteoconductive properties of 
frozen autograft treated with liquid nitrogen also remain 
intact. Studies on histological examination of frozen auto-
graft treated by liquid nitrogen removed after implantation 
from patients have proved the presence of osteocytes and 
osteoblasts. Also, connections between bony trabeculae 
have been found at the host–graft junction [35]. Preserva-
tion of bone morphogenetic protein and neovascularisation 
has also been found [32]. Tsuchiya et al. in their group of 28 
patients reported bony union at a mean of 6.7 months after 
surgery in 26 patients (92.8%). Non-union was seen only in 
two patients, one of whom had died before bony union and 
in the other the autograft was removed because of infection 
before union [23]. In our study, union was achieved at 15 of 

the 16 osteotomy sites (93.75%). A good functional outcome 
was seen in all our patients with a good range of motion at 
the joints near the reconstruction. Bio-integration of soft 
tissues and muscles into the autograft is another unique 
advantage seen only with autograft and allograft, not pos-
sible with artificial endoprosthesis. Reattachment of muscles 
on the natural graft allows better muscle control leading to 
a better gait [36].

Since long, complications like significant injury to the 
adjacent bone and soft tissue, skin necrosis and nerve injury 
have been associated with the use of liquid nitrogen with 
in vivo or by pedicle freezing method [37]. However, in all 
our patients, treatment with liquid nitrogen was done in vitro 
or by free-freezing method. Complications such as fracture 
and infection of the autograft, although a rare possibility, 
have been reported [23, 38]. Tsuchiya et al. reported com-
plications of deep infection in three and fractures in two 
patients in their group of 28 patients, but all were success-
fully managed [23]. No such complication was reported in 
our study. Use of vancomycin-mixed normal saline during 
the recycling process could have possibly contributed to no 
infection in our cases, but this needs further evaluation.

Various studies have recommended the augmentation of 
allograft with vascularised/non-vascularised fibula [39, 40]. 
Similar reconstruction methods have been recommended 
when using recycled autograft. The augmentation of allo-
graft with vascularised fibulae is associated with a lower 
failure rate as the combined reconstruction is considered to 
be structurally strong with improved vascular and osteogenic 
potential, lower rates of infection, fracture, and nonunion 
[39, 40]. There are no comparative studies examining the 
outcome of augmentation with fibula in autograft vis-à-vis 
allograft. However, biomechanical tests have revealed that 
there was no significant difference in compression strength 
between the intact bone and the bone treated with one-cycle 
liquid nitrogen process [17]. Fracture, thus, remains a remote 
possibility and none was reported in our study. None of the 
reconstruction in this series was augmented with free/vas-
cularised fibular autograft.

Liquid nitrogen-treated autograft retains the tissue 
micro-architecture and certain tumour antigens not seen 
with irradiated or heat-treated graft which usually destroy 
the tissue proteins [22]. Concerns are often expressed 
about the ability of various sterilisation methods to com-
pletely kill the tumour cells and possibility of local recur-
rence within the re-implanted recycled autograft. This 
concern is unfounded. Rather, there is a possibility that 
tissue proteins from recycled tumour bone have certain 
antigenic properties which initiate an immune response 
directed against the tumour, a concept known as cryoim-
munology [41]. This could possibly be responsible for 
low local recurrence rates. There have been reports that 
metastatic tumours have regressed after freezing of the 
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primary tumour but this needs to be further substantiated 
[42, 43]. Tsuchiya et al. reported a 7.1% local recurrence 
(2 patients) in their group of 28 patients, none of which 
was in the recycled autograft [23]. So far, there has been 
no local recurrence in our group till the latest follow-up. 
There are also concerns about graft resorption. In the cur-
rent study, there was one instance of thinning of distal 
fibular graft after 3 years of re-implantation. In rest of the 
patients, there was no such occurrence.

A potential limitation associated with recycled auto-
graft is the non-availability of the entire resected specimen 
for the pathologist to do histological analysis to determine 
adequacy of resection margins. Also documentation to 
quantify response to chemotherapy to tailor subsequent 
chemotherapy change if any could be a problem since the 
entire specimen is not available. However, proper marking 
of the far-margins and evaluation of the soft tissue stripped 
off the resected bone, bone marrow biopsies both from the 
resected bone and residual bony stump help the pathologist 
in conclusively commenting on the tumour free margins 
and evaluating the response to chemotherapy.

Conclusions

 Use of recycled autograft in carefully selected patients 
seems to be a viable and cost-effective option over endo-
prosthesis. The use of cryotherapy in the form of liquid 
nitrogen for sterilising tumour-bearing autograft circumvents 
the need for elaborate equipment, bone banking and radia-
tion oncology facilities. Concerns regarding local recurrence 
within the re-implanted recycled autograft seem unsubstanti-
ated. Indeed, the biggest advantage of a biological method 
which surpasses all other methods is that it is an anatomical 
and permanent form of reconstruction once incorporated. 
Careful patient selection is a pre-requisite as it is possible 
to use this technique only in selective patients with good 
bone stock. Short to medium term follow-up has established 
the safety, efficacy and low incidence of complications like 
non-union or stress fracture when liquid nitrogen is used as 
a method of sterilisation of tumour bearing autograft.
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