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Abstract: Background and Objectives: To date, the gold standard of care for bone sarcomas is
limb salvage surgical resection. In cases where the tumor arises in the distal femur or proxi-
mal tibia near the joint line, knee-sacrificing surgery is typically performed, followed by
reconstruction with oncological megaprostheses. This study aims to evaluate the effective-
ness of a precise 3D-based surgical approach for knee-sparing tumor resections, assessing
its feasibility and its impact on surgical, oncological, and functional outcomes. Materials and
Methods: This single-center retrospective study presents the surgical and oncological out-
comes of knee-sparing surgeries following bone sarcoma resections. All patients underwent
either intercalary or geographic resection, and reconstruction was tailored to each patient,
using either an allograft or a titanium alloy Ti64 implant, depending on the specific require-
ments of the case. Results: A total of 23 patients (average age 21.04 years, 14 males) were
included, with an average postoperative follow-up of 58 months (range: 12–102 months).
Clear surgical margins were achieved in all patients, with 16 patients (69.5%) showing wide
negative margins (R0) and the rest showing close negative margins (R1). Resections were
primarily intercalary (17 patients, 73.9%), with 6 patients (26.1%) undergoing geographic
resections. Reconstruction methods included allografts (9 patients, 39.3%), vascularized
fibula and allograft (8 patients, 34.7%), and printed Ti64 cage reconstructions (6 patients,
26.0%). At the last follow-up, 19 patients (82.6%) were disease-free, 3 patients (13.4%) were
alive with evidence of disease, and 1 patient (4%) was dead of disease. Complications
included four cases of non-union that required revision surgery, as well as two local recur-
rences, which necessitated revision surgery to a modular endoprosthesis and above-knee
amputation. The average MSTS at the final follow-up was 23.16 ± 5.91. Conclusions: The
use of 3D-printed PSIs for knee-sparing bone tumor resections has emerged as the gold
standard, enhancing both surgical and oncological outcomes. A future challenge lies in
improving reconstruction techniques, shifting from traditional allografts to customized Ti64
printed lattice implants. As personalized healthcare and additive manufacturing continue
to advance, the future of orthopedic oncology will likely see more precise, durable, and
biologically integrated implants, further improving patient outcomes.
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1. Introduction
Osteosarcoma and Ewing’s sarcoma account for 15% of all cancerous malignancies in

patients between the ages of 5–25 [1,2]. Overall, the distal femur is the most prevalent site
for primary bone cancers, followed by the proximal tibia [3] and the metaphysis [4]. Until
the late 1960s, the treatment in such cases depended primarily on surgical amputation,
and 5-year survival rates remained below 20%, with patients dying from lung metastasis.
However, the introduction of effective chemotherapeutic agents and the advancements
in neo-adjuvant chemotherapy over the past 50 years have led to significantly improved
5-year survival rates, now reaching 66–82% [5]. Surgical methods and reconstructive
materials and technologies have made these patients candidates for limb salvage surgeries
and have yielded successful and safe margin resection and reconstruction of a viable and
functional extremity.

To date, metallic modular endoprostheses are commonly used following limb salvage
surgeries and have high success rates, enabling early weight-bearing and the maintenance
of joint mobility [6–8]. Mechanical obstacles and aseptic loosening have also decreased
with the change from fixed-knee hinge joints to rotating-hinge knee joints due to tibial
rotation reducing stress on the bone–implant interface and, thus, decreasing the loosening
rate [9–11]. However, Sambri et al., in their systematic review, demonstrated that these
implants continue to show higher rates of failure and complications compared to non-
oncologic arthroplasty procedures, with a notably increased need for revision surgeries. The
overall complication rate for megaprostheses was reported as 29.7%, with common issues
including soft tissue failure and infection [12]. Deep infection rates for megaprostheses
were found to range from 14.5 to 19.2%. Interestingly, the infection rates in traumatology
patients using megaprostheses were lower compared to oncologic cases [13].

Joint-sparing procedures have become feasible thanks to the high precision achieved
through three-dimensional (3D) pre-surgical planning and the use of intraoperative patient-
specific instruments (PSIs). Historically, pre-surgical planning was based on 2D radio-
graphs, with surgeons attempting to execute the plan using standard instruments. This
approach often failed to account for the patient’s unique anatomy, leading to inaccuracies
in reconstruction [14]. 3D-printed PSIs not only allow for accurate tumor resection, but
also facilitate the harvesting of bone grafts from a bone bank that perfectly fits the required
bone defect reconstruction. These days, accurate resection using PSI is the gold standard
for tumor resections, including creating ideal allograft reconstructions. Looking ahead, the
future lies in the use of 3D-printed titanium alloy Ti64 patient-specific implants, which
promise even greater precision and personalization [15].

This study presents a surgical method that allows the resection of bone tumors sur-
rounding the knee joint with a safe and accurate minimal margin from the joint surface, as
well as the subsequent reconstruction of the bone gap with either a tailored allograft or a
Ti64 customized implant. We describe our experience with this method during a four-year
period and the future implications for patient care. This 3D approach not only allows
surgeons to preserve the native knee joint and improve the patient’s future quality of life,
but also reduces the complications that follow reconstruction with traditional metallic
modular endoprostheses.



Medicina 2025, 61, 476 3 of 14

2. Materials and Methods
2.1. Patients

This retrospective study presents the postoperative outcomes of a cohort of patients
who underwent knee-sparing surgery using a 3D surgical approach, including digital
visualization and PSIs, between 2016-2023. All patients were invited for regular visits to
assess local recurrence, metastases, and functional outcomes (see Tables 1–3 for full details).
The exclusion criteria included tumors involving physis or epiphysis. In cases where the
tumor invaded past the metaphysis, knee-sacrificing surgery was applied. Margins were
categorized as positive (R2), negative with microscopic residual disease (R1, <1 mm), or
negative with no residual disease (R0, ≥1 mm). Functional outcomes were evaluated using
the MSTS93 (Musculoskeletal Tumor Society) scoring system at the final follow-up. The
revised MSTS93 score includes six items tailored to the affected extremity. For the upper
extremity, the evaluated items are pain, function, emotional acceptance, hand positioning,
manual dexterity, and lifting ability. For the lower extremity, the items are pain, function,
emotional acceptance, support, walking ability, and gait aid/gait. Each item is scored on a
scale from 0 to 5, with a maximum total score of 30. The total score is then converted into a
percentage to facilitate interpretation and comparison. This study was approved by the Tel
Aviv Medical Center ethics committee.

Table 1. Demographics, diagnoses, and surgical outcomes.

Patient # Age at Surgery Sex Pathology/Diagnosis Site Follow-Up
(Months) MSTS93 (%)

1 34 Female Osteosarcoma Femur 102 93.3

2 9 Male Osteosarcoma Femur 93 96.6

3 16 Male Ewing Tibia 89 86.6

4 6 Male Ewing Femur 86 N/A

5 44 Male MFH of Bone Tibia 85 26.6

6 20 Female Osteosarcoma Femur 83 76.6

7 12 Female Ewing Femur 78 96.6

8 17 Male Osteosarcoma Femur 76 90

9 18 Male Osteosarcoma Femur 76 83.3

10 9 Male Osteosarcoma Femur 66 43.3

11 20 Female Chondrosarcoma Femur 65 N/A

12 25 Male Osteosarcoma Femur 62 63.3

13 7 Female Osteosarcoma Femur 50 70

14 16 Female Osteosarcoma Femur 50 93.3

15 9 Male Ewing Tibia 47 N/A

16 34 Female Atypical Cartilaginous Tumor Femur 47 90

17 12 Male Osteosarcoma Femur 41 90

18 20 Male Ewing Tibia 37 93.3

19 17 Female Osteosarcoma Femur 35 N/A

20 14 Male Osteosarcoma Femur 21 50

21 14 Female Osteosarcoma Femur 21 80

22 56 Male Chondrosarcoma Tibia 13 86.6

23 59 Male Chondrosarcoma Femur 12 N/A

MFH—malignant fibrous histiocytoma. MSTS—Musculoskeletal Tumor Society scoring system. # Patient
number 1–23.
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Table 2. Surgical methods and outcomes.

Patient # Resection Reconstruction Short-Term
Complications

Long-Term
Complications

LLD
(cm)

1 Geographic Allograft None None

2 Intercalary Vascularized Fibula
and Allograft None None 6

3 Intercalary Vascularized Fibula
and Allograft None None 2

4 Intercalary Allograft None None 8.5

5 Intercalary Printed Cage
Reconstruction None None

6 Geographic Allograft None Re-grafting due to
non-union

7 Geographic Allograft None None

8 Intercalary Vascularized Fibula
and Allograft None

Re-grafting and
re-fixation due to

non-union

9 Intercalary Vascularized Fibula
and Allograft None None

10 Intercalary Vascularized Fibula
and Allograft None None

11 Geographic Allograft None
Revision to

megaprosthesis due
to LR

12 Geographic Allograft None None

13 Intercalary Vascularized Fibula
and Allograft None None 2

14 Intercalary Vascularized Fibula
and Allograft

Infection of soft
tissues—antibiotics None 1.5

15 Intercalary Allograft None Capanna surgery due
to allograft fracture

16 Geographic Allograft None None

17 Intercalary Vascularized Fibula
and Allograft None

Re-grafting and
re-fixation due to

non-union
3

18 Intercalary Printed Cage
Reconstruction None None 2

19 Intercalary Printed Cage
Reconstruction None I and D due to

suspected infection

20 Intercalary Printed Cage
Reconstruction None None

21 Intercalary Printed Cage
Reconstruction None None

22 Intercalary Allograft None None

23 Intercalary Printed Cage
Reconstruction None None

I and D—irrigation and debridement. # Patient number 1–23.
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Table 3. Margins, necrosis, and oncologic status.

Patient # Margins Tissue Margin Necrosis Oncologic Event Oncologic
Status

1 R0 Bone N/A None NED

2 R0 Bone + Soft 87 None NED

3 R1 Bone + Soft 40 None NED

4 R1 N/A 100 None NED

5 R0 Bone 95 LR + lung metastases DOD

6 R1 Bone + Soft N/A None NED

7 R0 Bone 100 None NED

8 R0 Bone 99 Lobectomy due to
lung metastases NED

9 R0 Bone + Soft 96 None NED

10 R0 Bone 100 AKA due to LR + lobectomy
due to lung metastases NED

11 R1 Bone + Soft N/A LR NED

12 R1 Bone + Soft 78 MTS AED

13 R1 Bone + Soft 91 Lung metastases AED

14 R0 Bone + Soft 99 None NED

15 R1 Bone + Soft 94 None NED

16 R0 Bone + Soft N/A None NED

17 R0 Bone + Suspected Soft 100 None NED

18 R0 Bone + Soft N/A None NED

19 R0 Bone 100 None NED

20 R0 Bone 99 MTS AED

21 R0 Bone + Soft 93 Lobectomy due to
lung metastases NED

22 R0 Bone N/A None NED

23 R0 Bone N/A None NED
NED—no evidence of disease. AED—alive with evidence of disease. DOD—death of disease. LR—local
recurrence. AKA—above-knee amputation. # Patient number 1–23.

2.2. Preoperative Planning and Simulation

Initially, the surgeon provided a biomedical engineer with a computerized tomo-
graphic (CT) scan and a Magnetic Resonance Imaging (MRI) scan of the relevant lower
limb. The CT scan slices were 0.5–1 mm thick to define the exact bone anatomy, while
the MRI scan slices were 4 mm and defined the tumor and soft tissue borders. All the 2D
images obtained from both modalities were imported into FDA-approved image-processing
software (Mimics®, Materialise, N.V. Leuven, Belgium, or Intellispace Portal V9 and V11,
Philips Healthcare, Best, Netherlands). The images were merged and segmented to produce
a 3D digital model that contained the precise bone anatomy superimposed with the exact
tumor borders (Figure 1). Then the model was exported as an STL file into FDA-approved
CAD software (3-matic®, Materialise N.V. Leuven, Belgium). Following the completion
of the 3D model, the surgeon and the engineer worked together to determine the surgical
approach according to the specific tumor and clinical scenario.
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Figure 1. An example of an MRI demarcating the tumor margins (red line) superimposed over a CT
scan demarcating the bone anatomy.

2.3. 3D-Printed Patient-Specific Instruments

The cutting planes were located on the bone 0.5-2 cm from the tumor margin. Cutting
the plane adjacent to the joint line was more challenging due to the need to maintain a
negative safe margin while staying at least 2 cm from the knee joint surface to spare the joint
during the surgery. Notably, the resection plane could contain one or more osteotomies
(Figure 2). These two planes determined the bone fragment that needed to be removed
before executing the pre-surgical osteotomy plan (Figure 3). After the surgeon was satisfied
with the pre-surgical plan, a surgical cutting guide (i.e., PSI) was designed based on the
two cutting planes (Figure 4). This PSI provided accurate guidance for intraoperative
osteotomies and was designed with a unique shape that follows the bone morphology of
the patient to ensure exact placement, with a 1 mm thickness slit at each cutting plane and
a handle located 3-5 cm away from the bone (Figure 5). After completing the surgical plan
and creating digital models, a 1:1 anatomical model of the limb, including the tumor, was
3D-printed. The tumors were fabricated from VERO material using PolyJet technology
(Stratasys, Eden Prairie, Minnesota; Rehovot, Israel) due to its rigid, opaque properties that
provide excellent visual detail. The limb models were printed from ASA, while the PSI was
reevaluated and approved by the surgeon, and then two cutting PSIs were printed from
biocompatible, high-strength, and thermal-resistant material (ULTEM™ 1010) by a Fused
Deposition Modeling (FDM) printer (Fortus 450 mc, Stratasys, Eden Prairie, Minnesota;
Rehovot, Israel). Finally, the PSIs were washed and double-packed before undergoing a
standard autoclave sterilization process in order to be brought into the surgical theatre. In
addition, a similar PSI was printed and used for the preparation of the cadaveric allograft.
In cases where a Ti64 implant was used for reconstruction, they were designed in-house
using 3DXpert software (3D Systems, Rock Hill, South Carolina, USA), with lattice and solid
structures to promote bone ingrowth, mechanical stability, and reduced stress shielding.
All implants underwent finite element analysis (FEA) to predict potential failure and
were designed based on the optimal design parameters. For specific cases, additional
features like intramedullary nailing systems and screw holes for rotational stability were
incorporated. The implants were manufactured using Direct Metal Printing (DMP) with
Ti64 medical-grade powder (3D Systems, Tuvia Sharon, Israel). Post-processing involved
heat treatment and dry electropolishing to reduce residual stresses that could cause cracks
in the final parts.
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3 planes to ensure perfect placement and exact bone cuts. 
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affecting 14 patients (60.9%), followed by Ewing’s sarcoma in 5 patients (21.7%), chondro-
sarcoma in 3 patients (13%), and malignant fibrous histiocytoma (MFH) of bone in 1 pa-
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the tibia involved in 5 cases (21.7%). 

Resection types included 17 intercalary resections (73.9%) and 6 geographic resec-
tions (26.1%). Intercalary resections were most frequently performed for OSA (10 patients, 
58.8%), followed by Ewing’s sarcoma (4 patients, 23.5%), chondrosarcoma (2 patients, 
11.8%), and MFH (1 patient, 0.5%). Geographic resections were performed in cases of OSA 
(4 patients, 66.6%), Ewing’s sarcoma (1 patient, 16.6%), or chondrosarcoma (1 patient, 
16.6%). 

Regarding reconstruction methods, 9 patients (39.1%) received allografts, 8 patients 
received vascularized fibula and an allograft (34.7%), and 6 patients received a printed 

Figure 4. (A) A digital 3D model of an atypical cartilaginous tumor located in the distal femur.
From left to right: the femur prior to surgery, PSI planning, resection, and allograft reconstruction.
(B) 3D-printed anatomical models of the bone and PSIs. (C) The cadaveric bone used to prepare the
allograft with the same PSI for a perfect reconstruction fit.
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3 planes to ensure perfect placement and exact bone cuts.

3. Results
This study includes 23 patients (14 males and 9 females) with an average age of

21 years, ranging from 6 to 59 years. The most common diagnosis was osteosarcoma
(OSA), affecting 14 patients (60.9%), followed by Ewing’s sarcoma in 5 patients (21.7%),
chondrosarcoma in 3 patients (13%), and malignant fibrous histiocytoma (MFH) of bone in
1 patient (4.4%). The majority of tumors were located in the femur in 18 patients (78.2%),
with the tibia involved in 5 cases (21.7%).

Resection types included 17 intercalary resections (73.9%) and 6 geographic resections
(26.1%). Intercalary resections were most frequently performed for OSA (10 patients, 58.8%),
followed by Ewing’s sarcoma (4 patients, 23.5%), chondrosarcoma (2 patients, 11.8%), and
MFH (1 patient, 0.5%). Geographic resections were performed in cases of OSA (4 patients,
66.6%), Ewing’s sarcoma (1 patient, 16.6%), or chondrosarcoma (1 patient, 16.6%).

Regarding reconstruction methods, 9 patients (39.1%) received allografts, 8 patients
received vascularized fibula and an allograft (34.7%), and 6 patients received a printed
Ti64 cage (26.0%). Clear surgical margins were achieved in all patients, with 16 patients
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(69.5%) demonstrating wide negative margins (R0) and the remaining patients having close
negative margins (R1). The follow-up period ranged from 12 to 102 months, with an average
of 58 months. Short-term complications occurred in 1 patient (4.3%), who experienced
a superficial skin infection that was treated with antibiotics. Long-term complications
included four cases (17.3%) of non-union requiring revision surgery, along with two (8.6%)
local recurrences that necessitated revision surgery, namely a modular endoprosthesis and
above-knee amputation. There was 1 patient who underwent irrigation and debridement
for a suspected infection, though the cultures came back negative. A total of 3 patients
underwent lobectomy due to lung metastases. At the last follow-up, 19 patients (82.6%)
were disease-free, 3 patients (13.4%) were alive with evidence of disease, and 1 patient (4%)
was dead of disease. The average MSTS at the final follow-up was 23.16 ± 5.91.

4. Discussion
This study describes a knee joint-sparing technique that uses 3D-printed patient-

specific instruments for the resection of bone tumors in the distal femur or proximal tibia,
followed by reconstruction with either a customized allograft or a Ti64 implant with a
lattice structure. Analysis showed that in 85% of cases, the patients still had a native
knee joint regardless of being disease-free or having distant metastasis, which results in
a better quality of life. To date, limb salvage surgery is the gold standard treatment for
tumors surrounding the knee joint. To maintain a safe negative margin, the knee joint is
usually sacrificed and a metallic modular endoprosthesis is used for joint arthroplasty and
reconstruction. While this method has improved clinical outcomes, it still has relatively
high complication rates, often leading to mechanical and aseptic loosening [9–11]. In cases
where knee joint sparing is considered, the mere few mm between the joint surface and
the distal margin of the tumor creates significant challenges for surgeons when operating
free-hand. Although advances in imaging modalities such as MRI allow the surgeon to
distinguish the exact extent of bone involvement during preoperative planning, it is still
difficult to apply this knowledge practically in the operating theatre. However, creating a
3D digital model in addition to intraoperative PSIs for accurate osteotomies can compensate
for the geometric challenges of joint-sparing surgery [16]. These knee-preserving tumor
resections that preserve the normal joint anatomy result in better proprioception and better
joint function after reconstruction [17,18].

The use of intraoperative PSIs is widely described in the field of orthopedic oncology
for various applications; however, only a few studies demonstrate their application during
knee-sparing surgeries. For example, Wang et al. utilized 3D-printed osteotomy guide
plates to excise periacetabular malignant bone tumors in 11 patients, reporting shorter
surgical times, reduced blood loss, and improved prosthetic matching [19]. Similarly,
Li et al. reported the ability of 3D-printed guides to improve the excision of irregularly
shaped tumors, such as giant invasive sacral schwannoma [20]. Wong et al. reported that
3D-printed PSIs significantly reduce intraoperative times and increase safety by helping to
confine the oscillating saw to the planned resection plane, comparing it to both traditional
methods and computer navigation methods [21]. Furthermore, Liu et al. reported that the
use of 3D-printed guides in joint preservation for 12 patients with metaphyseal malignant
bone tumors around the knee was cost-effective, and the reliability of the reconstruction in
eliminating gaps between the implant and the host bone allowed patients to experience
earlier partial weight barring and, ultimately, a return to good function [22].

Our results indicate that only four revision surgeries were required due to non-union
of the allograft. Notably, since transitioning to the use of printed Ti64 implants, no compli-
cations have been observed. This suggests that future outcomes may continue to improve
with the exclusive adoption of Ti64 cages. Additionally, we observed only two cases of local
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recurrence (8%), a promising result compared to the higher rates reported in the literature
for tumor resection surgery. In the case of the patient who died from the disease, we believe
the outcome was beyond surgical control. One year after surgery, the patient experienced a
massive flare-up of the disease with both local recurrence and multiple metastases, which
ultimately led to their death. These findings are encouraging, as knee-sparing tumor re-
sections using 3D-printed PSIs can promote joint function and enhance proprioception
by preserving native ligaments and maintaining normal joint surfaces. This suggests that
knee-sparing surgery with printed cage reconstruction could become the gold standard for
these procedures in the near future.

As part of the natural sequelae of knee-sparing surgeries, limb length discrepancy
(LLD) is a common complication resulting from the disruption of normal growth plates. In
our cohort, seven patients developed LLD, which was closely monitored throughout the
follow-up period. Four of these patients required limb-lengthening procedures to address
the discrepancy. LLD poses both functional and aesthetic challenges, affecting gait, balance,
and overall quality of life. In pediatric patients or younger individuals with ongoing
growth, the risk of developing LLD is particularly high, as surgical interventions may
interfere with the natural growth potential of the limb. Despite efforts to mitigate this, it
remains a persistent challenge in joint-sparing surgeries. Techniques such as guided growth,
the use of expandable prostheses, or limb-lengthening procedures with external fixators
or intramedullary nails are employed to correct LLD. However, these interventions carry
their own risks and may not fully restore symmetry or function. This outcome highlights
the need for further advancements in both surgical techniques and prosthetic design to
better accommodate growth and minimize the development of LLD in patients undergoing
joint-sparing surgeries. Continued research and innovation in this area are essential for
improving long-term outcomes and the overall quality of life for these patients.

The benefits of 3D-printed PSIs described in the literature and reaffirmed by our
experience have catalyzed both their increased incorporation into clinical practice and
subsequent advances in the development process. Recently, Syed et al. conducted a
systematic review of the literature, which, to date, is largely based on small cohorts and
single-case studies regarding the manufacturing and use of PSIs, and has contributed
to guidelines to optimize workflow and cost-effectiveness, as well as best practices for
designs and materials [23]. Moreover, in their systematic review, Lal et al. found that
3D printing in general and customized PSIs in particular have found use in nearly all
anatomical areas [24]. The work in our center contributes to this growing discourse. Our
previous study [25] introduced the general workflow for utilizing 3D-printed patient-
specific implants (PSIs) in long bone reconstructions, primarily focusing on cases where
tumors were located in the femoral midshaft. That study demonstrated the feasibility of
this approach but did not explore its application in cases requiring joint preservation. In
contrast, the present study specifically investigates knee-sparing tumor resections, which
present unique surgical challenges due to the proximity of the tumor to the joint surface.
By targeting tumors in the distal femur and proximal tibia, this research expands upon
our previous findings and highlights the advantages of a precise 3D-guided approach in
maintaining native knee function, which has significant implications for patient quality
of life and long-term functional recovery. Following resection, another challenge is the
reconstruction of segmental bone defects. Various methods exist, including segmental
tissue and prosthesis engineering methods, distraction osteogenesis, combined fibular
autografts, vascularized fibular autografts, allografts, and irradiated autografts. Clinical
studies have found that these methods often lead to complications such as significant blood
loss, deep wound infection, prosthetic malfunction, and dislocation [26–33]. For example,
in bony defect reconstruction following tumor resection, allografts have shown various
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advantages promoting graft–host integration and joint reconstruction [34–36]. However,
complications, such as fractures stemming from revascularization of the allograft cortex
or chemotherapy that induces an allogeneic immune response which leads to fractures,
have ultimately required longer postoperative non-weightbearing to ensure graft union
and protect reconstruction [37,38]. The Capanna procedure, combining a vascularized
fibula with a massive allograft, has become the standard of care for limb salvage and
long bone reconstruction since the authors reported a 93.5% long-term success rate in
over 90 patients [39]. Despite these promising outcomes, various indications have been
correlated with infection and non-union. For example, instances of non-union and infection
were less frequent in femoral reconstructions (6%, 6%) compared to tibial reconstructions
(10.5%, 8.5%), while allograft fractures were less prevalent in tibial (10.5%) than in femoral
reconstructions (18%) [39]. While these techniques have become well-established practices,
customized 3D-printed Ti64 implants to reconstruct segmental bone defects are rapidly
becoming an optimal alternative as they allow early weight-bearing applications [15].

Lastly, compared to similar studies, our retrospective data present relatively long
follow-up times. However, a major limitation of this study is the small sample size, which
does not allow for a comparison of outcomes between different tumor characteristics
and, thus, prevents us from reaching any absolute conclusions regarding further clinical
use. Moreover, this study lacks a direct comparison group that uses the traditional free-
hand joint-sacrificing approach. This was not included because the primary aim of this
manuscript was to describe and evaluate a novel method for knee joint preservation in
tumors. Additionally, comparing groups with significant differences in baseline characteris-
tics and treatment protocols poses substantial technical pitfalls, making such comparisons
statistically unreliable within the scope of this study. However, we acknowledge the im-
portance of such comparisons and plan to address this in a future study focusing on the
outcomes of patients treated with this method and those undergoing alternative procedures,
including endoprostheses. Despite these limitations, this work represents the advantages
made possible through 3D surgical planning of joint-sparing limb salvage in general and
highlights knee-sparing surgery in particular as a safe reconstruction modality, without
jeopardizing the oncological principles of bone tumor surgery.

5. Conclusions
To date, limb salvage surgery is the gold standard for treating lower limb sarcomas.

However, when tumors are located near the knee joint, knee-sacrificing surgeries with
modular prostheses are commonly performed. In this study, we demonstrate a 3D ap-
proach utilizing digital visualization and printed patient-specific instruments (PSIs) for
knee-sparing bone tumor resections. Additionally, we propose a novel reconstruction
method using customized printed Ti64 lattice implants. With the growing demand for per-
sonalized healthcare and the rapid advancements in digital 3D visualization and additive
manufacturing, we believe that the future of orthopedic oncology lies in further refin-
ing these technologies. This progress will enable more precise, durable, and biologically
integrated implants, ultimately leading to improved long-term outcomes for patients.

Author Contributions: A.B., N.Y., B.E., Y.G., A.S. and S.D. designed the study and reviewed the
literature. A.B., N.Y., B.E., O.S. (Osnat Sher) and E.G. collected and analyzed the data. A.B., N.Y. and
S.D. were the main authors. Y.G., O.S. (Ortal Segal) O.M., A.S. and S.D. constructed the 3D surgical
plan and also operated on and followed up with the patients. All authors have read and agreed to
the published version of the manuscript.

Funding: This research received no external funding.



Medicina 2025, 61, 476 12 of 14

Institutional Review Board Statement: This study was approved by the Institutional Review Board
(IRB) of the Tel Aviv Sourasky Medical Center, Israel (0174-18-TLV), and ethical approval and consent
were waived due to the retrospective nature of the study.

Informed Consent Statement: All authors consented to the publication of this manuscript. Consent
to participate was not required according to the design of this study. The protocol was approved by
the Ethics Committee on 10 September 2024.

Data Availability Statement: Data are available upon request from the corresponding author.

Acknowledgments: We wish to thank Synergy 3DMed for their technical support in the segmentation
and pre-planning of the customized cutting PSIs. Specifically, we wish to thank Ronnie Gabay, Merav
Asherian, and Eliya Ohana.

Conflicts of Interest: The authors declare no conflicts of interest.

Abbreviations
The following abbreviations are used in this manuscript:

MFH Malignant fibrous histiocytoma
I and D Irrigation and debridement
NED No evidence of disease
AED Alive with evidence of disease
DOD Death of disease
LR Local recurrence
AKA Above-knee amputation

References
1. Moore, D.D.; Haydon, R.C. Ewing’s Sarcoma of Bone. Cancer Treat. Res. 2014, 162, 93–115. [CrossRef]
2. Stiller, C.A. International patterns of cancer incidence in adolescents. Cancer Treat. Rev. 2007, 33, 631–645. [CrossRef]
3. Kelly, C.M.; Wilkins, R.M.; Eckardt, J.J.; Ward, W.G. Treatment of metastatic disease of the tibia. Clin. Orthop. Relat. Res. 2003, 415,

S219–S229. [CrossRef]
4. Fuchs, B.; Ossendorf, C.; Leerapun, T.; Sim, F.H. Intercalary segmental reconstruction after bone tumor resection. Eur. J. Surg.

Oncol. 2008, 34, 1271–1276. [CrossRef] [PubMed]
5. Nathenson, M.J.; Sausville, E. Looking for answers: The current status of neoadjuvant treatment in localized soft tissue sarcomas.

Cancer Chemother. Pharmacol. 2016, 78, 895. [CrossRef]
6. Weber, K.L. What’s new in musculoskeletal oncology. J. Bone Jt. Surg. 2005, 87, 1400–1409. [CrossRef] [PubMed]
7. O’Flanagan, S.J.; Stack, J.P.; McGee, H.M.J.; Dervan, P.; Hurson, B. Imaging of intramedullary tumour spread in osteosarcoma. A

comparison of techniques. J. Bone Jt. Surgery. Br. 1991, 73, 998–1001. [CrossRef]
8. Brigman, B.E.; Hornicek, F.J.; Gebhardt, M.C.; Mankin, H.J. Allografts about the Knee in Young Patients with High-Grade Sarcoma.

Clin. Orthop. Relat. Res. 2004, 421, 232–239. [CrossRef]
9. Manfrini, M.; Gasbarrini, A.; Malaguti, C.; Ceruso, M.; Innocenti, M.; Bini, S.; Capanna, R.; Campanacci, M. Intraepiphyseal

resection of the proximal tibia and its impact on lower limb growth. Clin. Orthop. Relat. Res. 1999, 358, 111–119. [CrossRef]
10. Morgan, H.D.; Cizik, A.M.; Leopold, S.S.; Hawkins, D.S.; Conrad, E.U. Survival of tumor megaprostheses replacements about the

knee. Clin. Orthop. Relat. Res. 2006, 450, 39–45. [CrossRef]
11. Puri, A.; Subin, B.S.; Agarwal, M.G. Fibular centralisation for the reconstruction of defects of the tibial diaphysis and distal

metaphysis after excision of bone tumours. J. Bone Jt. Surgery. Br. 2009, 91, 234–239. [CrossRef]
12. Pala, E.; Trovarelli, G.; Calabrò, T.; Angelini, A.; Abati, C.N.; Ruggieri, P. Survival of modern knee tumor megaprostheses: Failures,

functional results, and a comparative statistical analysis. Clin. Orthop. Relat. Res. 2015, 473, 891–899. [CrossRef]
13. Cianni, L.; Taccari, F.; Bocchi, M.B.; Micheli, G.; Sangiorgi, F.; Ziranu, A.; Fantoni, M.; Maccauro, G.; Vitiello, R. Characteristics

and Epidemiology of Megaprostheses Infections: A Systematic Review. Healthcare 2024, 12, 1283. [CrossRef]
14. DiGioia, A.M.; Jaramaz, B.; Plakseychuk, A.Y.; Moody, J.E.; Nikou, C.; LaBarca, R.S.; Levison, T.J.; Picard, F. Comparison of a

mechanical acetabular alignment guide with computer placement of the socket. J. Arthroplast. 2002, 17, 359–364. [CrossRef]
[PubMed]

https://doi.org/10.1007/978-3-319-07323-1_5
https://doi.org/10.1016/j.ctrv.2007.01.001
https://doi.org/10.1097/01.blo0000093843.72468.3a
https://doi.org/10.1016/j.ejso.2007.11.010
https://www.ncbi.nlm.nih.gov/pubmed/18191363
https://doi.org/10.1007/s00280-016-3055-1
https://doi.org/10.2106/JBJS.E.00257
https://www.ncbi.nlm.nih.gov/pubmed/15930555
https://doi.org/10.1302/0301-620X.73B6.1955451
https://doi.org/10.1097/01.blo.0000127132.12576.05
https://doi.org/10.1097/00003086-199901000-00014
https://doi.org/10.1097/01.blo.0000229330.14029.0d
https://doi.org/10.1302/0301-620X.91B2.21272
https://doi.org/10.1007/s11999-014-3699-2
https://doi.org/10.3390/healthcare12131283
https://doi.org/10.1054/arth.2002.30411
https://www.ncbi.nlm.nih.gov/pubmed/11938515


Medicina 2025, 61, 476 13 of 14

15. Benady, A.; Meyer, S.J.; Golden, E.; Dadia, S.; Levy, G.K. Patient-specific Ti-6Al-4V lattice implants for critical-sized load-bearing
bone defects reconstruction. Mater. Des. 2023, 226, 111605. [CrossRef]

16. Sternheim, A.; Daly, M.; Qiu, J.; Weersink, R.; Chan, H.; Jaffray, D.; Irish, J.C.; Ferguson, P.C.; Wunder, J.S. Navigated pelvic
osteotomy and tumor resection: A study assessing the accuracy and reproducibility of resection planes in Sawbones and cadavers.
J. Bone Jt. Surg. Am. 2015, 97, 40–46. [CrossRef] [PubMed]

17. Agarwal, M.; Puri, A.; Gulia, A.; Reddy, K. Joint-sparing or physeal-sparing diaphyseal resections: The challenge of holding small
fragments. Clin. Orthop. Relat. Res. 2010, 468, 2924–2932. [CrossRef] [PubMed]

18. Gupta, A.; Pollock, R.; Cannon, S.R.; Briggs, T.W.R.; Skinner, J.; Blunn, G. A knee-sparing distal femoral endoprosthesis using
hydroxyapatite-coated extracortical plates. Preliminary results. J. Bone Jt. Surgery. Br. 2006, 88, 1367–1372. [CrossRef]

19. Wang, B.; Hao, Y.; Pu, F.; Jiang, W.; Shao, Z. Computer-aided designed, three dimensional-printed hemipelvic prosthesis for
peri-acetabular malignant bone tumour. Int. Orthop. 2018, 42, 687–694. [CrossRef]

20. Lin, C.-L.; Fang, J.-J.; Lin, R.-M. Resection of giant invasive sacral schwannoma using image-based customized osteotomy tools.
Eur. Spine J. 2016, 25, 4103–4107. [CrossRef]

21. Wong, K.; Kumta, S.; Sze, K.; Wong, C. Use of a patient-specific CAD/CAM surgical jig in extremity bone tumor resection and
custom prosthetic reconstruction. Comput. Aided Surg. 2012, 17, 284–293. [CrossRef]

22. Liu, W.; Shao, Z.; Rai, S.; Hu, B.; Wu, Q.; Hu, H.; Zhang, S.; Wang, B. Three-dimensional-printed intercalary prosthesis for the
reconstruction of large bone defect after joint-preserving tumor resection. J. Surg. Oncol. 2020, 121, 570–577. [CrossRef] [PubMed]

23. Syed, S.A.; Gaur, B.; Sagar, S.; Chetana, M.S.; Naik, S.; Khambati, B.; Natrajan, S.; Ghyar, R.; Bhallamudi, R. Guidelines to Design
Custom 3D Printed Jig for Orthopaedic Surgery. Smart Innov. Syst. Technol. 2021, 223, 585–594. [CrossRef]

24. Lal, H.; Patralekh, M.K. 3D printing and its applications in orthopaedic trauma: A technological marvel. J. Clin. Orthop. Trauma.
2018, 9, 260–268. [CrossRef] [PubMed]

25. Benady, A.; Meyer, J.S.; Ran, Y.; Mor, Y.; Gurel, R.; Rumack, N.; Golden, E.; Gortzak, Y.; Segal, O.; Merose, O.; et al. Intercalary and
geographic lower limb tumor resections with the use of 3D printed Patient Specific Instruments—When less is more. J. Orthop.
2022, 32, 36–42. [CrossRef] [PubMed]

26. Kiss, S.; Terebessy, T.; Szöke, G.; Kiss, J.; Antal, I.; Szendröi, M. Epiphysis preserving resection of malignant proximal tibial
tumours. Int. Orthop. 2013, 37, 99–104. [CrossRef]

27. Tsuchiya, H.; Wan, S.L.; Sakayama, K.; Yamamoto, N.; Nishida, H.; Tomita, K. Reconstruction using an autograft containing
tumour treated by liquid nitrogen. J. Bone Jt. Surgery. Br. 2005, 87, 218–225. [CrossRef]

28. Houdek, M.T.; Rose, P.S.; Milbrandt, T.A.; Stans, A.A.; Moran, S.L.; Sim, F.H. Comparison of Pediatric Intercalary Allograft
Reconstructions with and without a Free Vascularized Fibula. Plast. Reconstr. Surg. 2018, 142, 1065–1071. [CrossRef]

29. Takeuchi, A.; Yamamoto, N.; Hayashi, K.; Matsubara, H.; Kimura, H.; Miwa, S.; Higuchi, T.; Abe, K.; Taniguchi, Y.; Tsuchiya, H.
Growth of epiphysis after epiphyseal-preservation surgery for childhood osteosarcoma around the knee joint. BMC Musculoskelet.
Disord. 2018, 19, 185. [CrossRef]

30. Benevenia, J.; Kirchner, R.; Patterson, F.; Beebe, K.; Wirtz, D.C.; Rivero, S.; Palma, M.; Friedrich, M.J. Outcomes of a Modular
Intercalary Endoprosthesis as Treatment for Segmental Defects of the Femur, Tibia, and Humerus. Clin. Orthop. Relat. Res. 2016,
474, 539–548. [CrossRef]

31. Aponte-Tinao, L.; Ayerza, M.A.; Muscolo, L.D.; Farfalli, G.L. Survival, recurrence, and function after epiphyseal preservation and
allograft reconstruction in osteosarcoma of the knee. Clin. Orthop. Relat. Res. 2015, 473, 1789–1796. [CrossRef] [PubMed]

32. Guder, W.K.; Hardes, J.; Gosheger, G.; Nottrott, M.; Streitbürger, A. Ultra-short stem anchorage in the proximal tibial epiphysis
after intercalary tumor resections: Analysis of reconstruction survival in four patients at a mean follow-up of 56 months. Arch.
Orthop. Trauma Surg. 2017, 137, 481–488. [CrossRef]

33. Yu, X.; Xu, M.; Xu, S.; Song, R. Long-term outcomes of epiphyseal preservation and reconstruction with inactivated bone for
distal femoral osteosarcoma of children. Orthop. Surg. 2012, 4, 21–27. [CrossRef] [PubMed]

34. Donati, D.; Di Liddo, M.; Zavatta, M.; Manfrini, M.; Bacci, G.; Picci, P.; Capanna, R.; Mercuri, M. Massive bone allograft
reconstruction in high-grade osteosarcoma. Clin. Orthop. Relat. Res. 2000, 377, 186–194. [CrossRef]

35. Allograft Reconstruction After Proximal Tibial Resection for Bone Tumors. An Analysis of Function and Outcome Comparing
allograft and Prosthetic Reconstructions—PubMed n.d. Available online: https://pubmed.ncbi.nlm.nih.gov/8194221/ (accessed
on 23 September 2024).

36. The Use of Hemipelvic Allografts or Autoclaved Grafts for Reconstruction After Wide Resections of Malignant Tumors of the
Pelvis—PubMed n.d. Available online: https://pubmed.ncbi.nlm.nih.gov/1548259/ (accessed on 23 September 2024).

37. Thompson, R.C.; A Pickvance, E.; Garry, D. Fractures in large-segment allografts. J. Bone Jt. Surg. Am. 1993, 75, 1663–1673.
[CrossRef] [PubMed]

https://doi.org/10.1016/j.matdes.2023.111605
https://doi.org/10.2106/JBJS.N.00276
https://www.ncbi.nlm.nih.gov/pubmed/25568393
https://doi.org/10.1007/s11999-010-1458-6
https://www.ncbi.nlm.nih.gov/pubmed/20607464
https://doi.org/10.1302/0301-620X.88B10.17756
https://doi.org/10.1007/s00264-017-3645-5
https://doi.org/10.1007/s00586-016-4782-z
https://doi.org/10.3109/10929088.2012.725771
https://doi.org/10.1002/jso.25826
https://www.ncbi.nlm.nih.gov/pubmed/31902136
https://doi.org/10.1007/978-981-16-0084-5_48
https://doi.org/10.1016/j.jcot.2018.07.022
https://www.ncbi.nlm.nih.gov/pubmed/30202159
https://doi.org/10.1016/j.jor.2022.05.003
https://www.ncbi.nlm.nih.gov/pubmed/35601209
https://doi.org/10.1007/s00264-012-1731-2
https://doi.org/10.1302/0301-620X.87B2.15325
https://doi.org/10.1097/PRS.0000000000004794
https://doi.org/10.1186/s12891-018-2109-4
https://doi.org/10.1007/s11999-015-4588-z
https://doi.org/10.1007/s11999-014-4028-5
https://www.ncbi.nlm.nih.gov/pubmed/25352262
https://doi.org/10.1007/s00402-017-2637-7
https://doi.org/10.1111/j.1757-7861.2011.00167.x
https://www.ncbi.nlm.nih.gov/pubmed/22290815
https://doi.org/10.1097/00003086-200008000-00025
https://pubmed.ncbi.nlm.nih.gov/8194221/
https://pubmed.ncbi.nlm.nih.gov/1548259/
https://doi.org/10.2106/00004623-199311000-00011
https://www.ncbi.nlm.nih.gov/pubmed/8245059


Medicina 2025, 61, 476 14 of 14

38. Hornicek, F.J.; Gebhardt, M.C.; Tomford, W.W.; Sorger, J.I.; Zavatta, M.; Menzner, J.P.; Mankin, H.J. Factors affecting nonunion of
the allograft-host junction. Clin. Orthop. Relat. Res. 2001, 382, 87–98. [CrossRef]

39. Capanna, R.; Campanacci, D.A.; Belot, N.; Beltrami, G.; Manfrini, M.; Innocenti, M.; Ceruso, M. A new reconstructive technique
for intercalary defects of long bones: The association of massive allograft with vascularized fibular autograft. Long-term results
and comparison with alternative techniques. Orthop. Clin. N. Am. 2007, 38, 51–60. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.1097/00003086-200101000-00014
https://doi.org/10.1016/j.ocl.2006.10.008

	Introduction 
	Materials and Methods 
	Patients 
	Preoperative Planning and Simulation 
	3D-Printed Patient-Specific Instruments 

	Results 
	Discussion 
	Conclusions 
	References

