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Does liquid nitrogen recycled autograft for treatment of bone sarcoma
impact local recurrence rate? A systematic review
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H I G H L I G H T S

• Surgical resection with wide margins has been gold standard treatment for bone sarcomas.
• Recycling resected bone with liquid nitrogen offers various advantages but has limited acceptance due to concerns about local recurrence.
• A systematic review of literature from 2008 to 2023 identified 16 studies involving 286 patients with primary bone sarcoma treate.369d with liquid nitrogen

recycled autografts.
• Local recurrence occurred in 8.7% of these patients within the first four years.
• Liquid nitrogen recycled autograft technique compares favorably to other limb salvage options.
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A B S T R A C T

The gold standard treatment for primary bone sarcomas has been surgical resection with wide margins. However,
there is no consensus regarding an optimal method for limb salvage reconstruction. In 2005, a technique for
recycling resected bone after intraoperative treatment with liquid nitrogen was described. This technique has
been reported to have a spectrum of advantages; nonetheless, acceptance for routine use has been limited,
primarily for fear of local recurrence. A systematic search of the literature using PubMed and Google Scholar was
performed. Full-text articles published between 2008 and 2023 were included if the study presented sufficient
information regarding patients with a diagnosis of a primary bone sarcoma of the limbs or pelvis who had un-
dergone reconstruction with liquid nitrogen recycled autografts. Sixteen studies that included 286 patients met
criteria for analyses. Local recurrence occurred in 25 patients (8.7 %) during the first 4 years following limb
salvage reconstruction using recycled autografts for treatment of primary bone sarcomas, which compares
favorably to the 15–30 % local recurrence rates reported for patients undergoing limb salvage reconstruction
using artificial implants. Systematic synthesis of the current evidence regarding local recurrence rates following
use of the liquid nitrogen recycled autograft technique for limb salvage reconstruction after bone sarcoma
resection suggests a favorable comparison to other limb salvage reconstruction options. As such, this technique
warrants further consideration as a viable option for indicated patients based on relative advantages regarding
costs, availability, and biologic and surgical reconstruction benefits.

1. Introduction

Primary bone sarcomas are rare tumors that originate from mesen-
chymal cells [1]. These tumors, most commonly found along the meta-
physis of long bones, constitute 0.2 % of annual cancer diagnoses in the
United States (US) [2,3]. Ewing sarcoma and osteosarcoma are more
frequent in children and adolescents, whereas chondrosarcoma and
chordomas are more prevalent in older patients [4,5]. The gold standard

treatment for primary bone sarcomas has been surgical resection of the
tumor with wide margins [6]. Depending on subtype, neoadjuvant
chemotherapy may be indicated, which may be followed by a second
round of systemic treatment as well as radiotherapy [7,8].

Since the emergence of effective adjuvant treatment options, most
patients are offered a limb salvage option for surgical treatment of pri-
mary bone sarcomas [6,9]. For these options, there is no dispute
regarding the importance of resecting the tumor with negative margins
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as a key prognostic factor for these patients. However, there is no
evidence-based consensus regarding an optimal method for limb salvage
reconstruction after tumor resection. In the US and some parts of
Europe, limb salvage reconstructions of the resected bone are most often
performed using megaprostheses or a combination of implants and al-
lografts [9,10]. Reconstruction using allograft only or a combination of
allograft and vascularized fibula autograft has also been reported [11].
However, based on cultural preferences, costs, and availability, in many
parts of the world there is widespread use of the “recycled autograft”
technique first described by Prof. Tsuchiya in 2005 in which the pa-
tient’s resected bone is intraoperatively treated with liquid nitrogen at
− 196 ◦C for 20 min to destroy neoplastic cells followed by immediate
reimplantation for limb salvage reconstruction [12,13,14]. The bone to
be treated can be fully separated from unaffected bone (free technique)
or left attached at one end (pedicel technique) [15]. After treatment, the
segment is anatomically reattached to host using internal fixation, alone
or in combination with a vascularized fibula autograft [16] or artificial
joint replacement [17].

The recycled autograft technique is associated with several advan-
tages compared to other limb salvage reconstruction options, including
relative cost, availability, preservation of osteoconduction and
osteoinduction properties, optimal anatomic matching, soft tissue reat-
tachment options, and lack of disease transmission and graft rejection
possibilities [18,19]. However, concerns regarding the lack of histo-
pathologic evaluation regarding completeness of resection and fear of
reimplanting viable tumor cells increasing the risk for local recurrence
have limited the use of this technique. Small cases series have reported
recurrence rates ranging from 0 % to 15 % for the recycled autograft
limb salvage reconstruction technique [20–23], which compare favor-
ably to the 15 % to 30 % local recurrence rates reported for limb salvage
techniques that do not utilize the resected bone segment for recon-
struction [24–27]. However, a comprehensive review and compilation
of available data have not been performed to the authors’ knowledge.
Therefore, the goal of this study was to perform a systematic review of
the peer-reviewed literature in order to provide a reliable local recur-
rence rate for treatment of primary bone sarcomas using a recycled
autograft limb salvage reconstruction technique.

2. Methods

2.1. Search strategy

A systematic search of the literature through the search engines
PubMed and Google Scholar was performed on 2 November 2023,
following the Preferred Reporting Items for Systematic Reviews and
Meta-Analyses guidelines. The search was conducted with the following
Boolean terms: Bone Sarcoma AND (Liquid Nitrogen OR Recycled
Autograft). Article and data deduplication was performed manually.

All titles and abstracts were screened, eliminating duplicates and
articles irrelevant to this review. Following this, a full-text review of the
remaining articles was performed based on inclusion and exclusion
criteria.

2.2. Selection criteria

Full-text articles in English, French, Portuguese or Spanish published
between 2008 and 2023 were included if the study presented sufficient
information regarding patients with a diagnosis of a primary bone sar-
coma of the limbs or pelvis who had undergone limb salvage recon-
struction using liquid nitrogen recycled autografts (Fig. 1). Required
information included:

• Patient age and gender

Fig. 1. Prisma Flow chart.

Table 1
Included studies list.

STUDIES
Study Year Patients (n = 286) Diagnosis (n) Follow-up (mean, median) Local Recurrence

(n, %)
Level of Evidence

1. Abdel et al.[19] 2009 10 OS (10) 54, 54 0 IV
2. Dai et al.[41] 2023 5 OS (10) 24–36* 0 IV
3. Emet et al.[42] 2023 7 ES (6), OS (1) 33, 25 1 (14.3 %) IV
4. Garg et al.[43] 2020 10 ES (7), OS (2), Other (1) 40, 42 0 IV
5. Hayashi et al.[20] 2020 22 OS (17), CH (3), ES (2) 19, 15 0 IV
6. Higuchi et al.[44] 2017 18 OS (18) 48, 45 0 IV
7. Hindiskere et al.[45] 2020 41 OS (30), ES (8), Other (3) 20, 21 1 (2.4 %) IV
8. Igarashi et al.[18] 2014 28 OS (19), CH (5), Other (4) 103, 99 4 (14.3 %) IV
9. Li et al.[46] 2016 8 OS (60, ES (10) CH (1) 49, 46 1 (12.5 %) IV
10. Li et al.[47] 2020 21 OS (13), ES (5), Other (3) 31, 30 1 (4.8 %) IV
11. Paholpak et al.[48] 2015 12 OS (8), ES (2), Other (2) 40, 32 1 (8.3 %) IV
12. Subhadrabandhu et al.[49] 2015 19 OS (16), CH (3) 67, 60 2 (10.5 %) IV
13. Takeuchi et al.[50] 2018 12 OS (12) 63, 58 1 (8.3 %) IV
14. Tsuchiya et al.[17] 2010 22 OS (18), ES (2), Other (2) 29, 24 3 (13.6 %) IV
15. Yang et al.[12] 2015 25 OS (7), ES (4), CH (4), Other (10) 57, 50 3 (12 %) IV
16. Zekry et al.[23] 2017 26 OS (21), Other (5) 59, 43 4 (15.4 %) IV

* Median no provided; per the study all patients were followed 24–36 months.
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• Tumor location
• Tumor diagnosis
• Follow up time
• Recycle autograft technique
• Recurrence status

Exclusion criteria included studies with incomplete information,
non-human or in vitro studies, abstract-only studies, and manuscripts
without full text available.

2.3. Quality assessment

For included articles, risk of bias was assessed using the JBI critical
appraisal checklist [28]. The articles included in the systematic review
include case series of patients and were assessed regarding the possi-
bility of bias, reporting of the cases and the statistical analysis presented.
Using this tool, the examiner judged each domain according to specific
criteria and then assigned an overall judgment for risk of bias for the
study being analyzed. Additionally, the level of evidence was assessed
and recorded in Table 1.

3. Results

Initial search identified 303 articles for assessment for eligibility.
After duplicates were manually removed and exclusions were made, 40
articles remained for screening. Twenty-six articles had full pertinent
text available, those were subjected to quality assessment. Finally,
sixteen studies were included for synthesis and analysis (Table 1).
Eleven articles were exclusively about patients with bone sarcoma, and
the other 5 articles included patients with bone sarcomas as well as a
small number of patients with metastatic disease from other primary
sites (ex.: renal cell carcinoma), the latter patients were not considered
for the analysis and only patients with primary bone sarcoma were
included and evaluated. All articles included passed the JBI overall
appraisal checklist. All the articles analyzed were Level IV of evidence
(case series).

3.1. Population

From the 16 studies, a total of 286 patients with sarcoma treated with
liquid nitrogen recycled autografts were included. The mean age of the
patients was 23.1 years of age (range 2–74), with a median age of 16
years of age. In terms of gender there was a similar distribution, 133
(46.5 %) patients were female and 153 male (53.5 %). Most tumors were
located in the femur (n = 137, 47.9 %), followed by the tibia (n = 95,
33.2 %) and the humerus (n = 28, 9.8 %). Eighteen patients had a pelvic
tumor, and the remaining less frequent locations were the fibula (n = 3),
radius (n = 3), ulna (n = 1) and calcaneus (n = 1). Osteosarcoma was the
most frequent diagnosis (n = 201, 70.3 %), followed by Ewing sarcoma
(n = 37, 12.9 %) and chondrosarcoma (n = 21, 7.3 %).

3.2. Interventions

Ten studies reported information regarding the freezing autograft
technique used, this included information about 220 patients. Of those
patients, 140 had a free intercalary autograft and 80 had a pedicled
autograft. For limb salvage reconstruction, most patients had the auto-
graft anatomically reimplanted and attached to the host bone using in-
ternal fixation (n = 225, 78.7 %), 47 (16.4 %) patients had a composite
reconstruction with joint replacement, and 14 (4.9 %) patients had the
construct reinforced with a vascularized fibula autograft.

3.3. Outcomes

When studies were synthesized, mean and median follow-up times
were 47.8 months (range 5–164, SD 34.4) and 40 months, respectively

(Tabe 2). Local recurrences occurred in 25 patients (8.7 %). Local re-
currences occurred in patients with mean and median ages of 22.5 years
(range 7–60, SD 16.7) and 15 years, respectively. There was a higher
proportion of males in the local recurrence subgroup (76.0 %) when
compared to the total patient population (51.1 %) (Fisher’s Exact, p =

0.02). The proportion of tumors in the femur was also higher in the local
recurrence subgroup when compared to the total patient population
(84.0 % vs. 44.4 %) (Fisher’s Exact, p < 0.001). Osteosarcoma was the
most common diagnosis among patients with local recurrences (68.0 %)
and limb salvage reconstructions techniques were distributed among
anatomic-internal fixation (76.0 %), composite with joint replacement
(20.0 %) and vascularized fibula autograft reinforcement (4.0 %).

4. Discussion

The gold standard surgical treatment for primary bone sarcomas has
advanced from amputation to limb salvage reconstruction. This advance
in care has been possible through innovations in radiotherapy, chemo-
therapy, immunotherapy, implants, orthoses, and surgical techniques
[29,30]. After bone tumor resection, various options for limb salvage
reconstruction can be considered, including biologic and artificial al-
ternatives. The non-biologic options are primarily focused on mega-
prostheses, implants designed to replace larger segments of bone than
typically required for standard joint replacement. Based on the vast
experience with these implants reported in the peer-reviewed literature,
their benefits include broad applicability across tumor types and loca-
tions, patients’ immediate weight bearing status after limb salvage
surgery, and good short- and medium-term implant survivorship
[31–33]. Relative disadvantages include higher costs, limited avail-
ability, and suboptimal long-term outcomes, particularly in younger
patients who may require repeated revisions throughout their lifetime
[34]. Biologic options include allografts, distraction osteogenesis, vas-
cularized fibula autografts, and recycled autografts. For the recycled
autograft option, bone can be treated using pasteurization, irradiation,
autoclave, or liquid nitrogen prior to reimplantation [35]. The liquid
nitrogen technique [14] may be free or pedicled [15] and may be used
alone or in combination with a vascularized fibula autograft [16] or
artificial joint replacement [17]. Its relative advantages include lower
costs, availability, preservation of osteoconduction and osteoinduction
properties, optimal anatomic matching, soft tissue reattachment op-
tions, and lack of disease transmission and graft rejection possibilities
[18,19,36]. However, concerns regarding potential lack of completeness
of tumor resection and/or reimplantation of viable tumor cells resulting
in high rates of local recurrence have limited the use of this technique.
Additional concerns regarding this technique include risk of infection
and nonunion at the osteotomy site, but again these complications are
also attributed to allografts which have a more widespread use than
autografts [11,37]. This reinforces the idea that concern for local
recurrence when reimplanting the recycled bone segment could be the
main limitation to a more prevalent application of recycled autografts.

Systematic review of the peer-reviewed literature providing data for
286 patients determined a local recurrence rate of 8.7 % during the first
4 years following limb salvage reconstruction using recycled autografts
for treatment of primary bone sarcomas. This recurrence rate compares
favorably to those reported for patients undergoing limb salvage
reconstruction using artificial implants, which range from 15-30 %
[24–27]. Importantly, previous studies have reported similar rates of
non-oncologic complications and revisions as well as limb salvage
construct survivorship when comparing reconstruction options [38–40].
For the recycled autograft reconstruction technique evaluated in this
systematic review, relative risk factors for local recurrence may include
younger patient age, male sex, and femoral tumor location such that
these variables should be included when considering this treatment
option. Our systematic review also found similar profile distribution of
patients in terms of age (23 vs 26 vs 20–30), gender (male 54 % vs 55 %
vs 49 %), diagnoses (osteosarcoma most frequent) and tumor location
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(femur location most frequent) when comparing recycled autograft co-
horts (Table 2) and the current literature for allograft and endopros-
thesis reconstructions [11,39,40].

This study has the limitations of systematic reviews that restrict
conclusions and generalizability. When studying and analyzing rare
diseases such as bone sarcomas, sample size is inherently limited.
Additionally, common findings in these studies include lack of long-term
outcomes, insufficient numbers/data for valid multivariate analyses to
include other key variable, heterogeneity of the samples, and lack of
randomized or head-to-head cohort comparison studies. Systematic re-
view and synthesis of the peer-reviewed literature mitigates these lim-
itations to a degree, however, comprehensive registry-based studies
reporting long-term outcomes are needed in order to establish valid
clinical recommendations.

5. Conclusion

Systematic synthesis of the current evidence regarding local recur-
rence rates following use of the liquid nitrogen recycled autograft
technique for limb salvage reconstruction after bone sarcoma resection
suggests a favorable comparison to other limb salvage reconstruction
options. As such, this technique warrants further consideration as a
viable option for indicated patients based on relative advantages
regarding costs, availability, and biologic and surgical reconstruction
benefits.
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