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Our greatest weakness lies in giving up.  

The surest way to succeed is to try one more time. 

— Thomas Edison 



RESUMO 

Com os avanços da tecnologia 3D na medicina veterinária, o uso de endoexoprótese tem se 

tornado uma importante alternativa na melhoria da qualidade de vida de pacientes amputados 

parcialmente. A amputação ainda possui algumas indicações, mas deve ser realizada somente 

quando todas as opções de tratamento já tiverem sido praticadas. A possibilidade de usar 

próteses em animais tem despertado o interesse dos tutores e médicos veterinários para 

promover qualidade de vida, por proporcionar correta distribuição de carga nos quatro membros 

e reduzir consequências de sobrecarga nos membros não amputados. Este trabalho relatou o 

processo de desenvolvimento e aplicação de endoexopróteses em seis gatos e cinco cães, desde 

a seleção dos pacientes até a recuperação pós-operatória. Foram realizadas tomografia ou 

radiografia em todos os pacientes para planejamento pré-operatório em softwares específicos. 

Na fase do planejamento cirúrgico foram feitas mensurações de tamanho, avaliação da 

morfologia do membro afetado e do antímero oposto para definição do melhor design, projetar 

a endoexoprótese e posterior fabricação. Os implantes foram usinados ou impressos em titânio 

3D por Selective Laser Melting (SLM). As exopróteses foram impressas em Poliuretano 

Termoplasticto (TPU) e implantadas nos pacientes. Ainda serão necessários estudos futuros 

para aperfeiçoar a técnica e minimizar as complicações pós-operatórias. A diversidade entre 

espécies e raças é um grande desafio para o sucesso dos casos. Os resultados do nosso estudo 

foram promissores e indicam que é possível utilizar as endoexopróteses na rotina veterinária. 

Onde 90% dos pacientes se beneficiaram com a implantação desta técnica, com apoio total do 

membro, retorno à função e satisfação dos responsáveis. 

 

Palavras-chave: impressão 3D; implantes customizados; limb-sparing; ortopedia; 

osteointegração. 

 

 

 

 

 

 

 

 

 

 



ABSTRACT 

With advances in 3D technology in veterinary medicine, the use of endo-exoprostheses has 

emerged as an important alternative to improve the quality of life of partially amputated 

patients. Although amputation still has specific indications, it should only be performed when 

all other treatment options have been exhausted. The possibility of using prostheses in animals 

has attracted the interest of both owners and veterinarians, as it promotes quality of life by 

providing support on all four limbs and reducing the consequences of overload on non-

amputated limbs. This study reports the development and application of endo-exoprostheses in 

six cats and five dogs, from patient selection to postoperative recovery. Computed tomography 

or radiography was performed in all patients for preoperative planning using dedicated 

software. During the surgical planning phase, limb measurements, morphological assessment, 

and implant design were carried out to optimize the endo-exoprosthesis before fabrication. The 

implants were either machined or 3D-printed in titanium using Selective Laser Melting (SLM), 

while the exoprostheses were printed in Thermoplastic Polyurethane (TPU) and subsequently 

implanted. Further studies are required to refine the technique and minimize postoperative 

complications. Species and breed diversity remain major challenges for clinical success. The 

results of this study were promising and demonstrate that endo-exoprostheses can be integrated 

into routine veterinary practice. Overall, 90% of patients benefited from the technique, 

achieving full limb support, return to normal activity, and high owner satisfaction. 

 

Keywords: 3D printing; customized implants; limb-sparing; orthopedics; osseointegration 
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INTRODUCTION 
Veterinary orthopedic practice is constantly challenged by cases such as comminuted 

long bone fractures, bone neoplasms, malformations, in cases where bone repair is 

compromised, and iatrogenic injuries. Unfortunately, it is common for animals with fractures 

to receive inadequate treatment, and in many cases, amputation is performed even when several 

surgical alternatives are available (Mendonça & Fernandes, 2019). Advances in fracture 

management and soft tissue reconstruction have reduced the frequency of amputations; 

however, they remain necessary in certain circumstances, such as severe trauma with extensive 

skeletal muscle loss, necrosis, ischemia, intractable orthopedic infections, neoplasia, vascular 

disease, and arteriovenous fistulas (Drygas et al., 2008). Even when amputation is indicated, 

factors such as adaptability, potential future orthopedic complications, and the owner’s 

acceptance of a disabled animal must be considered (Gorshkov et al., 2017; O’Neill et al., 

2023). In general, amputated animals adapt and relearn to ambulate and survive; however, this 

adaptation is merely functional and does not necessarily reflect quality of life. In the long term, 

ligamentous, tendinous, and osseous disorders may arise in the remaining limbs due to overload. 

Therefore, amputation should not be considered a surgical alternative when there is still 

potential for limb salvage (Faria & Rocha, 2022). 

The study of prosthetic applications in veterinary medicine is still in its early stages, 

but advances in surgical procedures and prosthetic design and manufacturing technologies show 

promise in developing devices capable of restoring near-normal limb function (Arauz et al., 

2021). Many clinicians and researchers are exploring customized manufacturing approaches 

such as additive manufacturing, commonly known as 3D printing (Sarpong et al., 2025). Three-

dimensional printed models have advanced in detail and applicability and are now widely used 

for complex surgical planning and training, medical education and research, tissue engineering, 

bone segment replacement, among other applications (Thomas et al., 2025). 

With this prosthetic technology, patients may benefit from partial amputations and the 

application of endo-exoprostheses, enabling rehabilitation and functional use of compromised 

limbs, including those affected by iatrogenic injury (Mendonça & Fernandes, 2019). Animals 

tend to adapt more readily than humans to prostheses, which is favorable given that amputated 

animals often experience reduced mobility, increased predisposition to obesity, greater 

metabolic demand, articular disorders in both ipsilateral and contralateral limbs, and chronic 

pain due to joint overload within a newly redistributed biomechanical system (Kirpensteijn et 

al., 2000; Mendonça et al., 2023). Successful surgical outcomes with endo-exoprostheses 

provide improved quality of life for amputee patients by allowing proper weight distribution 
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and restoration of species-specific behaviors (Fitzpatrick et al., 2011; Gorshkov et al., 2017; 

Wagner et al., 2022). 

Based on the above, this thesis consists of three chapters: Chapter 1 - Bilateral Femoral 

Intraosseous Transcutaneous Amputation Prosthesis (ITAP) in a Cat, published in the journal 

Acta Scientiae Veterinarie; Chapter 2 –Intraosseous Transcutaneous Amputation Prosthesis 

(ITAPs) and External-Fixation Amputee Prosthesis for limb salvage in 6 cats; Chapter 3 - 

Custom-made Endoexoprostheses for limb salvage in 5 dogs. Chapters 2 and 3 will be 

formatted and published in an international journal to be defined. 

The aim of this study was to design and implant customized transcutaneous prostheses 

in six cats and five dogs, using 3D modeling and printing technologies, and to monitor the 

clinical outcomes of these patients while seeking solutions to problems previously reported in 

the literature regarding limb-sparing surgeries. 
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CHAPTER 1 

Bilateral Femoral Intraosseous Transcutaneous Amputation Prosthesis (ITAP) in a Cat 

 
De Freitas I.B., Júnior GS, Marks A, Hauer Anfilo M, Buch D, Wotkoski Benoni V, et al. 

Bilateral Femoral Intraosseous Transcutaneous Amputation Prosthesis (ITAP) in a Cat. Acta 

Scientiae Vet. [Internet]. 2025 Sep. 7 [cited 2025 Sep. 28];53. Available from: 

https://seer.ufrgs.br/index.php/ActaScientiaeVeterinariae/article/view/145883 
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CEP 80035-050, Curitiba, PR, Brazil. 

ABSTRACT 

Background: Intraosseous transcutaneous amputation prosthesis (ITAP) is a limb-salvage 

technique that involves anchoring an implant to the bone, enabling external prosthetic 

attachment via osseointegration. This approach offers an alternative to traditional amputation 

by preserving skeletal support and functional integration. Despite its increasing use in human 

medicine, ITAPs have been scarcely studied in veterinary practice, and no standardized 

guidelines exist for implant selection, considering the anatomical variability among species and 

breeds. This case report describes the successful application of ITAP in a cat following severe 

complications from bilateral femoral osteosynthesis, with a 27-month follow-up. 

Case: A one-year-old male cat, missing for 54 days, returned home with bilateral Salter-Harris 

type I femoral fractures. The patient underwent multiple unsuccessful surgical attempts, leading 

to complications such as contamination, bacterial resistance, Rush pin migration, plate 

exposure, osteomyelitis, and the need for muscle and skin flap reconstruction. Given the failure 

of all limb-preserving options, ITAP placement in the bilateral femoral diaphysis was proposed 

as an alternative to total limb amputation, aiming to restore independence and mobility. 

Preoperative planning involved computed tomography (CT) imaging, with Radiant® software 

used for image segmentation, bone viability assessment, and osteotomy height determination. 

A custom-designed titanium intramedullary implant was developed using CAD software. The 

surgical procedure was uneventful, and the patient was hospitalized for three days for 

postoperative monitoring. Fifteen days postoperatively, skin dehiscence and implant exposure 

were observed in the left femur. A revision surgery was performed, including implant coverage, 
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bacterial culture, copious Betadine® lavage, and wound closure with 2-0 nylon sutures for the 

musculature and 3-0 for the skin. Enterococcus faecium was identified, and a three-week course 

of compounded marbofloxacin was prescribed, leading to complete wound healing without 

further complications. Discussion: The failure of prior fracture management necessitated the 

use of ITAP as an alternative to bilateral femoral amputation, ultimately resulting in excellent 

adaptation and quality of life. This case highlights the potential of osseointegrated implants in 

veterinary patients, demonstrating that ITAP can provide a durable and functional limb-salvage 

solution. The implant was designed with a fully intramedullary titanium structure to promote 

osseointegration, ensuring long-term biomechanical stability. A key feature was the inclusion 

of an anti-rotational locking pin to counteract rotational forces that could compromise implant 

integrity and prosthetic function. One of the major challenges in ITAP application is dermal 

integration, which is crucial to preventing ascending infection and soft tissue breakdown. Poor 

skin adherence to the implant can lead to complications such as infection, retraction, implant 

exposure, and mechanical failure, as reported in similar cases. The necessity for surgical 

revision in this patient underscores the importance of meticulous implant design and strict 

postoperative wound management. Long-term implant success also relies heavily on owner 

compliance, as proactive care and infection monitoring are essential to maintaining 

functionality and preventing complications. ITAP offers a functional alternative to total limb 

amputation by preserving biomechanics, restoring mobility, and improving quality of life. After 

27 months, the patient showed no signs of implant failure or mobility impairment. Continued 

advancements in implant technology and surgical techniques will be essential to optimizing 

ITAP outcomes and expanding its application in veterinary medicine. 

Keywords: Osseointegration, limb sparing, orthopedics, endo-exo prosthesis, surgery 

INTRODUCTION 

Limb amputation is indicated in cases of irreparable trauma, necrosis, ischemia, bone 

neoplasia, and iatrogenic neurological injury [27]. While most animals adapt well to limb loss, 

long-term consequences may include reduced quality of life and compensatory overload on the 

remaining limbs, leading to joint, ligamentous, tendinous, and osseous disorders [21]. 

Therefore, amputation should only be considered when limb preservation is not a viable option 

[6,7,14]. 

The intraosseous transcutaneous amputation prosthesis (ITAP) is a technique that 

utilizes a bone-anchored implant traversing the dermis, allowing direct prosthetic attachment 
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through osseointegration [7]. This concept was inspired by the structure of deer antlers, where 

the skin integrates with a rigid bone structure without infection or marsupialization [4,7,22,23]. 

The first documented veterinary application of ITAP was reported in 2008 [4], involving 

bilateral intramedullary implantation in a canine tibia. Since then, this approach has been 

explored as an alternative to total limb amputation and limb-sparing procedures, with ongoing 

advancements aimed at expanding its applications and minimizing complications [7,9,25]. 

This study describes the successful use of ITAP to manage complications following 

bilateral femoral osteosynthesis in a one-year-old cat, with a 27-month follow-up, 

demonstrating its feasibility as a limb-preserving strategy. 

 

CASE REPORT 

A one-year-old, 3.6 kg, mixed-breed domestic cat was missing for 54 days before being 

found and taken for veterinary evaluation due to severe hind limb dysfunction. Physical 

examination revealed significant ambulatory impairment, and radiographic assessment 

confirmed chronic bilateral Salter-Harris type I fractures of the distal femur. 

Multiple prior surgical attempts for fracture stabilization resulted in complications, 

including contamination, bacterial resistance, Rush pin migration, implant exposure, 

osteomyelitis, and the need for soft tissue reconstruction with a cranial tibial muscle flap 

followed by a caudal mesenteric artery axial pattern skin flap. Given the failure of conventional 

limb-preserving approaches, bilateral femoral ITAP placement was proposed as an alternative 

to total limb amputation. The owner consented to the procedure, prioritizing the cat’s mobility 

and quality of life. 

Preoperative planning was conducted using computed tomography (CT), with image 

segmentation, bone viability assessment, and osteotomy level determination performed in 

Radiant® medical imaging software1 [RadiAnt DICOM Viewer, Medixant®] (Figure 1). The 

internal and external prosthetic components were designed using CAD software2 [CAD 

Computer-Aided Design; Autodesk®]. 

The selected implant was a threaded intramedullary titanium device featuring a proximal 

hole for locking with a 1.5 mm Kirschner wire (Figure 2). The external prosthesis was 3D-

printed using polyethylene terephthalate glycol3 [PETG, Filament 1.75mm, alfa-chemistry®]  

The patient underwent an 8-hour preoperative fasting period. Premedication included 

methadone4 [Mytedom® - 0.3 mg/kg,] and acepromazine5 [Acepran® - 0.03 mg/kg] 

intramuscularly (IM). Anesthesia was induced with esketamine4 [Ketamin® - 0.5 mg/kg], 
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midazolam4 [Dormire® - 0.4 mg/kg], and propofol4 [Propovan® - 4 mg/kg] intravenously (IV). 

Maintenance was achieved with isoflurane4 [Isoforine® -1 mL/mL] in 100% oxygen, combined 

with epidural bupivacaine4 [Neocaína® 0,5%] and a continuous infusion of esketamine4 

[Ketamin® - 0.6 mg/kg/h] and fentanyl4 [Fentanest® - 5 mcg/kg/h]. Intraoperative medications 

included ceftriaxone6 [Ceftriaxona® - 30 mg/kg], dipyrone5 [Analgex® - 25 mg/kg], and 

meloxicam7 [Maxicam® - 0.05 mg/kg]. 

Following appropriate limb preparation, the patient was positioned in lateral 

recumbency, and the surgical site was aseptically prepared with 0.5% alcoholic chlorhexidine 

and draped with a sterile field. 

A craniolateral approach to the femur was performed, with an elliptical skin incision 

followed by fascia lata dissection and retraction of the biceps femoris and vastus lateralis 

muscles. Osteotomy was conducted at the mid-diaphyseal region to prepare the implant bed. 

After pre-drilling the femoral canal with a 3.5 mm drill bit, the implant was inserted 

retrogradely using a Jacobs Chuck until seated at the osteotomy site. A custom 3D-printed guide 

was used for precise Kirschner wire placement, and excess pin length was trimmed with side-

cutting pliers. Muscular closure was performed using 2-0 polydioxanone (PDS) with 

interrupted and Sultan sutures, and dead space was minimized with 3-0 PDS. The skin was 

closed with 3-0 nylon sutures (Figure 3). The same procedure was repeated for the contralateral 

limb. Intraoperative and postoperative radiographs were obtained (Figure 4). 

Postoperative treatment included cefovecin8 [Convenia® - 8 mg/kg, SC every 15 days 

for two doses], meloxicam7 [Maxicam®- 0.1 mg/kg, SID, 3 days], and tramadol hydrochloride5 

[Cronidor® - 2 mg/kg, BID, 5 days]. The patient remained hospitalized for three days for 

surgical site monitoring. Within 24 hours, he showed good adaptation to the prostheses, and by 

one week, ambulated normally. 

After 15 days, skin dehiscence, retraction, and partial implant exposure were observed 

in the left femur, requiring revision surgery. The implant was covered using copious Betadine 

lavage, bacterial culture, and layered wound closure with 2-0 nylon for muscle and 3-0 nylon 

for the skin. Culture and antibiogram identified Enterococcus faecium, and compounded 

marbofloxacin was administered for three weeks, resulting in complete wound healing with no 

further dehiscence or stump contamination. 

At the time of this report, 27 months postoperatively, the patient exhibits no signs of 

pain, lameness, or orthopedic complications (Figure 5). 
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DISCUSSION 

Partial limb amputation is a standard approach in human medicine to facilitate prosthetic 

use, whether external or osseointegrated. In veterinary medicine, limb amputation has 

historically been the primary treatment for various conditions [4,5,13,24,26]. However, 

advancements in surgical techniques and implant technology have enabled limb preservation in 

selected cases, mitigating the long-term biomechanical consequences of total amputation [4,7]. 

In this case, the failure of previous fracture management led to the use of ITAP as an alternative 

to total femoral amputation, resulting in successful adaptation and restored mobility. 

Veterinary applications of ITAP remain limited, and no standardized protocol exists for 

implant selection, considering anatomical variability across species, breeds, and patient 

adaptability [14]. Additionally, access to specialized surface treatment technologies and 3D-

printed titanium implants remains a challenge for many veterinary surgeons [6,7]. Based on 

previous studies, the authors adapted a fully intramedullary titanium implant designed to 

promote osseointegration and ensure long-term functionality [9,10,18,20]. This approach 

incorporated CT imaging, CAD software, and 3D biomodel printing for surgical planning and 

implant optimization. 

In human patients, a six-week osseointegration period is recommended before fitting an 

external prosthesis to allow stable bone integration. Some veterinary studies suggest using 

external fixation devices to protect the endoprosthesis during the immediate postoperative 

period, transitioning later to exoprosthesis use [7,10,12,26]. However, this approach was not 

feasible in this case due to the high and bilateral level of amputation, which prevented effective 

external stabilization. Consequently, the prostheses were attached intraoperatively, and 

rehabilitation commenced immediately after recovery from anesthesia. 

Implant rotational stability is a key factor in ITAP success, requiring a locking 

component, such as a screw or pin, to counteract rotational forces at the implant-limb interface. 

3D-printed guides improve pin placement accuracy, enhancing surgical precision and 

biomechanical stability [17,18,20]. In this case, customized guides were used for Kirschner 

wire positioning. However, intraoperative difficulties arose due to excessive proximal muscle 

mass, limiting guide placement and leading to failed pin locking in the right femur (Figure 5). 

Despite this, the patient demonstrated good adaptation, and the guide design was modified for 

future applications, allowing 180° rotational positioning for improved compatibility. 

Prosthetic development has evolved significantly since the 1960s, beginning with dental 

and auditory implants, later progressing to osseointegrated limb prostheses [2,11,16]. The first 
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clinical report of ITAP in veterinary medicine was published in 2008, and since then, research 

has aimed to refine implant design and surgical techniques [4]. Current recommendations 

emphasize distal amputations whenever possible, as they facilitate ITAP placement and 

maximize limb function [1]. 

A major challenge in ITAP application is dermal integration, which ensures stable 

adhesion of soft tissue to the implant, preventing external contamination. Reported 

complications include infection, skin retraction, implant exposure, and mechanical failure 

[8,15,19]. Owner education is essential, as proactive management of these challenges facilitates 

long-term prosthetic function. In this case, skin retraction and implant exposure were observed 

in the left femur 15 days postoperatively, requiring revision surgery, bacterial culture, and 

targeted antibiotic therapy, resulting in complete wound closure with no further complications. 

Limb prosthetic implantation is a viable option in veterinary practice, restoring natural 

biomechanics and functional mobility [7,10,18,19]. Only one prior case of bilateral distal 

femoral amputation was identified in the literature, reported by Mendonça [18]. In the present 

case, a more proximal (diaphyseal) amputation was successfully performed, demonstrating 

feasibility, good patient adaptation, and owner satisfaction after 27 months of follow-up. 

The authors recognize ITAP’s potential and encourage veterinarians to consider it as an 

alternative to high limb amputations. Further research will provide valuable insights to refine 

implant technology, improve surgical outcomes, and minimize complications for amputee 

patients. 
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FIGURE LEGENDS 

 

Figure 1. Three-dimensional (3D) reconstruction of the pelvic limbs for ITAP planning. The 

red circle highlights areas of articular damage in the stifle joints, while yellow arrows indicate 

luxated patellae and internal rotation of the left tibia. 
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Figure 2. Technical and virtual planning of the femoral implant. (A) Segmentation of computed 

tomography images in craniocaudal and mediolateral views, with implant overlay. (B) 

Segmented left femur. (C) Technical drawing of the implant. 

 

Figure 3. (A) Intraoperative image showing implant placement at the osteotomy site. (B) 

Application of a 3D-printed guide for implant stabilization using a 1.5 mm Kirschner wire. (C) 

Muscular approximation. (D) Myopexy with 2-0 PDS sutures. (E) Subcutaneous closure. (F) 

Skin closure with Sultan sutures using 3-0 nylon. 
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Figure 4. Immediate postoperative radiographs. (A) Craniodorsal projection. (B) Mediolateral 

projection. The correct positioning of the intramedullary implants and their intimate contact 

with the osteotomy site are observed. The yellow arrow indicates a failed 1.5 mm pin lock in 

the right femur. 

 

Figure 5. (A) Preoperative image showing severe orthopedic deformity with internal rotation 

of the left tibia. (B) Immediate postoperative image with prosthetic placement and bandaging. 

(C) Thirty-day postoperative image, demonstrating dermal integration of the right femur. (D) 

Image of the patient at 24 months postoperatively, fully adapted to the prostheses. 
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CHAPTER 2  

 

Intraosseous Transcutaneous Amputation Prosthesis (ITAPs) and External-Fixation 

Amputee Prosthesis for limb salvage in 6 cats 
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Intraosseous Transcutaneous Amputation Prosthesis (ITAPs) and External-Fixation 
Amputee Prosthesis for limb salvage in 6 cats 

De Freitas I.B., Dornbusch, P. T. 

Objective: To describe the clinical application of 5 intraosseous transcutaneous amputation 

prostheses (ITAPs) and 3 external-fixation amputee prostheses for limb salvage in 6 cats. 

Study Design: Case series. 

Sample Population: Client-owned cats with traumatic limb injuries. 

Method: Limb amputation permitted the insertion of ITAPs into the calcaneus (n = 3) and 

femur (n = 2), and the application of external skeletal fixation into the tibia (n = 3). The 

remaining soft tissues, including skin, were secured around the ITAP. The implants were 

manufactured as single-piece components from titanium alloy, whereas the exoprostheses were 

individually customized using 3D printing with Polyethylene Terephthalate Glycol (PET-G). 

Outcome measures included subjective assessments of limb function by owners and 

veterinarians, in addition to radiographic evaluation. 

Results: Three cats (1–3) received ITAPs, achieving dermal integration within 3 weeks and 

demonstrating pain-free ambulation within 1 week. Cats (4–6) underwent external fixation for 

tibial limb preservation, exhibiting comparable adaptation in locomotion. One cat (4) 

experienced complications with a calcaneal ITAP due to insufficient skin coverage over the 

implant; this was successfully managed with tibial external fixation (9-month follow-up). Two 

cats with calcaneal ITAPs died at 8 and 38 months postoperatively—one from complications 

related to Feline Leukemia Virus (FLV) and the other following a dog attack. External fixation 

was effectively employed to address ITAP-related complications (cats 4 and 6). The remaining 

patients were in good clinical condition and free of complications at the time of manuscript 

preparation. 

Conclusion: 

Implantation of ITAPs in the distal limb of cats is technically feasible and can result in favorable 

functional outcomes. Biological integration of osseous and dermal tissues with ITAPs appears 

reliable and durable. External-fixation amputee prostheses represent a versatile and valuable 

option for the management of amputated patients, providing satisfactory long-term functional 

results. 

 



29 
 

INTRODUCTION 

In veterinary medicine, limb-preservation procedures have gained increasing attention, 

paralleling technological advances and a growing awareness among owners of the functional 

and quality-of-life impacts associated with amputation (Carr et al., 2018; Fitzpatrick et al., 

2011; Arauz et al., 2021; Kvale et al., 2022). 

The most common causes of amputation in cats include traumatic injuries, complications in 

fracture management, osteomyelitis, thromboembolism, and neoplasia (Wagner et al., 2022; 

Kimura, 2025). Although numerous studies have evaluated outcomes of limb amputation in 

dogs, far fewer have been reported in cats (Forster et al., 2010; Menchetti, 2022). Over time, 

compensatory overload may result in ligamentous, tendinous, and osseous disorders of the 

remaining limbs. For this reason, total amputation should not be considered the primary surgical 

option when limb-salvage procedures remain viable (Raske et al., 2015; Carr et al., 2018; Jarrel 

et al., 2018; Faria and Rocha, 2022). 

Stump Socket Prostheses (SSPs) are the most frequently reported form of amputee prosthesis 

in the veterinary literature (Rosen et al., 2022). However, they are associated with substantial 

complications, including discomfort, infection, pressure sores, necrosis, poor adaptation, device 

failure, and limited patient acceptance (Marcellin-Little et al., 2015; Overmann & Forsberg, 

2019; Kneringer & Schnabl-Feichter, 2024). 

Osseointegrated prostheses provide a potential solution to the limitations of socket-based 

designs. Only a small number of such cases have been documented in veterinary medicine, 

including transcutaneous tibial implants in a dog (Drygas et al., 2008), intraosseous 

transcutaneous amputation prostheses (ITAPs) in four dogs (Fitzpatrick et al., 2011), bilateral 

femoral applications in two cats (Mendonza et al., 2023; De Freitas et al., 2025), and an 

innovative custom-made bilateral femoral fixation in a cat (Petazzoni & Maciejowski, 2025). 

The major challenges associated with amputation prostheses remain the maintenance of healthy 

bone–implant and skin–implant interfaces, as well as the risks of implant exposure and stump 

infection. Numerous studies have sought to address these challenges through implant 

customization, material selection, and surface modifications, which continue to evolve 

(Pendegrass et al., 2006; Drygas et al., 2008; Fitzpatrick et al., 2011; Mendaza et al., 2022). 

We hypothesized that the use of ITAPs and external skeletal fixation would be technically 

feasible, promote stable and long-lasting osseous and dermal integration, and enable functional 

limb use when combined with an appropriately designed exoprosthesis. The objective of this 
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study was to describe the development, clinical application, postoperative monitoring, and 

potential complications of four ITAPs and four external skeletal prostheses in 6 cats. 

MATERIALS AND METHODS 

This study was approved by the Ethics Committee on the Use of Animals (CEUA) of the 

Agricultural Sciences Sector at the Federal University of Paraná (UFPR), Brazil, under protocol 

number 051/2022, in accordance with the regulations issued by the National Council for the 

Control of Animal Experimentation (CONCEA). All owners signed an informed consent form 

prior to participation in the study. 

The intraosseous transcutaneous amputation prostheses (ITAPs) served two purposes: a 

mechanical function, enabling ambulation and attachment of the exoprosthesis (paw), and a 

biological function, facilitating osseointegration and dermal integration to seal the surgical site. 

Treatment planning was jointly determined by engineers and surgeons, after which the implants 

were machined from titanium alloy (Ti6Al4V) and received a surface treatment with 

sandblasting. 

Commercially available linear external fixators were used in a 1A configuration and modified 

to allow direct attachment of the exoprosthesis to the connecting bar. 

Preoperative assessment of the amputation site included measurement of the medullary canal 

diameter and cortical thickness based on orthogonal radiographic projections of the limb, using 

RadiAnt® DICOM Viewer medical imaging software. 

The internal device was custom-fabricated for each cat by Cão Médica® and consisted of three 

components: (1) an intraosseous threaded intramedullary stem, (2) an umbrella-shaped flange, 

and (3) a distal extracutaneous pin serving as the interface between the stump and the 

exoprosthesis fixation (Figure1). 

 
Figure 1. Illustrative image with the regions of the ITAP model (1): osseointegrated threaded intramedullary. (2): 
Necklace. (3): External exoprosthesis connection rod. Red arrow represents a proximal perforation for 
antirotational locking with Kirschner wire. 
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The implant dimensions allowed insertion of the stem into the femur or calcaneus using a 

manual Jacobs chuck introducer (Figure 2), by press-fitting the circular cross-section of the 

stem into the narrowest transverse diameter of the medullary canal, with the flange positioned 

within the subcutaneous tissue to relieve skin tension. The length and shape of the stem were 

determined by the maximum canal length and width that could be prepared using a milling drill. 

In cases in which an associated osteotomy is performed, it is important to emphasize the need 

for the osteotomy line to be parallel to the base of the implant in order to achieve a “perfect 

fit.”The average time required to manufacture the customized implant was approximately 8 

days. 

 
Figure 2. A: Photographic image of the surgical materials used for the implantation of endo-exoprostheses. B: 
Manual Jacobs chuck introducer; linear external fixator kit (Schanz pins, bars, clamps, and key). Used in cases of 
external prostheses. 

Modified endo-exoprostheses with type 1A external fixators were assembled using 
commercially available devices. Percutaneous Schanz pins were placed trans-cortically (cis- 
and trans-cortices), and the exoprostheses were designed using CAD software and fabricated 
with Fused Deposition Modeling (FDM) 3D printing in Thermoplastic Polyurethane (TPU). 
They were secured directly to the fixation bar with Allen screws by press fit. 

Inclusion criteria for this case series were cats presented to the orthopedic service with severe 
orthopedic injuries managed with ITAP or endo-exoprostheses following limb amputation. 

RESULTS  

CAT 1  

A 2-year-old neutered male, 3.5 kg, mixed breed was admitted for evaluation of intermittent 
progressive right pelvic limb lameness after automobilist accident. The patient had an open 
fracture with great loss of muscle and nerve tissues of the left metatarsals. The cat underwent a 
distal amputation to stop the bleeding and close the wound. Subsequently, orthogonal 
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radiographs were performed with a spherical radiographic magnifier at the level of the 
calcaneus to plan the intraosseous transcutaneous amputation prothesis.  

Surgical Technique 

The cat was positioned in right lateral recumbency to facilitate a craniomedial surgical approach 
to the calcaneal bone. Circumferential transverse incision of skin and musculature tissue at the 
level of metatarsus. The tarsal joint and vessel ligation was followed by retraction of the soft 
tissue envelope of the calcaneus.  

Transverse osteotomy distal was performed to remove the articular surface of the calcaneus 
using a microsagittal saw blade with concurrent saline solution lavage of the saw blade and 
bone. A recipient tunnel in the medullary canal was created using a 2.0mm. At that point, we 
observed that the medullary canal was fragile and wider than anticipated based on the 
radiographic planning, the plan had to be modified.  

We opted for a copious wash with Betadine solution, collection for culture and antibiogram 
after washing and there was no bacterial growth; We applied the threaded intramedullary 
implant and filled the gap with bone cement (Figure 3-1a). A 3d guide (TPU) for locking the 
pin was produced, but due to this looseness we were unsuccessful in locking (Figure 3-1b).  
Next, myopexy was performed with 3-0 nylon thread and skin suture with 4-0 sultan pattern.  
The exoprosthesis, 3D printed in PET-G, was inserted three days after the surgical procedure.  

Aftercare and Follow-Up  
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A bandage was applied immediately with gauze and chlorhexidine-based antiseptic spray and 

changed every day for 21 days. Cephalexin (22 mg/kg orally every 12 hours) was administered 

for 21 days; meloxicam (0,1 mg/kg orally every 24 hours) for 5 days; tramadol hydrochloride 

(1 mg/kg orally every 12 hours) for 5 days and neomycin ointment was applied to the skin-

ITAP interface at the time of bandage change. The cat remained hospitalized for 3 days, 

presented early support of the prosthetic limb without pain and without signs of complications. 

The patient presented excellent limb support 7 days postoperatively. Resilient bone-implant and 

skin-implant interfaces were achieved based on physical findings and radiographic examination 

at 4 weeks. No prosthesis-related complications such as infection, implant exposure, or pin 

loosening were observed; however, 8 months after surgery, the cat developed systemic clinical 

complications associated with Feline Leukemia Virus (FLV). 

 

CAT 2 

A 2-year-old intact male, 4kg, mixed-breed was presented after automobilist accident with an 

open fracture of the right metatarsal bones, held together by a thin layer of skin (Figure 4). An 

Figure 3. 1a: intraoperative photograph at the time of filling of the intramedullary canal of the calcaneus with bone 
cement; 1b: positioning of the 3D guide for locking with Kirschner wire; 2: lateral image (a) and caudal (b) of the 
surgical wound with the prosthesis placed; 3. Midlateral (a) and caudocranial radiograph of the calcaneus with 
ITAP applied; 4. Photograph of the patient before (a) and after (b) the surgery 28 days. 
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initial emergency surgery was performed, consisting of an amputation as distal as possible in 

order to preserve soft tissues for wound closure and to allow subsequent application of an ITAP 

at the calcaneus. 

 
Figure 4 - Photograph of the paw lesion in the lateral (A) and caudal (B) views; C and D: craniocaudal and 
mediolateral radiography, respectively 

The planning was carried out using orthogonal radiographs. A threaded intramedullary pin with 

a locking hole at its proximal end, machined in titanium, was selected. To enable implant 

locking, a guide was produced with the aid of 3D printing and 21 days after the first 

intervention, the patient underwent prosthesis implantation. 

Surgical Technique 

A semicircular incision was made at the stump, followed by dissection of the soft tissues, 

exposure, and removal of the tarsal bones. A transverse osteotomy using a Stryker oscillating 

saw was performed to remove the articular surface of the calcaneus, prepare the surgical bed, 

and prevent any gap between the flange and the cancellous bone. A 2-mm drill was then used 

to prepare the medullary canal, and the implant was inserted with a manual Jacobs introducer 

until fully seated within the bone. Myopexy was performed with 3-0 PGCL, and skin suture 

was achieved with 3-0 nylon in a Sultan pattern. A dressing with neomycin ointment was 

applied immediately to protect the pin–skin interface. 
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Figure 5. A: Radiographic image of the ITAP in the craniocaudal and mediolateral calcaneus (B); C: cranial and 
lateral photograph (D), of the skin-pin interface with 7 days. You can see a lot of crusts around the pin; E: patient 
with minutes after fitting his prosthesis (4 weeks post-surgery). 

Aftercare and, Follow-Up 

Cephalexin (22mg/kg orally every 12 hours) for 21 days; meloxicam (0,1 mg/kg orally every 

24 hours) for 5 days; tramadol hydrochloride (1 mg/kg orally every 12 hours) for 5 days and 

daily cleaning with chlorhexidine-based antiseptic once daily, continuous use. 

The implant was left in place for four weeks without limb support to facilitate osseointegration. 

The owner maintained the surgical wound cushioned with a soft dressing at all times. 

Subsequently, the exoprosthesis was fitted, allowing rapid adaptation of the patient’s gait with 

the skin already dermointegrated and without complications. Follow-up at 38 months showed 

no complications, with perfect dermal and osseointegration. Unfortunately, the patient had 

access to the street, jumped over the neighbor’s wall, and was killed by a dog. 

CAT 3 

A 1-year-old intact male, 3.6kg, mixed-breed, was missing for 54 days before being found and 

taken for veterinary evaluation due to severe hind limb dysfunction. On examination revealed 

significant ambulatory impairment, and radiographic assessment confirmed chronic bilateral 

Salter-Harris type I fractures of the distal femur. Multiple prior surgical attempts for fracture 

stabilization resulted in complications, including contamination, bacterial resistance, Rush pin 

migration, implant exposure, osteomyelitis, and the need for soft tissue reconstruction with a 

cranial tibial muscle flap followed by a caudal mesenteric artery axial pattern skin flap. Given 

the failure of conventional limb-preserving approaches, bilateral femoral ITAP placement was 

proposed as an alternative to total limb amputation. The owner consented to the procedure, 

prioritizing the cat’s mobility and quality of life. 
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The selected implant was a threaded intramedullary titanium device featuring a proximal hole 

for locking with a 1.5 mm Kirschner wire (Figure 1). The external prosthesis was 3D-printed 

using TPU. 

Surgical Technique  

Following appropriate limb preparation, the patient was positioned in lateral recumbency, and 

the surgical site was aseptically prepared with 0.5% alcoholic chlorhexidine and draped with a 

sterile field. A craniolateral approach to the femur was performed, with an elliptical skin 

incision followed by fascia lata dissection and retraction of the biceps femoris and vastus 

lateralis muscles. Osteotomy was conducted at the mid-diaphyseal region to prepare the implant 

bed. 

After pre-drilling the femoral canal with a 3.5 mm drill bit, the implant was inserted 

retrogradely using a Jacobs Chuck until seated at the osteotomy site. A custom 3D-printed guide 

was used for precise Kirschner wire placement, and excess pin length was trimmed with side-

cutting pliers. Muscular closure was performed using 2-0 polydioxanone (PDS) with 

interrupted and Sultan sutures, and dead space was minimized with 3-0 PDS. The skin was 

closed with 3-0 nylon sutures. The same procedure was repeated for the contralateral limb and 

the exoprostheses attached immediately. Intraoperative and postoperative radiographs were 

obtained (Figure 6). 

 
Figure 6. A: illustrative image of the patient in the preoperative period with injury to the pelvic limbs; B: 3d 
segmentation of the patient, red arrows show the dislocated patellas; C: radiographic lateral projection of the 
immediate postoperative period with the prostheses; D: ventrodorsal radiographic of the patient with ITAPs in the 
immediate postoperative period. 

Aftercare and Follow-up 

Postoperative treatment included Cefovecin Sodium (Convenia® - 8 mg/kg, subcutaneous every 

15 days for 2 repetitions), meloxicam (Maxicam®- 0.05 mg/kg, orally every 24 hours for 5 

days), and tramadol hydrochloride5 (Cronidor®- 2 mg/kg, orally every 12 hours, for 5 days). 
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The patient remained hospitalized for 3 days for surgical site monitoring. Within 24h showed 

good adaptation to the prostheses, and by one week, ambulated normally.  

After 30 days, skin dehiscence, retraction, and partial implant exposure were observed in the 

left femur, requiring revision surgery. The implant was covered using copious Betadine lavage, 

bacterial culture, and layered wound closure with 2-0 nylon for muscle and 3-0 nylon for the 

skin. Culture identified Enterococcus faecium, and compounded marbofloxacin (following 

result of antibiogram) was administered for 3 weeks, resulting in complete wound healing with 

no further dehiscence or stump contamination. At the time of this report, 36 months 

postoperatively, the patient exhibits no signs of pain, lameness, or orthopedic complications.  

 

CAT 4 

A 1-year-old neutred female, 3kg, mixed-breed, rescued presented with an amputation lesion in 

the digits and granulomatous exposure of the entire metatarsal region. We chose to perform 

amputation at the level of the tarsals, preserve as much skin as possible for surgical closure with 

an ITAP in the calcaneus and a 3D printed exoprosthesis. The planning was carried out through 

radiography and CT scan with a threaded titanium implant of 2.8mm in diameter and the use of 

a locking guide  

Surgical Technique  

The surgical procedure was similar to the technique described in cats 1 and 2, We apply the 

improvements and corrections of possible failures that occurred in previous cases. We take care 

to preserve as much skin as possible for tension-free closure. Meticulous dissection, thinking 

about the preservation of the musculature and a pre-perforation with a 2.0mm drill in the 

calcaneus guided by trans surgical radiography. Every step by step went perfectly and 

uneventfully. We used a 2.8mm diameter titanium threaded pin, inserted with manual introducer 

and an anti-rotational pin lock guide was developed in aluminum (Figure 7H). It allowed the 

application of a 1 mm pin to block the implant in the intramedullary canal. Muscle closure 

(myopexy) was performed with 3-0 nylon and adequate implant coverage and skin suture with 

the same sultan suture. Unlike all of us, we apply a hybrid external fixator to protect the 

immediate support on the intramedullary implant to assist in osseointegration. Note that at the 

beginning of the procedure (Figure 7B) the skin was in excess and after the application of the 

ITAP the skin already showed intense retraction (Figure 7H). The initial skin injury hindered 
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proper closure over the implant, resulting in a tensioned suture (Figure 7J). Next, the External 

Skeletal Fixator was applied to protect the implant for 6 weeks. 

 
Figure 7 - Intraoperative photographs. A: paw with initial lateral view injury. B: dissection and preservation of 
skin and soft tissues. C: amputated portion at the level of the tarsal bones; D: appearance of the stump after 
amputation; E: pre-drilling with drill; F: ITAP application with manual introducer; G: ITAP inserted; H: application 
of the Guide for locking the threaded pin with 1mm locking guide; I: myopexy and beginning of subcutaneous 
closure and J: Skin suture and final appearance. 

 

Aftercare and Follow-up 

Cefovecin Sodium (Convenia® - 8 mg/kg, subcutaneous every 15 days for 2 repetitions), 
meloxicam (Maxicam®- 0.05 mg/kg, orally every 24 hours for 5 days), and tramadol 
hydrochloride5 (Cronidor®- 1 mg/kg, orally every 12 hours, for 3 days). The patient remained 
hospitalized for 24h for surgical site monitoring. Within 24h, showed good adaptation to the 
external prostheses, and by one week, ambulated normally. The patient started the support of 
the external fixator on the day after the procedure with adequate adaptation, without pain and 
without claudication.  

After 6 weeks, the external fixator was removed and the exoprosthesis was fitted. The patient 
was reluctant to bear weight properly on the prosthetic limb, presenting with lameness and 
failing to adapt as expected. Pain was observed when attempting to support the limb, and at 
home, implant loosening occurred after the paw became caught on the stairs. 

After 30 days, the patient was evaluated, and implant instability was noted. Surgical revision 
was decided upon, consisting of implant removal, irrigation with Betadine solution, and 
collection of material for culture and antibiotic susceptibility testing. Finally, a modified Type 
1A external skeletal fixator was applied as an endo-exoprosthesis to manage periprosthetic 
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inflammation in preparation for future ITAP placement in the calcaneus or tibia. The procedure 
was minimally invasive, involving percutaneous insertion with a manual Jacobs introducer of 
two 2.0-mm Schanz pins, one placed proximally and the other more distally. This approach 
allowed treatment of the skin lesion while preserving limb support.  

 
Figure 8 - a: craniocaudal projection and b: lateral median radiographic projection; numbers images of the same 
moments over time. 1. Immediate postoperative day 0; 2. ITAP after 30 days of limb use (45 days total P.O) with 
periosteal reaction (yellow arrow); 3. First ITAP revision with temporary external fixator (total 60 days); 4: 
External fixator overhaul with 30 days (total 90 days) and 5: most 5 months post fixator (total 8 months fixator) 

Twenty-one days later, the cat returned with mild lameness. Radiographic evaluation revealed 
that one pin had fatigued. A minor surgical revision was performed, replacing all pins. This 
time, a 2.5mm diameter pin was placed proximal to the tibial plateau, along with two 2.0mm 
pins distributed along the diaphysis and distal epiphysis of the tibia. No postoperative 
complications were observed, and the patient rapidly adapted with early limb support. The 
response to limb uses with the external fixator was so pronounced that the owners decided to 
maintain the cat in this configuration. At 8 months postoperatively, follow-up showed no 
complications, with excellent adaptation, ambulation and owner satisfaction (Figure 8). 

CAT 5 

An 8-month-old intact female, 3.23 kg, mixed-breed, rescued with an unknown medical history, 
presented with absence of the distal third of the left tibia and absence of the phalanges of the 
right forelimb. The cat manifested limb-lift lameness of the left hind limb due to limb length 
discrepancy. Considering the young age, small tibial diameter, and ongoing bone growth, a 
modified type 1A external skeletal fixator (ESF) was selected to provide limb support and 
minimize overload on the remaining limbs during development. Preoperative planning was 
performed using radiographs.  

Surgical Technique  
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The cat was positioned in left lateral recumbency to facilitate a medial surgical approach to the 
tibia and pin orientation. A small skin incision was made with a scalpel (number 11) blade to 
facilitate transcutaneous pin insertion. Three Schanz pins were inserted along the residual tibia, 
the first pin was 2.5 mm in diameter, and the remaining two pins were 2 mm in diameter. All 
pins were placed using a manual Jacobs pin introducer without predrilling and connected to an 
aluminum rod, to which the 3D-printed exoprosthesis in TPU was directly attached (Figure 9). 
The distance between the connecting bar and the skin was approximately 5 to 8 mm, depending 
on the local soft tissue thickness, to allow daily cleaning and optimize the fixator. The surgical 
procedure lasted 25 minutes. At the end, the patient underwent immediate postoperative 
radiography (Figure 10). The cat was hospitalized for 24 hours for postoperative observation 
and initial management. 

 
Figure 9 - Intraoperative photographic images. A: preparation of the patient's limb; B: Percutaneous application of 
Schanz pin with manual introducer; C: Adjustment of the exoprosthesis compared to the contralateral limb; D: 
lateral image of the limb after fixation of the exoprosthesis. 
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Figure 10. Letter a: midlateral radiographic projection and (b) craniocaudal. 1: radiography of the right limb with 
a possible malformation or chronic metatarsal injury; 2: Left limb, image for surgical planning; 3: Immediate 
postoperative radiographic imaging with external fixator applied to the left tibia.  

Aftercare and Follow-up 

Postoperative treatment included amoxicillin + potassium clavulanate (20mg.kg dose every 12 
hours orally) for 7 days; meloxicam (0.05mg.kg once daily) for 5 days; tramadol hydrochloride 
(1mg.kg every 12 hours orally) for 3 days; in addition to daily cleaning of the external fixative 
with chlorhexidine-based antiseptic spray. The cat is adapting, physiotherapy twice a week, has 
satisfactory support of the limb, without complications so far 2 months postoperatively.  

CAT 6  

A 3-year-old intact female, 4kg, mixed-breed, rescued with an unknown medical history with 
open metatarsal fracture with irreversible vascular compromise. He first underwent damage 
containment surgery and after 60 days a hybrid endoexoprosthesis in the tibia (April 14, 2025). 
Presented immediate support and an ambulatory adaptation without claudication. However, 
after 4 months the skin began to retract, exposure of the implant and consequent skin 
contamination and osteomyelitis (Figure 11A). He was referred for care by our team to bring 
an alternative to the complication of endoexoprosthesis and amputation (August 2025). 
Clinically, the patient was well, with adequate support of the limb, but with significant 
discomfort and licking over the dressing. When evaluating blood tests, they showed 
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leukocytosis, anemia. A clinical treatment was then started and after 15 days we underwent 
surgical revision. 

 
Figure 11. A: photographic image of the patient's care after the ITAP complication (August 2025); B: Photographic 
image after tricotomy, wound cleaning and washing with saline solution; C: Midlateral (C) and craniocaudal (D) 
radiograph of the left tibia. 

Surgical Technique  

The planning consisted of removal of the endoprosthesis, copious washing with betadine, 
culture and antibiogram, followed by wound debridement, ostectomy of the distal tibia region 
to allow skin closure (Figure 12). After the surgical approach to the soft tissues, the external 
fixator modified to preserve the support of the limb was applied with the application of three 
Schanz pins using the manual Jacobs introducer percutaneously without pre-perforation. The 
first pin was proximal to the tibial plateau was 2.5 mm and two were 2.0 mm in the sequence 
towards the tibial shaft, as the distal region was compromised by infection and previous 
perforations. The exoprosthesis was connected to the bar immediately after the end of the 
procedure and sent for radiography (Figure 13).  
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Figure 12. Intraoperative photographs, A: left tibia after trichotomy and antisepsis; B: tibia after ITAP removal, 
black dotted line represents the height of the ostectomy to facilitate wound closure; C: tibia after distal ostectomy, 
betadine lavage, and soft tissue debridement; D: final appearance after skin suture. 

 

 
Figure 13. A: intraoperative photograph of the cranial and medial view (B) of the tibia with the application of the 
external fixator and exoprosthesis; C: craniocaudal and lateral median radiograph of the immediate postoperative 
period. 

Aftercare and Follow-up 

Postoperative treatment included amoxicillin + potassium clavulanate (20mg.kg dose every 12 
hours orally) for 7 days; meloxicam (0.05mg.kg once daily) for 5 days; tramadol hydrochloride 
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(1mg.kg every 12 hours orally) for 3 days; in addition to daily cleaning of the external fixative 
with chlorhexidine-based antiseptic spray. The cat has adapted well, demonstrating satisfactory 
limb support and remains pain-free, with no complications observed 30 days postoperatively. 

 
Figure 14. Photographs of patients with their prostheses. Cases 1 to 6, A to F respectively. 

RESULTS AND DISCUSSION 

We report a successful clinical case series involving the use of four intraosseous transcutaneous 
amputation prostheses (ITAPs) for limb preservation in three cats (Cats 1–3) with traumatic 
pelvic limb injuries. All three achieved satisfactory limb function and pain-free ambulation for 
8, 38, and 36 months postoperatively, respectively. Cats 1 and 2 eventually died at 8 and 38 
months after surgery, due to complications of Feline Leukemia Virus (FLV) and trauma from a 
dog attack, respectively. Cat 3 remains alive and continues to exhibit excellent functional 
outcomes with bilateral femoral ITAPs at 36 months postoperatively. 

This series highlights both the potential benefits and possible complications associated with 
ITAP application in feline pelvic limbs. Osseous integration was consistently favorable across 
cases, with firm implant anchorage and resilient skin–implant interfaces, without evidence of 
skin retraction or periprosthetic infection at medium- to long-term follow-up. This represents 
our case with the longest ITAP follow-up to date. It was also the most challenging, given the 
cat’s history of multiple previous surgeries aimed at salvaging the pelvic limbs. To the authors’ 
knowledge, this is the first report of bilateral mid-femoral endoprostheses in cats; only one 
previous case of bilateral distal femoral application has been documented (Mendonça et al., 
2023). The decision to pursue bilateral ITAP implantation was bold, yet it successfully avoided 
euthanasia, ensured quality of life for the patient, and satisfied the owners. 



45 
 

Although limb amputation is generally well accepted as a positive outcome in veterinary 
practice, detailed assessments of lifestyle or activity levels in postoperative populations are 
seldom reported, particularly in long-term follow-up (Dickerson et al., 2015; Goh et al., 2025). 
In our experience, increasing owner awareness of limb-preservation procedures has led to 
greater demand for such approaches, which are often advantageous compared with complete 
amputation. Frequently, distal limb injuries are managed with total amputation, thereby 
precluding the future application of ITAPs, endo-exoprostheses, or external SSPs. 

In Cat 5, the decision to employ an external skeletal fixator (ESF) rather than ITAP was inspired 
by previous clinical experience reported by Petazzoni and Maciejowski (2025). The patient’s 
young age, skeletal immaturity, and ongoing growth posed a risk for intraosseous implant 
failure. Therefore, an ESF was chosen to support skeletal development and allow functional 
adaptation with an external prosthesis. To the authors’ knowledge, this represents the first report 
of ESF prosthesis use in a cat younger than 1 year. Advantages of this approach include reduced 
risk of skin–implant contamination or implant exposure, minimal invasion, reduced operative 
time compared to other techniques as well as the possibility of immediate limb use. However, 
owners must be informed of potential mechanical complications, such as Schanz pin breakage, 
which require prompt surgical revision. 

Cats treated with ITAP did not experience implant-related complications despite limited access 
to advanced surface treatments such as acid etching, hydroxyapatite or calcium phosphate 
coatings (Fitzpatrick, 2011; Gorshkov, 2017), silver impregnation, or titanium nitride. ITAPs 
were originally developed through in vivo and in vitro studies based on the biology of deer 
antlers (Pendegrass et al., 2006). Fitzpatrick (2011) introduced perforated flanges and 
hydroxyapatite coatings to enhance osseous and dermal integration with favorable results. Our 
implants, in contrast, were manufactured as single-piece titanium alloy devices without 
coatings, yet clinical outcomes of osseointegration and dermal integration were satisfactory. 
One major challenge, implant exposure, was effectively mitigated through careful myopexy 
(Hsu, 2018). 

Cats 1, 2, and 4 received calcaneal ITAPs. To the authors’ knowledge, this is the first report of 
osseointegration in the calcaneus using an intramedullary threaded stem. This technique 
preserved the tibiotarsal joint, favoring feline biomechanics. Although previous studies have 
reported calcaneal preservation, some authors (e.g., Gorshkov, 2017) opted to initiate prosthetic 
design at the tibial level. In our approach, joint preservation was prioritized whenever possible, 
allowing for alternative options at more proximal levels in the event of complications. 

Only Cat 4 developed the anticipated complication of implant exposure due to insufficient skin 
coverage. After 8 weeks, aseptic loosening occurred, likely secondary to biomechanical failure 
of the exoprosthesis design, which generated excessive lever forces and intermittent lameness. 
Based on this experience, we recommend that exoprostheses designed for calcaneal ITAPs 
should incorporate a straight, non-angled paw. 

Following consultation with the owners, the ITAP was removed, and culture and sensitivity 
testing were performed in preparation for a new distal tibial ITAP. Meanwhile, to preserve limb 
support, an ESF was applied, inspired by the clinical approach of Petazzoni and Maciejowski 



46 
 

(2025). The outcome was so favorable that the owners elected to maintain the ESF permanently. 
At the time of writing (8 months postoperatively), the cat remained well adapted, with excellent 
function and high owner satisfaction. 

The adaptability and versatility demonstrated in Cat 4 motivated the subsequent use of ESF-
based prostheses in additional cases. This approach proved to be a valuable alternative for 
managing partial limb amputations and ITAP-related complications. Petazzoni and 
Maciejowski (2025) noted that, based on feline bone diameters and intramedullary canal size, 
external implants may provide superior biomechanical resistance compared with intramedullary 
devices. Although no ITAP failures occurred in our series, careful case selection and 
biomechanical evaluation remain essential. Moreover, external fixators represent a minimally 
invasive, versatile, and cost-effective option compared with titanium additive manufacturing 
(Arauz et al., 2021; Harrysson et al., 2015). 

Despite decades of research in humans, intraosseous prostheses remain underutilized in 
veterinary medicine, both among practitioners and owners (Pendegrass et al., 2006; Li & 
Felländer-Tsai, 2021; Kvale et al., 2022). We believe the present report may encourage 
veterinarians to develop expertise in limb-preservation techniques and to consider them as 
viable alternatives to total limb amputation. Unlike amputation, which is irreversible, socket 
prostheses, intraosseous prostheses, and ESF-based prostheses offer flexible, potentially life-
changing solutions across trauma, oncology, vascular, infectious, and neurologic conditions. 

Cats 4, 5, and 6 represent the first successful applications of ESF prostheses in feline tibias. 
These outcomes may directly inform the further development and wider application of this 
technique. In Case 6, a revision surgery was performed on a cat previously treated with a distal 
tibial endo-exoprosthesis at another institution. The patient presented with implant exposure 
and osteomyelitis, yet continued to bear weight. We suspect complications were due to an 
excessively bulky construct (two plates and an intramedullary stem), compounded by self-
trauma. Surgical revision involved thorough irrigation with povidone-iodine solution 10% 
(Meehan, 2025), debridement of necrotic tissue, wound closure, and stabilization with an ESF 
using percutaneous threaded pins. Remarkably, the cat resumed weight-bearing within 3 hours 
postoperatively. This approach allowed infection control, reconstruction of the soft tissues, and 
maintenance of prosthetic function. 

Complications should not be viewed as treatment endpoints. Multiple reports have documented 
successful revisions (Drygas et al., 2008; Pendegrass et al., 2006; Fitzpatrick et al., 2011; Goh 
et al., 2025), emphasizing that perseverance and case-specific adaptations can salvage limb-
preservation attempts. Solutions include the fabrication of a new ITAP, adjustment of the 
amputation level, or conversion to ESF prostheses, as described in this series. In our experience, 
complications are expected because implants are foreign bodies that traverse the skin and 
remain subject to predictable mechanical and biological risks (Drygas et al., 2008). No “perfect” 
implant exists; rather, meticulous surgical planning and case-by-case adaptation are key to 
minimizing complications. 

Based on our observations, several technical considerations are critical to success in limb-
preservation surgery: Surgical planning must be validated by an experienced orthopedic 
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surgeon to prevent biomechanical errors; Skin redundancy should be anticipated, leaving extra 
tissue for closure to avoid postoperative retraction; Layered dissection of skin and muscles at 
different levels is necessary to achieve adequate implant coverage; Myopexy must be performed 
correctly to secure muscle groups over the implant, preventing tissue retraction and implant 
exposure. Daily antiseptic pin care is essential for maintaining skin–implant integrity, whether 
in ITAP or ESF applications. 

Rising owner awareness of limb-preservation techniques is increasing demand for these 
procedures (Fitzpatrick et al., 2011; Mendonça et al., 2023). In our view, they offer advantages 
over irreversible total limb amputation (Dickerson et al., 2015; Kneringer & Schnabl-Feichter, 
2024). Whenever feasible, preservation of residual bone stock should be prioritized to maintain 
the possibility of future ITAP or ESF prosthesis application. 

We documented the clinical application of five ITAPs and three external fixators in six cats. 
Although our experience is encouraging, cautious interpretation is warranted when 
extrapolating these results. In our first ESF case (Cat 4), a Schanz pin fractured at 2 months. 
We had underestimated tibial pin requirements (initially two pins), but revision with three 
larger-diameter (2.5 mm) pins provided stable fixation that remains intact at 9 months 
postoperatively. 

Ultimately, the success of limb-preservation surgeries depends on multidisciplinary 
collaboration and alignment of expectations between surgeons and owners. Patient selection 
must consider clinical condition, comorbidities, temperament, and owner commitment. Without 
mutual dedication, limb-preservation is not recommended. 

The use of ITAPs and ESF-based prostheses for limb preservation in cats proved feasible and 
yielded favorable short- and long-term outcomes in this series of traumatic pelvic limb injuries. 
Despite minor complications, resolution was achievable, allowing limb preservation, improved 
quality of life, and high owner satisfaction. 
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CHAPTER 3 

Custom-made Endoexoprostheses for limb salvage in 5 dogs 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

**The chapter will be formatted and submitted to a journal of the authors' choice. 
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Custom-made Endoexoprostheses for limb salvage in 5 dogs 

De Freitas I.B., Dornbusch, P. T. 

Objective: To report clinical application of Endoexoprosthesis for limb salvage in 5 dogs. 

Study Design: Case series. 

Sample Population: Client owned dogs with bone tumor, traumatic limb injuries and 
malformation. 

Method: Limb partial amputation allowed insertion of the endoexoprosthesis into the Tibias 
(n = 5) and radius and ulna (n= 1). Remaining soft tissues including skin were attached 
around to the implant. The implants were produced by 3D printing titanium by Direct Metal 
Laser Sintering (DMLS) or machined in the alloy (Ti6Al4V), while the exoprostheses were 
individually customized through 3D printing using Thermoplastic Polyurethane (TPU) and 
aluminium. Measures of outcome included subjective assessments of limb function by 
owners and veterinarians and radiographic. 

Results: The patients demonstrated favorable outcomes with limb-preserving procedures, 
showing adequate limb support postoperatively and high owner satisfaction by avoiding total 
amputation. Although complications are common in such interventions, they were managed 
effectively. In this case series, observed complications included pin–skin interface infections 
(60%; dogs 1, 2, and 4), osteomyelitis (20%; dog 2), and exoprosthesis fractures (40%; dogs 
2 and 3). All patients received appropriate treatment and recovered, only the case 2 awaits 
resolution based on owner availability. No skin retraction or implant exposure was observed 
in this study, which we believe was largely attributable to the use of a simple myopexy device 
developed by the authors.  

Conclusion: 

The use of endo-exoprostheses for limb preservation is feasible and provided favorable 
short- and long-term outcomes in five dogs with bone neoplasms (3), malformations (1), or 
traumatic pelvic limb injuries (1). Complications occur but can be managed to preserve the 
affected limb, provide support, and maintain quality of life, with owner satisfaction. 
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INTRODUCTION 

Osteosarcoma (OSA) is the most prevalent primary bone tumor in dogs and represents a 
significant clinical challenge for veterinarians worldwide, with amputation of the affected 
limb considered the surgical gold standard for several decades (Dickerson et al., 2015; 
Wustefeld‐Janssens et al., 2020; O’Neill et al., 2023). 

Partial amputations for adaptation of socket or transcutaneous prostheses have evolved in 
human medicine and are beginning to gain traction in veterinary practice (Raske et al., 2015; 
Polton et al., 2025). Although both partial and total amputation allow for complete tumor 
removal with a low risk of infection, they may exacerbate pre-existing orthopedic alterations, 
particularly in large-breed animals, and can raise owner concerns regarding their pets’ quality 
of life (Kirpensteijn et al., 2000; Panichi et al., 2025). 

Technological innovations, particularly additive manufacturing (3D printing) (Thomas et al., 
2025), the use of advanced biomaterials, and the implementation of osteointegrated 
transcutaneous prostheses (ITAPs), represent significant advancements in the development 
of canine prosthetics (Fitzpatrick et al., 2011; Jeyapalina et al., 2019). These approaches 
have the potential to optimize locomotor function, enhance animal welfare, and expand 
available therapeutic options (Kimura et al., 2025). However, the integration of these 
techniques into routine veterinary practice depends on controlled clinical studies, 
standardized surgical protocols, and systematic evaluation of long-term functional and 
survival outcomes (Harrysson et al., 2015; Arauz et al., 2021; Yazawa et al., 2024). 

Socket prostheses (SSPs) remain the most frequently reported form of amputation prosthesis 
in veterinary literature (Rosen et al., 2022; Wendland et al., 2023). Challenges primarily 
relate to species variability and patient-owner compliance. The main complications include 
discomfort, infection, pressure ulcers, necrosis, poor fit, device failure, and poor patient 
acceptance (Marcellin-Little et al., 2015; Overmann and Forsberg, 2019; Wagner et al., 2022; 
Kneringer and Schnabl-Feichter, 2024). 

Endo-exoprostheses are limb-preserving surgical devices developed to address the 
limitations of SSPs. Through an internal implant (endoprosthesis) anchored to the patient’s 
bone, an exoprosthesis can be connected via a percutaneous connector rod that transverses 
the skin. Despite advances, reports in veterinary medicine remain limited, including 
transcutaneous tibial implants in a dog (Drygas et al., 2008), intraosseous transcutaneous 
amputation prostheses (ITAP) in four dogs (Fitzpatrick et al., 2011), bilateral femoral 
application in a cat (Mendonça et al., 2023), and the innovative custom-made bilateral 
femoral fixation in a cat (Petazzoni and Maciejowski, 2025). 

The main challenges associated with amputation prostheses are the maintenance of healthy 
bone-implant and skin-implant interfaces, implant exposure, fractures, and stump infections. 
Several studies have sought to address these challenges and reduce complications, ranging 
from implant customization to advanced surface coatings, which continue to evolve 
(Pendegrass et al., 2006; Drygas et al., 2008; Fitzpatrick et al., 2011; Li and Felländer-Tsai, 
2021; Mendaza et al., 2022; Kvale et al., 2022). 
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We hypothesized that the application of an endoexprostheses would be technically 
achievable, foster stable and long-lasting integration with osseous and dermal tissues, and 
facilitate functional limb use when paired with an appropriate exoprosthesis. Our objective 
was to describe the development, application, monitoring and complications in 6 
endoexoprostheses in 5 dogs. 

 

MATERIALS AND METHODS 

This study was approved by the Ethics Committee on the Use of Animals (CEUA) of the 
Agricultural Sciences Sector at the Federal University of Paraná (UFPR), Brazil, under 
protocol number 051/2022, in accordance with the regulations issued by the National 
Council for the Control of Animal Experimentation (CONCEA). All owners signed an 
informed consent form prior to participation in the study. 

Each patient was evaluated according to their clinical, physiological and biomechanical 
characteristics in search of the best development of the implant for limb preservation.  

The implants were produced by 3D printing titanium by Direct Metal Laser Sintering 
(DMLS) or machined in the alloy (Ti6Al4V). 

The surgical planning of the amputation site of each limb consisted of measuring the 
diameter of the medullary canal and its corticals based on orthogonal radiographic 
projections and/or computed tomography of the limb using medical imaging software, 
Radiant® DICOM Viewer software. 

From this careful medical evaluation, the implants were designed and applied in each case. 
The machined implants had an average production time of 8 days, while the titanium 3D 
printed implants were 30 days. The exoprostheses were made in CAD software (Fusion 360® 
and SolidWorks®) and FDM 3D printing in Thermoplastic Polyurethane (TPU) or 
manufactured in aluminum. 

The specific patient devices were produced by Cão Medica®, Engevet® and Cubo 
Biomedical® company 3d titanium. They ranged from intramedullary (Fig 1A), hybrids (Fig 
1B, E) and orthogonal plates (Fig 1C, D). 

 
Figure 1. Illustrative image of the implant planning for patients in two views, cranial and medial, respectively, 
from dog 1 (A) to dog 5 (E). 
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The inclusion criteria for this case series were dogs treated in the orthopedic routine with 
bone neoplasia, malformation and severe musculoskeletal trauma that allowed the use of 
endoexoprosthesis for limb preservation. Cancer patients were only submitted to the surgical 
procedure after staging and exclusion of metastasis. 

RESULTS  

Dog 1 

A 12-year-old neutered male, 31kg, Cimarron Uruguay was admitted for evaluation of 
intermittent progressive left pelvic limb lameness. The patient presented with mild swelling 
in the distal region of the tibia and was referred for orthopedic evaluation and possible limb-
sparing selection. Orthogonal radiographs revealed increased volume and evidence of 
osteolytic lesions in the distal third of the left tibia. A bone biopsy and computed tomography 
were recommended to enable tumor resection and limb preservation with a customized 
implant. However, between the time of the biopsy and the CT scan, the owner declined any 
surgical procedure. The biopsy result indicated benign spindle cell proliferation, and the 
owner refused surgical intervention, believing it was not a neoplasm. The tumor 
subsequently exhibited slight growth, and once the patient was unable to bear weight on the 
limb, the owner returned seeking treatment. Conservative techniques were excluded due to 
tumor progression, and partial amputation at the mid-tibia level was selected for the 
application of an osseointegrated prosthesis. The patient underwent preoperative 
evaluations, including bloodwork, cardiac examination, and thoracic radiography, all of 
which showed no abnormalities. Computed tomography was used for surgical planning, 
osteotomy level determination, implant customization, and endo-exoprosthesis design with 
the aid of CAD software. The implant was machined from titanium and consisted of a 
threaded intramedullary pin with a diameter of 11.5 mm, a proximal hole for fixation with a 
2.5 mm Steinmann pin, a flange 22 mm in width, and a connector rod 8 mm in diameter. 
Additionally, a surface treatment known as “shot peening” was applied to the titanium flange 
and the initial portion of the connector rod (Fig. 2D). 

Surgical Technique 

The patient was positioned in dorsal recumbency, with a skin incision made at the distal third 
and a muscular incision at the mid-third of the limb. A transverse osteotomy was performed 
using a sagittal saw blade under continuous saline irrigation of both the blade and bone. After 
partial limb removal, the intramedullary canal was prepared with sequential reamers ranging 
from 3.5 mm to 9 mm in diameter. The threaded intraosseous implant was then inserted with 
the aid of a manual Jacobs chuck introducer. During surgery, an intraoperative complication 
was encountered in which the implant diameter exceeded the actual canal size. This issue 
was resolved by additional canal reaming followed by final impaction of the prosthesis. The 
musculature was sutured around the implant flange with 0 nylon, the soft tissues with 2-0 
nylon, and the skin with 3-0 nylon. The amputated limb was submitted for histopathological 
examination. Due to the technical difficulty encountered during implant insertion and to 
promote osseointegration, the patient was restricted from weight-bearing on the implant for 
three weeks. 
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Figure 2. Photographic images of the intraoperative moment of the patient 1. A: lateral view of the distal tibial 
neoplasm and B: frontal view; C: surgical appearance after amputation; D: intramedullary implant; E: frontal 
and lateral view (F) after surgery and G: final frontal and lateral aspect (H) after the application of the 
exoprosthesis. 

 

Aftercare and Follow-Up  

The patient was hospitalized for 24 hours for initial care in the hospital. Received cephalexin 
(22 mg/kg orally every 12 hours) was administered for 21 days; meloxicam (0,1 mg/kg orally 
every 24 hours) for 5 days; tramadol hydrochloride (1 mg/kg orally every 12 hours) for 5 
days; dipirona (25mg/kg orally every 12 hours) for 5 days and neomycin ointment was 
applied to the skin-ITAP interface at the time of bandage change. After 15 days, the 
histopathological result came out, which confirmed Grade III Osteosarcoma. He was referred 
for oncological care and chemotherapy with Doxorubicin every 21 days + Piroxicam for 21 
days.  

After three weeks, the exoprosthesis was implanted, and the patient adapted quickly, 
achieving adequate weight-bearing without pain or lameness. Following the second 
chemotherapy session (42 days postoperatively), the patient developed an inflammatory 
reaction around the implant. A culture and antimicrobial susceptibility test were performed, 
revealing contamination by Proteus sp., which was sensitive to several antibiotics. 
Amoxicillin–clavulanate (22 mg/kg, every 12 hours for 15 days) was selected, effectively 
controlling the periprosthetic infection. The patient remained clinically stable, well-adapted, 
and ambulated normally using the prosthesis, with the owners reporting high satisfaction, 
while continuing the chemotherapy protocol. Unfortunately, six months after surgery, the 
patient developed pulmonary metastasis and was euthanized. 

DOG 2  

An 8-year-old intact male, 18.9kg, mixed-breed was rescued after had been abandoned on 
the train tracks, where it was struck by a train, resulting in the loss of the distal portion of 
both tibias and presenting in a state of shock. An initial emergency surgery was performed, 
consisting of an amputation as distal as possible in order to preserve soft tissues for wound 
closure and to allow subsequent application of an endoexoprostheses at the tibias. The patient 
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initially received treatment to repair severe limb injuries and, after nine months, underwent 
CT imaging for the planning of customized intraosseous percutaneous endoprostheses. The 
implants were designed using CAD software (Fusion 360), and 3D-printed PolyLactic Acid 
(PLA) biomodels were produced to test and correct potential planning errors. After several 
trials, hybrid implants were selected, consisting of an internal rod combined with a medial 
locking plate, with its screws traversing the rod. The finalized files were then sent for 3D 
printing in titanium using laser sintering (Fig. 3). Following printing, the implants were 
forwarded to a veterinary company for machining of the locking screw threads in the plate 
holes with locked titanium screws 2.7mm. 

 
Figure 3 A: Final 3D prototyping of the patient's implants. B: Completion of the laser printing of the titanium implants. C: 
Presentation of the implant after removal of the holders. Carried out in partnership with the Renato Archer Information 
Technology Center – Campinas -SP.  

 

Surgical Technique 

The patient was positioned in dorsal recumbency, and an iodophor adhesive drape was 
applied to protect the surgical field and reduce potential skin contamination (Fig. 4A). 
Medial tibial incisions were performed, followed by muscle dissection. Distal stump 
ostectomies were carried out using a sagittal oscillating saw with a 1-mm blade (Fig. 4B). 
The medullary canal was subsequently prepared with reamers to achieve a diameter of 6–8 
mm, and the plate fitting site was refined using a 2-mm Kerrison rongeur. After positioning 
the implants into the intramedullary canal, locking screws were inserted with the aid of the 
Engevet guiding system. The porous collar was designed to promote both osseointegration 
and dermal integration. Musculature was sutured using PGCL 0 suture material, and the skin 
was closed with 3-0 nylon (Sultan). At the conclusion of the procedure, the patient’s 
exoprostheses were attached (Fig. 4). 
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Figure 4. A: Photograph of the patient in the supine position properly dressed for the surgical procedure. B: 
caliper with measurement for resection and alignment of the left pelvic limb stump; C: milling of the 
intramedullary canal with a drill; D: preparation of the channel; E: implant properly applied in the left tibia; F: 
final aspect of the skin suture and stump of the left limb; G: right and left limb (H) after the end of the procedure 
with coupled exoprosthesis; I: Patient's posture before the procedure; J: Patient's posture 4 hours after the 
limbsalvage procedure. 

Aftercare and, Follow-Up 

Postoperative treatment included Cefovecin Sodium (Convenia® - 8 mg/kg, subcutaneous 

every 15 days for 2 repetitions), meloxicam (Maxicam®- 0.1 mg/kg, orally every 24 hours 

for 5 days), tramadol hydrochloride5 (Cronidor®- 2 mg/kg, orally every 12 hours, for 5 

days), dipirona (25mg/kg every 12hours for 5 days) and daily cleaning with chlorhexidine-

based antiseptic once daily, continuous use. The patient remained hospitalized for 24h for 

surgical site monitoring. The patient experienced difficulty ambulating with the prostheses, 

which were slightly long and structurally fragile. After a few hours of use, the left 

exoprosthesis collapsed and required replacement. The patient subsequently ambulated well 

for six months; however, the right external prosthesis, being longer, exerted a lever effect 

that resulted in instability of the intraosseous implant. Consequently, the implants were 

removed, followed by Betadine lavage (Meehan, 2025), culture, and antibiogram testing. 

Local application of calcium sulfate impregnated with vancomycin and gentamicin was 

performed to control the local infection and allow for future surgical revision. 
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Figure 5. X-rays of the patient in the immediate postoperative period. A: anteroposterior projection of the right and left 
limb (B). C: medial-lateral radiographic projection of the right and left limb (D) 

DOG 3  

A 2-year-old intact female, 30kg, golden retriever, with malformation in the radius and right 

ulna. Performed radiography for follow-up during growth and computed tomography for 

surgical planning and customization of the dedicated implant. Due to the limited bone stock, 

it was not possible to place an osteointegrative implant. Therefore, two plates one on the 

radius and the other on the ulna were used in an attempt to preserve and utilize the remaining 

limb stump. The implant was designed in CAD software and 3D printed in titanium by Direct 

Metal Laser Sintering (DMLS) by Cubobiomedical® and received surface treatment with 

titanium nitride. The external prosthesis was 3D-printed using TPU and cutting guide were 

customized to assist in osteotomy. 

Surgical Technique  

Following appropriate limb preparation, the patient was positioned in left lateral 

recumbency, and the surgical site was aseptically prepared with 0.5% alcoholic 

chlorhexidine and draped with a sterile field. A craniolateral approach to the radius was 

performed, with a skin incision dissection and distal region exposure for application of the 

3D guide in PoliLactic Acid High Temperature (HT-PLA) sterilized in autoclave. In this case, 

the stump was preserved without distal incision. A central perforation was created, and the 

external connecting rod was passed through it to minimize skin retraction and implant 

exposure. The cranial aspect of the radius and the lateral aspect of the ulna were minimally 
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dissected to reduce the risk of complications, such that the main incision was limited to the 

lateral surface. The plate was positioned, and the holes were filled with 3.5-mm in the ulna 

and 2.7mm in the radius with titanium locking screws. Muscular closure was performed 

using 2-0 polydioxanone (PDS) with interrupted and Sultan sutures, and dead space was 

minimized with 3-0 PDS. The skin was closed with 3-0 nylon sutures (Figure 6). 

Endoexoprosthesis was coupled 1 week after the operation due to the time for its 

manufacture. 

Aftercare and Follow-up 

Postoperative treatment included Cephalexin (22 mg/kg, orally every 12 hours) for 15 days, 

meloxicam (0.1 mg/kg, orally every 24 hours) for 5 days, tramadol hydrochloride (4 mg/kg, 

orally every 12 hours) for 5 days, dipirona (25mg/kg orally every 12hours) for 5 days and 

daily cleaning with chlorhexidine-based antiseptic and neomycin ointment was applied to 

the skin-pin interface once daily, for 30 days. The patient remained hospitalized for 24hours 

for surgical site monitoring. After 1 week, the prosthesis was attached and physiotherapy 

was started 2 times a week for adaptation. There was no contamination at the pin-skin 

interface, seroma or any other complication. After 45 days, the patient cracked the 

exoprosthesis and was replaced. At the time of this report, 6 months postoperatively, the 

patient exhibits no signs of pain or orthopedic complications and uses the member 

satisfactorily. 

 



60 
 

 
Figure 6. Stages of the surgical procedure. A: preparation and incision of skin on the lateral aspect of the 
malformed limb. B: dissection preserving the patient's stump; C: Application of the 3D printed cutting guide 
in PLA HT; D: final appearance after osteotomy with a linear saw; E: application of the prosthesis in the limb; 
F: photograph shows the final aspect of the surgical procedure around the external implant and a lateral view 
(G); H: anteroposterior and medial lateral radiographic projection (I) of the right elbow; J: Radiograph of the 
patient in the immediate postoperative period in the anteroposterior and medial lateral projection (K). 

 

DOG 4 

A 10-year-old neutered female German Shepherd, weighing 36.8 kg, presented for 

orthopedic evaluation due to left pelvic limb lameness. Since January, the owner had sought 

veterinary care in an attempt to clarify the diagnosis. In February 2025, a bone biopsy was 

performed at another service, where osteomyelitis was suspected. Histopathology revealed 

multifocal to coalescing osteonecrosis (mild to moderate), mildly atypical spindle cell 

proliferation, and bone proliferation with remodeling. The patient was treated for 

osteomyelitis without improvement, with progressive bone enlargement. In May 2025, the 

owner sought our team, and bone tumor was immediately suspected. Surgical planning was 

initiated using orthogonal radiographs. For this case, an orthogonal double-plate implant was 

selected, particularly due to the strong suspicion of malignancy and the prolonged period of 

unsuccessful clinical management. The implant was machined in titanium, consisting of one 

cranial and one medial plate with 3.5-mm locking screws and an external connector rod 
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measuring 8 mm. To prevent excessive skin retraction, we developed a myopexy device (Fig. 

7G), consisting of a perforated titanium component that allows fixation of soft tissues and 

reduces tractional forces on the stump. The exoprosthesis was fabricated in aluminum (Fig. 

7H, I). 

Surgical Technique  

The surgical procedure was similar to the technique described in dog 1 The patient was 

positioned in dorsal recumbency, and the limb was prepared and draped with surgical 

adhesive. A skin incision was made at the distal third of the tibia, with muscle resected at the 

mid-diaphyseal level and bone transected proximally to ensure adequate surgical margins. 

Osteotomy was performed using an oscillating saw under continuous irrigation with saline 

solution to prevent thermal necrosis. Minimal dissection was then carried out to allow 

insertion of the locking screws, followed by muscle closure. In this patient, a device for 

myopexy was developed, which enabled approximation of the surrounding muscles to the 

implant using 2-0 nylon in Sultan sutures, subcutaneous closure with 3-0 polyglycolide-co-

caprolactone (PGCL), and skin closure with 3-0 nylon in Sultan suture (Fig 7). A temporary 

exoprosthesis was placed in the patient while the final version was ready. The removed limb 

was sent for histopathology. 
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Figure 7. Photographs of the surgical approach. A: Preparation of the patient and skin incision just above the 
tumor. B: dissection of soft tissues and identification of neoplasia; C: lateral view after the application of the 
plate to the patient's tibia and frontal view (D); E: final appearance of the stump after the procedure and skin 
suture. F and G: photograph of the titanium machined implant in the medial view and the presence of the device 
for myopexy (yellow arrow); H: photograph of the medial and cranial view (I) of the aluminum machined 
exoprosthesis; J: appearance of the surgical wound 15 days after surgery; k: patient adapting to the prosthesis. 

Aftercare and Follow-up 

Cephalexin (20 mg/kg, orally every 12 hours) for 15 days, meloxicam (0.1 mg/kg, orally 

every 24 hours) for 5 days, tramadol hydrochloride (4 mg/kg, orally every 12 hours) for 3 

days and dipirona (25mg/kg orally every 12 hours) for 5 days. Use of an Elizabethan collar 

was mandatory until suture removal at 15 days, and daily wound dressing with povidone-

iodine was performed. The patient remained hospitalized for 24h for surgical site monitoring. 

During hospitalization, the patient already began to show interest in bearing weight on the 

limb. After 5 days the Histopathological examination revealed a highly productive 

osteoblastic osteosarcoma. 

After 2 weeks, the patient returned for evaluation, suture removal, and replacement of the 

definitive external prosthesis. The patient was consistently weight-bearing, without lameness 

or pain, and exhibited good skin-to-implant healing. The immediate postoperative and 30-
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day radiographs are shown in Figure 8. Due to financial constraints, the owner was only able 

to initiate chemotherapy with carboplatin 45 days after surgery. At the time of this report, 

the dog was in good condition, with no skin retraction, well-adapted, and undergoing 

chemotherapy sessions (4 months postoperatively). 

 
Figure 8. 1A: Preoperative X-ray of the patient in the craniocaudal and medial lateral view(1B); Immediate 
postoperative radiograph in cranial (2A) and mediolateral (2B) views; 3A: X-ray 30 days postoperatively in 
the cranial and mediolateral view (3B) of the patient with the connected exoprosthesis. 

DOG 5 

A 6-years-old neutred male, 42kg, Belgian Shepherd Groenendael. The patient presented 
with right hindlimb lameness and had previously undergone evaluation by an oncologist, 
who performed a bone biopsy due to suspected Distal tibial osteosarcoma. Computed 
tomography was requested to evaluate the presence of pulmonary metastases and to assist in 
surgical planning of the affected limb, surgical planning, implant development, and 
exoprosthesis. Development of an implant with an internal nail and medial locked plate. 
Osteotomy guide was also produced by 3D printing in biocompatible resin and the implant 
was produced by 3D printing titanium.  

Surgical Technique  

The dog was positioned in dorsal recumbency to facilitate a surgical approach to the tibia. 
Once properly prepared, the limb was isolated with iodophor adhesive, and a skin incision 
was made at the distal third, with the muscle incision slightly more proximal and the 
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osteotomy performed at the mid-diaphyseal level of the tibia with the 3D cutting guide, 
ensuring adequate surgical margins. The blood vessels were ligated using 2-0 PGCL, and 
after removal of the distal portion of the limb, the intramedullary canal was prepared. 
Subsequently, the implant was positioned and secured with three 3.5-mm diameter locking 
screws, each 26 mm in length. A titanium myopexy device was fabricated, and the 
musculature was sutured through its holes using 2-0 nylon to ensure proper fixation and 
prevent postoperative complications. The subcutaneous tissue was closed with 2-0 PGCL, 
and the skin was sutured with 3-0 nylon in a Sultan pattern. At the end of the procedure, the 
exoprosthesis was attached, and the patient was transferred to anesthetic recovery (Figure 9) 
and underwent postoperative radiography (Fig 10). The patient was aggressive in behavior; 
therefore, it was discharged home 4 hours postoperatively. 

 
Figure 9. A: photograph of the implant printed on titanium; B: intraoperative imaging after tumor resection; C: application 
of the implant; D: final appearance of the limb after surgery and (E) applied exoprosthesis at the end of the procedure. 

Aftercare and Follow-up 

Postoperative treatment included amoxicillin + potassium clavulanate (20mg/kg dose every 
12 hours orally) for 7 days; firocoxib (5mg/kg once daily) for 5 days; tramadol hydrochloride 
(4mg/kg every 12 hours orally) for 3 days; in addition to daily cleaning at the interface skin-
pin with chlorhexidine-based antiseptic spray. The amputated limb was submitted for 
histopathological examination to guide further treatment. The dog is adapting, has 
satisfactory support of the limb, without complications so far 15 days postoperatively.  
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Figure 10. A: Photograph showing the patient's pelvic limbs, the increase in volume in the right heel is noted; B: 
segmentation of the tomographic image for preoperative evaluation and surgical planning; C: immediate postoperative 
radiograph in craniocaudal and medial lateral view(D); E: final and comparative aspect with the contralateral limb. 

DISCUSSION 

We report a series of five dogs with endo-exoprostheses in the pelvic limb: three cases due 

to neoplasia (cases 1, 3, and 5), one case of severe trauma affecting both tibiae (case 2), and 

one case of congenital malformation of the radius and ulna (case 3), totaling six implants 

(Figure 11). Of the five dogs, three cases (2, 3, and 5) involved customized implants 

produced via 3D-printed titanium, while the remaining two cases (1 and 4) utilized machined 

titanium implants. 

 
Figure 11. The five patients in chronological order described in the work with their prostheses. 
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Case 2 represented our first patient with a titanium implant manufactured via DMLS. 

Surgical planning was particularly challenging due to the patient being a shelter dog with 

several dermatological comorbidities and the requirement for bilateral tibial application. 

Despite these challenges, the procedure was successfully performed, allowing functional use 

of the limbs for six months. After this period, the patient developed a stifle infection, with 

loosening of the right-side implant and periosteal reaction on the left side. Both implants 

were subsequently removed, and cultures and antibiograms were performed to guide 

appropriate treatment, with future surgical revision planned. 

We believe two factors contributed to the failure in this case: (1) no post-printing finishing 

was performed on the titanium implant, leaving the external component—connecting to the 

prosthetic paw—rough (while the internal component roughness was desired), and (2) 

limitations in the design and material strength of the exoprosthesis, which suffered fatigue 

hours after use. Biomechanically, this created a lever effect on the implant fixed to the bone, 

progressively forcing the implant until instability and contamination occurred. The team 

considers two possible solutions: customization of two new endo-exoprostheses with 

appropriate external finishing or use of an external skeletal fixator as a limb prosthesis, as 

described by Petazzoni and Maciejowski (2025) in a cat, and with clinical experience in 

medium- to large-sized dogs. 

Large-breed dogs have a higher incidence of bone tumors and are frequently candidates for 

total limb amputation. This scenario has evolved due to technological advances and 

increased awareness among owners and veterinarians. It is important to emphasize that 

indications for endo-exoprostheses must be carefully considered, ranging from potential case 

selection to the level of owner commitment throughout the treatment (Mendonça et al., 

2023). 

Case 3 was our second titanium 3D-printed implant. Malformation of the forearm with radial 

head luxation and angular deviation posed a significant challenge in deciding whether to 

preserve the elbow. We opted for a more robust stabilization of the ulna to allow joint 

mobility and better patient adaptation. In the event of bone or implant complications, the 

humerus could be used as a support for a new intraosseous implant. The patient undergoes 

physiotherapy twice weekly to assist with prosthetic limb support and weight bearing. 

We observed that patients with preoperatively healed stumps did not experience 

complications related to skin retraction. We attribute this phenomenon to prior or naturally 
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healed myopexy. Nonetheless, we recommend preserving distal healing and applying the 

transcutaneous pin through a different stoma than the primary approach. This preserves soft 

tissue approximation and reduces skin-implant inflammatory processes. 

For patients without a preexisting stump, as in cases 1, 4, and 5, we used a device for 

myopexy, which aided in the fixation of muscles and soft tissues. No postoperative skin 

retraction was observed, suggesting this may be a viable solution for similar complications 

in future cases. Gottschalk (2016) and Hsu (2018) describe myopexy in transfemoral human 

amputees as a procedure to stabilize the adductor magnus muscle, maintaining both the 

mechanical axis and femoral alignment. This facilitates prosthetic adaptation and improves 

gait. 

The three neoplasm cases were distal to the pelvic limb: two in the tibia and one in the 

calcaneus. Case 4 had sought veterinary care since January 2025 and underwent unsuccessful 

treatment for fungal and bacterial osteomyelitis. Nonetheless, limb-sparing treatment of the 

proximal tibia was possible, particularly given the dog’s large size, as we know that, in the 

medium- to long-term, other limbs and the vertebral column may be affected (Kirpensteijn, 

2000). Case 2 represents a medium-sized patient (18.9 kg) with bilateral lesions, while the 

other dogs were large breed with a mean weight of 34.9 kg. 

Neoplasms were predominantly osteosarcomas, diagnosed histopathologically (cases 1, 4, 

and 5). Unfortunately, dog 1 was euthanized six months postoperatively due to pulmonary 

metastasis. Dog 4 is six months postoperative, receiving oncologic treatment with preserved 

quality of life, limb support, and owner satisfaction. Dog 5 was the last to undergo surgery 

and will begin the appropriate chemotherapy protocol. 

Patient and owner selection is critical for success. Complications are expected in these 

approaches, as the implant is a foreign body subjected to daily mechanical stress. The animal 

must tolerate handling, medication administration, and wound care, while the owner must 

commit to maintaining functional prosthetic support to optimize quality of life. When 

complications arise, it is important to remember that they can be resolved, as described by 

Drygas (2008), Fitzpatrick (2011), and Petazzoni and Maciejowski (2025), and do not 

necessarily mandate total limb amputation. 

Exoprostheses currently lack standardization across species. We encountered significant 

challenges in producing devices sufficiently strong and effective, which likely contributed 

to implant instability in case 2. This field remains underexplored both clinically and 
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biomechanically, particularly regarding real-life gait simulation in heavy patients. Common 

3D-printed materials often cannot withstand such loads, and no material currently combines 

sufficient flexibility to bear weight, deform, and avoid fracture at the exoprosthesis 

extremity. Greater flexibility in the “foot” component may reduce implant stress and prevent 

cyclical loading and fracture. As publications like this increase, veterinarians and engineers 

can develop improvements for future cases. 

Access to titanium 3D printing (DMLS) in Brazil remains limited and costly, restricting 

widespread use of custom-made implants. Through research collaboration, we applied the 

technique in three patients; however, the interval between planning and printing was longer 

(mean 30 days) than for machined implants. Few veterinarians possess CAD modeling skills, 

complicating implant and exoprosthesis design, as engineers often lack comprehensive 

anatomical knowledge necessary for optimal planning, guide application, and biomechanics. 

We anticipate these challenges will be overcome as more veterinary professionals acquire 

software proficiency, reducing production time. 

Surgical planning must be led by an experienced veterinary orthopedic surgeon, as even with 

an experienced team, errors may occur. Despite multiple virtual planning iterations, use of 

bone biomodels, and preoperative rehearsal, intraoperative challenges—such as tumor 

enlargement or guide fracture—can compromise the procedure. Expertise is essential for 

limb-sparing surgery, which may appear straightforward but involves detailed soft tissue 

management. 

Complications observed in this case series included: pin–skin interface infection (60%; dogs 

1, 2, 4), osteomyelitis (20%; dog 2), and exoprosthesis fracture (40%; dogs 2 and 3). All 

patients received appropriate treatment, and only case 2 awaits resolution based on owner 

availability. Several studies document successful revision procedures in endo-exoprosthesis 

complications, demonstrating that perseverance and consistency can yield positive outcomes 

and preserve the limb (Pendegrass, 2006; Drygas et al., 2008; Fitzpatrick et al., 2011; 

Gorshkov et al., 2017; Goh et al., 2025; Petazzoni and Maciejowski, 2025). Management 

strategies range from fabrication of a new intraosseous implant, modification of amputation 

level, to use of external fixators as limb prostheses. Despite complications in this series, 

investing in limb-salvage solutions is a valid and promising alternative. 

3D printing in small animal orthopedics represents a revolutionary tool, capable of 

transforming complex case management through customized functional solutions. Despite 
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advances, standardization, new biomaterials, and clinical studies are required to establish 

routine practice (Memarian et al., 2022; Kimura et al., 2025; Sarpong et al., 2025). 

We believe this work may encourage veterinarians to specialize in this technique and 

recommend limb-salvage procedures, providing a tangible alternative to total limb 

amputation. While amputations are irreversible, socket prostheses, intraosseous implants, 

and external fixator prostheses can become increasingly utilized, transforming veterinary 

practice in traumatology, oncology, and other fields. 

Key points to reduce endo-exoprosthesis complications include: (1) surgical planning must 

be validated by an experienced veterinary surgeon to minimize biomechanical and technical 

errors; (2) anticipate skin retraction at closure, leaving excess tissue; (3) section skin and 

muscles at different heights for optimal implant coverage; (4) myopexy involves correctly 

suturing muscle groups over the implant or bone, preventing muscular and dermal retraction 

and implant exposure. In this series, the authors developed a rounded, perforated titanium 

device to aid muscle fixation and prevent retraction; (5) continuous daily antiseptic cleaning 

is essential for pin–skin integrity and infection prevention. 

The use of endo-exoprostheses for limb preservation is feasible and provided favorable 

short- and long-term outcomes in five dogs with bone neoplasms (3), malformations (1), or 

traumatic pelvic limb injuries (1). Complications occur but can be managed to preserve the 

affected limb, provide support, and maintain quality of life, with owner satisfaction. 
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FINAL CONSIDERATIONS 

This thesis demonstrates that the development and clinical application of custom-

made endo-exoprostheses, supported by advanced 3D modeling and additive manufacturing, 

represent a feasible and promising alternative for limb preservation in veterinary medicine. 

The results obtained in cats and dogs indicate that, despite the inherent surgical and 

biomechanical challenges, this approach can restore limb support, enable functional 

rehabilitation, and provide substantial improvement in the quality of life of partially 

amputated patients. 

The case series presented herein confirmed that complications—such as infection, 

implant instability, and exoprosthesis fractures—are relatively frequent but can be 

strategically managed without requiring total limb amputation. Importantly, the absence of 

skin retraction or implant exposure in this study underscores the relevance of appropriate 

surgical planning and the adoption of a simple yet effective myopexy device developed by 

the authors. 

However, several obstacles still hinder the widespread adoption of this technique. 

Among these are the high costs and limited availability of titanium 3D printing, the lack of 

standardization in prosthetic design across species, breeds, and the need for closer 

collaboration between veterinarians and engineers to optimize implant design and surgical 

execution. In addition, further research is needed to refine biomaterials, enhance soft tissue 

integration, and evaluate long-term functional and biomechanical outcomes in larger 

cohorts. 

Beyond its direct clinical contributions, this work emphasizes the transformative 

potential of 3D printing in veterinary orthopedics. By enabling the production of patient-

specific implants and devices, additive manufacturing expands treatment options in 

traumatology, oncology, and congenital malformations. The findings of this thesis contribute 

to consolidating limb-salvage techniques as realistic alternatives to total amputation, 

aligning veterinary practice with ongoing advances in human osteointegration surgery. 

In conclusion, the application of endo-exoprostheses in small animal practice is not 

only technically feasible but also clinically advantageous. With continued refinement of 

surgical protocols, biomaterials, and prosthetic designs, and with the growing expertise of 

veterinary professionals in digital planning and custom implant fabrication, this technique 

has the potential to become a standard tool for limb preservation. Ultimately, investing in 

the development of endo-exoprostheses represents a significant step toward improving 

animal welfare and redefining the limits of orthopedic surgery in veterinary medicine. 
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