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ABSTRACT 

 

INTRODUCTION 
 
Anterior cruciate ligament reconstruction (ACL-r) is a common surgical procedure 

designed to restore knee function and stability following ligament injury. Although 

significant advances have been made in surgical techniques, postoperative 

complications, particularly infections, continue to pose a challenge to achieving 

optimal outcomes. Infections after ACL-r surgeries can lead to graft failure, 

prolonged recovery, and even additional interventions. This thesis focuses on two 

critical issues related to ACL-r surgeries. One is the safety and effectiveness of 

vancomycin presoaking of grafts as a prophylactic measure against infections. 

The other is the potential role of quadrupled hamstring tendon (4×Ht) grafts, 

specifically the presence of sutures, as an independent factor that contributes to 

higher infection rates when compared to bone-patellar-tendon-bone (BPTB) 

grafts. 

 

SCIENTIFIC JUSTIFICATION 
 
Infections following ACL-r, though relatively uncommon, can significantly impact 

patient outcomes and increase healthcare costs. The prophylactic use of 

vancomycin presoaking has emerged as a potential strategy to reduce infection 

rates. However, concerns about its impact on graft integrity, the re-rupture risk, 

and patient functional outcomes have limited its widespread adoption. Moreover, 

the higher infection rates reported with hamstring tendon grafts in comparison to 

BPTB grafts have raised questions about whether structural differences, 

particularly the presence of sutures, predispose 4×Ht grafts to greater biofilm 

formation as well as the risk of infection. This thesis addresses these concerns 

by means of a two-part investigation aimed at improving patient safety and 

outcomes in ACL-r surgeries. 
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HYPOTHESIS AND OBJECTIVES 
 
Hypothesis 1: Vancomycin presoaking of grafts in ACL-r surgeries does not 

increase the risk of re-rupture or negatively affect functional outcomes. 

 

Hypothesis 2: 4×Ht grafts, when compared to BPTB grafts, exhibit greater 

biofilm formation in vitro. 

 

Primary Objective: To evaluate the safety of the vancomycin presoaking 

technique by determining the risk of re-rupture and functional outcomes following 

ACL-r. Additionally, it was to assess and compare biofilm formation on BPTB and 

4xHt grafts when contaminated with the same bacterial inoculum. 

 

STUDY DESIGN 
 

The thesis is based on two distinct studies. The first study is a retrospective cohort 

analysis that compares ACL-r surgeries performed with and without vancomycin 

presoaking. The primary outcomes evaluated were re-rupture rates and 

functional recovery in two groups of consecutive patients from historical cohorts. 

The second study is an in vitro investigation examining biofilm formation on 4×Ht 

and BPTB grafts contaminated with identical bacterial inoculum. 

 

RESULTS 
 
This thesis demonstrated that vancomycin presoaking did not increase the re-

rupture risk. Neither did it adversely affect functional outcomes in patients. Re-

rupture rates in both the vancomycin and non-vancomycin groups were 

comparable. Functional outcomes, measured using standardized scoring 

systems, also showed no significant differences between the two groups. That 

determination supports the safety of vancomycin presoaking as a prophylactic 

measure in ACL-r surgeries. 
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On the other hand, this thesis showed no significant differences in biofilm 

formation between 4×Ht and BPTB grafts. These findings challenge the 

hypothesis that sutures in hamstring grafts contribute to higher infection rates.  

 

CONCLUSIONS 
 
Vancomycin presoaking of grafts is a safe prophylactic measure, with no adverse 

impact on re-rupture rates or functional outcomes. Therefore, this technique is 

recommended as a standard practice in ACL-r surgeries to reduce the risk of 

postoperative infections. 

 

Additionally, this thesis refutes the hypothesis that structural differences, 

particularly the presence of sutures in 4×Ht grafts, predispose them to greater 

biofilm formation. Therefore, the structural differences between the two graft 

types are not the basis to justify the predisposition of 4xHt to a higher risk of 

infection. 
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RESUM 
 

INTRODUCCIÓ 
 

Les cirurgies de reconstrucció del lligament encreuat anterior (LEA-r) són un 

procediment quirúrgic comú dissenyat per restaurar la funció i l'estabilitat del 

genoll després d'una lesió del lligament. Tot i els avenços significatius en les 

tècniques quirúrgiques, les complicacions postoperatòries, especialment les 

infeccions, continuen sent un repte per aconseguir resultats òptims. Les 

infeccions després de les cirurgies de LEA-r poden provocar el fracàs de l’empelt, 

una recuperació prolongada i intervencions addicionals. Aquesta tesi se centra 

en dos problemes crítics relacionats amb les cirurgies LEA-r. Una és la seguretat 

del remull de l’empelt amb vancomicina com a mesura profilàctica contra les 

infeccions. L'altra és investigar si la presència de sutures en els empelts de tendó 

isquiotibial quadruplicat (4×Ti) actua com a factor predisposant, independent de 

majors taxes d'infecció, en les cirurgies amb empelts 4×Ti en comparació a les 

cirurgies amb empelts de tendó rotulià, os- tendó-os (OTO). 

 

JUSTIFICACIÓ CIENTÍFICA 
 
Les infeccions que segueixen a la cirurgia de LEA-r, tot i que relativament poc 

comunes, poden condicionar significativament els resultats per al pacient i 

augmentar els costos de la sanitat. L'ús profilàctic de la immersió prèvia amb 

vancomicina ha sorgit com una estratègia potencial per reduir les taxes 

d'infecció. No obstant això, les preocupacions sobre el seu impacte en la 

integritat de l’empelt, el risc de re-ruptura i els resultats funcionals dels pacients 

han limitat la seva adopció generalitzada. Per altra banda, les taxes d'infecció 

més altes reportades amb els empelts 4×Ti en comparació amb els empelts OTO 

han generat preguntes sobre si les diferències estructurals, particularment la 

presència de sutures, predisposen els empelts 4×Ti a una major formació de 

biofilm i risc d'infecció. Aquesta tesi aborda aquestes preocupacions mitjançant 

una investigació en dues parts destinada a millorar la seguretat i els resultats per 

als pacients en les cirurgies LEA-r. 
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HIPÒTESIS I OBJECTIUS 

 

Hipòtesi 1: La immersió prèvia de empelts amb vancomicina en les cirurgies de 

LEA-r no augmenta el risc de re-ruptura ni afecta negativament els resultats 

funcionals. 

 

Hipòtesi 2: Els empelts 4×Ti, en comparació amb els empelts OTO, mostren una 

major formació de biofilm in vitro. 

 

Objectiu Principal: Avaluar la seguretat de la tècnica d'immersió prèvia amb 

vancomicina mitjançant la determinació del risc de re-ruptura i dels resultats 

funcionals després de la reconstrucció del LEA; a més d’avaluar i comparar la 

formació de biofilm en empelts OTO i 4×Ti, quan es contaminen amb el mateix 

inoculant bacterià. 

 

DISSENY DE L'ESTUDI 
 

La tesi es basa en dos estudis diferents. El primer estudi és una anàlisi 

retrospectiva de cohort que compara les cirurgies de LEA-r realitzades amb i 

sense immersió prèvia amb vancomicina. Els resultats principals avaluats van 

ser les taxes de re-ruptura i la funcionalitat en dos grups de pacients consecutius 

de cohorts històriques. El segon estudi és una investigació in vitro que examina 

la formació de biofilm en empelts 4×Ti i OTO contaminats amb inoculants 

bacterians idèntics. 

 

RESULTATS 

 

Aquesta tesi va mostrar que la immersió prèvia amb vancomicina no va 

augmentar el risc de re-ruptura, ni va afectar adversament els resultats funcionals 

dels pacients. Les taxes de re-ruptura en els grups amb i sense vancomicina van 

ser comparables. Els resultats funcionals, mesurats mitjançant sistemes de 

puntuació estandarditzats, tampoc no van mostrar diferències significatives entre 

els dos grups, evidenciant la seguretat de la immersió prèvia amb vancomicina 

com a mesura profilàctica en les cirurgies de LEA-r. 
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D'altra banda, aquesta tesi no va mostrar diferències significatives en la formació 

de biofilm entre els empelts 4×Ti i OTO. Aquests resultats desafien la hipòtesi 

que els fils de sutura presents en els empelts 4×Ti contribueixen a taxes 

d'infecció més altes.  

 

CONCLUSIONS 
 

La immersió prèvia d'empelts amb vancomicina és una mesura profilàctica 

segura, sense impacte advers en les taxes de re-ruptura ni en els resultats 

funcionals. Per tant, aquesta tècnica es recomana com a pràctica estàndard en 

les cirurgies de LEA-r per reduir el risc d'infeccions postoperatòries. 

 

A més, aquesta tesi refuta la hipòtesi que les diferències estructurals, 

particularment la presència de sutures en els empelts 4×Ti, els predisposa a una 

major formació de biofilm. Per tant, les diferències estructurals entre els dos tipus 

d’empelts no justifiquen la predisposició dels 4×Ti a un major risc d'infecció. 
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1. INTRODUCTION 
 

The anterior cruciate ligament (ACL) is one structure within the knee joint that 

serves as a primary stabilizer during movement and provides support for activities 

involving running, jumping, pivoting, and other dynamic motions(1). Positioned 

within the knee, the ACL acts as a key restraint that prevents excessive forward 

and rotational movement of the tibia in relation to the femur, thus maintaining the 

integrity of the knee joint during various physical activities (2). 

 

Beyond its mechanical role, the ACL also significantly contributes to 

proprioception, the body's sense of its position in space. This multi-faceted 

function underscores the critical nature of the ACL in facilitating smooth and 

coordinated movement of the knee joint(3). 

 

Injuries to the ACL are common, particularly among athletes. Such injuries can 

have profound implications for individual quality of life as it leads to pain, 

instability, and limitations in mobility and participation in sports activities(4). 

 

The management of ACL injuries often involves surgical intervention with the aim 

to reconstruct the damaged ligament and restore stability to the knee joint. 

Surgical techniques have evolved over the years with advancements in graft 

selection, fixation methods, rehabilitation protocols, and risk prevention. All of the 

are aimed at optimizing outcomes and facilitating the patient’s return to pre-injury 

levels of function and activity (5). 

 

Given the significance of the ACL in maintaining knee joint stability and function, 

as well as the increasing incidence of ACL injuries, ongoing research efforts are 

essential to further enhance our understanding of ACL anatomy, its 

biomechanics, injury mechanisms, and treatment modalities. Such 

advancements hold the potential to improve patient outcomes, reduce the risk of 

reinjury, and enhance the overall management of ACL-related conditions. 
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1.1. INCIDENCE 
 

The prevalence of ACL injuries has risen significantly in recent years. In the 

United States alone, ACL injuries affect approximately 200,000 individuals 

annually with an annual incidence of 68.6 cases per 100,000 population (6,7).  

 

This trend is largely attributed to the growing emphasis on sports and recreational 

activities, leading to a higher risk of traumatic knee injuries and the increased 

patient preference for an active lifestyle.(8) Therefore,  an increased call for ACL 

reconstruction surgery has been observed, making anterior cruciate ligament 

reconstruction (ACL-R) one of the most frequent surgical procedures in the sports 

medicine field (9,10). 

 
1.2. MECANISM OF INJURY 

 

ACL injuries most commonly occur due to non-contact mechanisms (indirect 

trauma, 72%) such as sudden deceleration, cutting, landing, or pivoting motions, 

which subject the knee joint to excessive valgus, external-rotation, or 

hyperextension forces (11–13). Contact injuries (direct trauma 28%) involving 

direct blows to the knee or collision with another individual also contribute to ACL 

tears, particularly in sports like football, basketball and rugby(14). Additionally, 

biomechanical studies have highlighted the role of anatomical and 

neuromuscular factors like quadriceps dominance, poor landing mechanics and 

tibial slope in predisposing individuals to ACL injuries (14,15). 

 
1.3. DIAGNOSIS 

 

Accurate diagnosis is crucial to the management of ACL injuries as it guides 

treatment decisions and prognostication. Clinical evaluation typically includes a 

thorough history, physical examination, and adjunctive imaging studies.  

 

In anamnesis, it is common for the patient to report a trauma with a clear injury 

mechanism. Common findings on physical examination may include joint 

effusion, ligamentous laxity, and positive provocative tests like the Lachman test 
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and pivot shift test, indicative of ACL insufficiency (16,17). When an ACL injury is 

suspected, magnetic resonance imaging (MRI) enables visualization of ACL tears 

and associated intra-articular injuries and facilitates surgical planning. For ACL 

lesions, MRI had a sensitivity of 95.8%, specificity of 100% and a diagnostic 

accuracy of 97.7%.(17,18)  

 

Additionally, other imaging modalities like Magnetic resonance arthrography and 

dynamic ultrasound offer enhanced sensitivity and specificity in detecting ACL 

tears, particularly in cases of partial or complex injuries(17). 

 

A comprehensive diagnostic approach that integrates clinical assessment and 

imaging findings is essential for accurate diagnosis and the optimal management 

of ACL injuries. 

 

1.4. ANTERIOR CRUCIATE LIGAMENT RECONSTRUCTION 
 

The ACL-R surgical procedure involves “re-building” the damaged ACL with a 

graft harvested from autologous sources such as the patellar tendon (BPTB), 

hamstring tendons (Ht), or quadriceps tendon, or using allograft tissue from a 

donor(19). Nowadays, arthroscopic reconstruction is the gold standard to 

minimize surgical morbidity and optimize anatomical graft placement and 

tensioning (20,21).  After bone tunnels have been drilled and after positioning the 

graft, various fixation techniques can be utilized to secure it in place. These 

include the use of bioresorbable interference screws, staples, and cortical 

suspensory fixation. 

 

Postoperative rehabilitation plays a crucial role in achieving successful outcomes. 

It focuses on restoring range of motion, strength, proprioception, and functional 

stability (5,22). Long-term studies have demonstrated favorable outcomes 

following ACL-r with patients experiencing improvements in knee function, 

stability, and return-to-sports participation (5,23). However, challenges such as 

graft failure, reinjury, infection and persistent functional deficits remain. They 

highlight the importance of ongoing research and the need to refine surgical 

techniques to optimize outcomes and reduce the risk of complications. 
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1.5. GRAFT TYPES INT ACL RECONSTRUCTION  

 

The selection of the graft type for ACL-r is a critical decision. It significantly 

influences the outcome and success of the surgical procedure. Common graft 

options include autografts like the BPTB, Ht, and quadriceps tendon, as well as 

allografts sourced from cadaveric tissue. Each graft type presents unique 

advantages and disadvantages in terms of biomechanical properties, graft 

integration, morbidity, and the risk of graft failure (24,25).  

 

For instance, BPTB autografts consist of a strip of tissue harvested from the 

central portion of the patellar tendon, including bone plugs from the patella and 

tibia. These grafts offer excellent biomechanical strength and reliable graft 

fixation but may be associated with anterior knee pain(25). Moreover, some 

studies suggest that they are less prone to infection(26,27).  

 

In contrast, Ht autografts involve harvesting tendons from the ipsilateral knee, 

named the semitendinosus and gracilis hamstrings. These tendons are typically 

doubled or quadrupled (4xHt) and sutured together to enhance graft diameter 

and strength. These autografts demonstrate less morbidity at the donor site but 

may have slightly inferior biomechanical properties in comparison to BPTB(28). 

Additionally, some studies show that they are more prone to infection (26,27). 

Several hypotheses have been proposed to explain this tendency, but none are 

confirmed. 

 

Different types of allografts can be used (Ht, quadriceps tendon, Achilles tendon, 

etc.). They provide the advantage of avoiding donor site morbidity but carry a 

higher risk of delayed incorporation, higher cost, and potential disease 

transmission (29). All of this means that many authors reserve their use for 

revision surgeries(30).  

 

The choice of graft type is influenced by factors such as patient age, activity level, 

surgeon preference, and the presence of concomitant injuries, highlighting the 

importance of individualized treatment approaches in ACL-r(25,30). 
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1.6. IMPLANT RELATED INFECTIONS IN ORTHOPEDICS  
 

Implant-related infections in orthopedics pose significant challenges due to their 

complex pathophysiology and the formation of a biofilm on implant surfaces.  

 

When bacteria makes contact with the implant surface, they may adhere to the 

device and produce a protective layer of extracellular polymeric substances, 

thereby creating biofilms that shield the bacteria from host immune responses 

and antimicrobial agents(31). This biofilm formation significantly enhances the 

resilience of bacteria to conventional antibiotic treatments and host defenses, 

rendering implant-related infections particularly difficult to eradicate if this foreign 

body is not removed(31,32). For instance, it has been observed that a wound 

contaminated with the same quantity of bacteria are more likely to develop an 

infection if there are implants like sutures on it (33,34). 

 

Consequently, surgical intervention is often necessary to remove and debride the 

infected tissues. Moreover, implant removal followed by implant replacement or 

revision surgery to achieve infection control may be required in some cases. 

These types of surgeries have an significant impact on patient quality-of-life (35).  

 

The challenging treatment and weighty consequences of dealing with implant-

related infections underscores the importance of preventive measures. Those 

measures include meticulous surgical techniques, perioperative prophylaxis, and 

implant surface modifications aimed at reducing bacterial adhesion and biofilm 

formation(35,36). However, the preventive techniques should be safe and cost-

effective. 

 

1.7. ACL-r INFECTIONS: EPYDEMIOLOGY, ETIOLOGY, TREATMENT 
AND OUTCOMES 

 

Infections following ACL-r surgery represent a significant complication that may 

lead to a prolonged recovery period, functional impairment, and the need for 

revision surgery(37). The pathogenesis of ACL-r infections shares similarities 
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with other orthopedic implant-related infections in that they often involve bacterial 

adherence to the implant surface and subsequent biofilm formation. The same 

concepts applies to prosthetic joint infections(38). The epidemiology of ACL-r 

infections varies but is generally reported to occur in 1% to 2% of cases in 

different studies(39,40).  

 

Staphylococci are the predominant causative pathogens (90%), especially 

coagulase negative staphylococci (CNS) and acute infection is the most common 

presentation for this kind of infection(26,30,39,40). Some studies have shown 

that the source of this infections may be the contamination that often occurs 

during graft harvesting and preparation(41). There are also some rare cases that 

can present as chronic infections(42).  

 

Prompt diagnosis and management are paramount in minimizing the impact of 

ACL-r infections. The treatment typically involves a combination of surgical 

debridement, antimicrobial therapy, and potential implant removal or revision 

surgery to eradicate the infection and restore knee function(23,38). 

 

The outcomes following ACL infections can vary, with some patients experiencing 

persistent symptoms, functional limitations, and the need for further surgical 

interventions. Others achieve a satisfactory recovery with minimal long-term 

sequelae(37,39).  

 

1.8. PROPHILAXIS FOR ACL-r INFECTIONS  
 

The prevention of ACL-r infections is of foremost importance in optimizing patient 

outcomes and reducing the healthcare financial burden. While general 

prophylactic measures are always applied (proper skin preparation and 

preoperative antibiotic prophylaxis), there is one specific measure that has stood 

out. It is the vancomycin presoaking technique. It consists of soaking the graft in 

a 5 mg/ml vancomycin solution prior to implantation. The recognition  of the 

usefulness of this technique has increased in the recent years with the publication 

of multiple studies about its application and results(43–46).  
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This technique has been proven to reduce the risk of ACL-r infection, down to 0% 

in some studies(43–45,47,47–50). This is a very reproducible and easy-to-

perform technique that acts by eradicating the most frequent bacteria that can 

contaminate the graft during harvesting and preparation(41). 

 

Vancomycin has been proven to be safe in terms of in vitro viability for the 

tenocytes, chondrocytes, and osteoblasts in the required concentration (51). 

Moreover, its use in allografts in the orthopedic field is well known for having 

shown good clinical results and not having a deleterious effect on human 

cells(52–54). There is also in vitro data that proves no harmful effect in terms of 

the strength and mechanical characteristics of the graft (55). However, clinical 

data on the effect of the vancomycin soaking technique on the ACL graft in terms 

of the re-rupture risk and functional outcomes has been poorly studied. 
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2. RATIONALE OF THE STUDY 
 

2.1. BACKGRAOUND AND MOTIVATION 
 

The genesis of this thesis can be traced back to my training in the Traumatology 

and Orthopedics Department at Hospital del Mar in Barcelona. Within that 

esteemed institution, I had the privilege of working in a highly specialized unit 

dedicated to the treatment of osteoarticular infections. The experience made it 

possible for me to deepen my understanding of those complex pathologies and 

sparked my profound interest in the field. During my tenure at Hospital del Mar, I 

became involved in an ongoing line of investigation of infections associated with 

ACL-r surgeries. This engagement further fueled my curiosity and commitment to 

addressing those critical clinical challenges. 

 

Given my growing interest in this area, the idea of pursuing an observership in 

Berlin originated in the septic unit at Hospital del Mar. They opened up the 

opportunity for me to join the renowned team led by Professor Andrej Trampuz 

at Charité Universitätsmedizin Berlin, a world leader in the field of osteoarticular 

infections. Working alongside Professor Trampuz and his team in their day-to-

day activities and research endeavors provided me with invaluable insights into 

their advanced methodologies and innovative approaches. 

 

It was during this enriching experience in Berlin that the concept for this thesis 

began to take shape. The collaborative environment between the septic unit at 

Hospital del Mar and Dr. Trampuz's team was instrumental in the development of 

this study. While the idea was conceived during my stay in Berlin, it was produced 

in collaboration with my colleagues from the septic unit at Hospital del Mar. The 

collaboration within both teams was pivotal, and I am deeply grateful for their 

generosity and mentorship. 

 

I would also like to extend my sincere gratitude to my mentors at Hospital del 

Mar, Dr. Monllau and Dr. Perez-Prieto, for their invaluable guidance and support 

throughout my training. A special thanks to Dr. Perez-Prieto and the dedicated 
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septic unit. Their expertise and commitment to excellence have been a constant 

source of inspiration. Moreover, their mentorship has been crucial in shaping my 

professional journey and in the realization of this research. 

 

This thesis is not only a culmination of my training and experiences but 

also a testament to the collaborative spirit of the international medical community. 

It underscores the importance of cross-institutional learning and research in 

advancing medical knowledge and improving patient outcomes. I wish to express 

my gratitude to all my mentors and colleagues who have contributed to this 

journey. 

 

The focus of the present thesis is to delve into the realm of ACL-r infections with 

the overarching goal of enhancing the outcomes of ACL-r surgeries. With that, 

two different issues have been addressed. 
 

2.2. THE SAFETY OF THE VANCOMYCIN SOAKING TECHNIQUE 
 

The effectiveness and potential impact of this technique has already been 

proven(48,50). While this question about its safety has been raised in the 

literature, there remains a dearth of mid- to long-term in vivo data to definitively 

answer it. Recognizing the potential importance of providing evidence of the 

technique's safety, a study was designed to determine whether the main outcome 

related to safety is the rupture of the ACL graft potentially caused by vancomycin 

induced damage. 

 

The main aim of the study was to evaluate the risk of re-rupture following ACL-r 

using the vancomycin soaking technique and compare it with the re-rupture risk 

in patients who did not undergo this technique. Additionally, the study sought to 

compare the functional outcomes between these two subsets of patients who 

underwent ACL-r procedures. 

 

The primary hypothesis posits that the vancomycin technique does not 

significantly impact the risk of re-rupture after ACL-r. The secondary hypothesis 
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posits that the vancomycin technique does not significantly affect the functional 

outcomes of patients undergoing ACL-r procedures.  

 

2.3. EVALUATION OF BIOFILM FORMATION ON DIFFERENT ACL 
GRAFTS 

 

ACL-r surgeries using 4xHt grafts have been associated with higher infection 

rates when compared to surgeries utilizing BPTB grafts(26,44,45,48). A meta-

analysis revealed an overall estimated infection rate of 0.9% in ACL-r surgeries, 

with 4xHt grafts demonstrating a higher infection rate (1.1%) than BPTB grafts 

(0.7%) (56). Despite these findings, there is a lack of any definitive explanations 

for this phenomenon, which has prompted the exploration of potential 

predisposing factors. Acquiring knowledge about the nature of this phenomenon 

could help in developing new prophylaxis and treatment strategies to achieve 

better results in ACL-r surgeries. 

 

One hypothesis posits that sutures used in 4×Ht graft surgeries may serve as a 

reservoir for bacteria, increasing the risk of infection. Surgical procedures often 

entail contamination(57–61). However, not all of them lead to infection. This is 

because a Minimal infective dose (MID) of bacteria is necessary for infection to 

set in(62). The probability of infection correlates with the bacterial inoculation 

during contamination(63,64), particularly concerning foreign bodies reducing de 

MID(33,59,65,66). Research indicates that biofilm growth differs across 

surfaces(65–68), with sutures recognized as foreign bodies that open the door to 

biofilm formation(69,70).  Some studies observed that a wound contaminated 

with the same quantity of bacteria is more likely to develop an infection if there 

are sutures(33,34). 

 

This disparity in biofilm formation suggests that 4×Ht graft surgeries may 

introduce a greater bacterial load, potentially surpassing the MID more frequently 

and leading to a higher infection risk in comparison to BPTB graft surgeries. While 

this hypothesis has been proposed by other researchers(26,27), it remains 

unexplored. Therefore, a study was designed to investigate this hypothesis by 
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comparing biofilm formation between BPTB and 4×Ht grafts contaminated with 

the same bacterial inoculum in vitro.  

 

We hypothesized that biofilm growth would be greater in 4×Ht grafts due to 

increased biofilm formation around the sutures. This is a potential explanation for 

the higher infection rates observed in ACL-r surgeries utilizing hamstring grafts. 
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3. HYPOTHESIS 
 

The Vancomycin presoaking technique does not increase the risk of re-rupture 

after ACL-r. Neither does it affect the functional outcomes of patients that have 

undergone ACL-r procedures.  

 

In vitro biofilm growth is greater in 4×Ht grafts than in BPTB grafts when 

comparing them with the same bacterial contamination inoculum. 
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4. OBJECTIVES 
 

The purpose of this thesis is to increase our knowledge of ACL-r infections with 

the aim of improving the outcomes of ACL-r surgeries. To achieve this, a main 

objective has been established. 
 

OBJECTIVE 
 
To evaluate the safety of the vancomycin presoaking technique by determining 

the risk of re-rupture and functional outcomes following ACL-r. Additionally, it was 

to assess and compare biofilm formation on BPTB and 4xHt grafts when 

contaminated with the same bacterial inoculum. 
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Abstract
Purpose The main aim of this study was to evaluate the re-rupture risk after an anterior cruciate ligament reconstruction (ACL-R)
using the vancomycin soaking technique and to compare it with the re-rupture risk in patients on whom this technique was not
utilized. The secondary purpose was to compare the functional outcomes of those two subsets of patients operated on for ACL-R.

The hypotheses are that the vancomycin soaking technique does not affect the re-rupture risk or the functional outcomes.
Material and methods A retrospective historical cohort study was conducted. Two groups were compared in terms of the re-rupture
rate (traumatic or atraumatic) and functional outcomes (International Knee Documentation Committee (IKDC), Tegner, and
Lysholm). Group 1 consisted of patients that received pre-operative IV antibiotics. In group 2, the patients received pre-operative
IV antibiotics along with a graft that had been presoaked in a vancomycin solution. Aminimum follow-up of five years was required.
Results There were 17 patients that suffered a re-rupture in group 1 (4.7%) and 15 in group 2 (3.9%) (n.s.). IKDCwas 82.0 in group 1
and 83.9 in group 2 (p= 0.049); Tegner scored 4 in both groups (n.s.) andLysholmwas 90.3 in group 1 and 92.0 in group 2 (p = 0.015).
Conclusion The vancomycin soaking technique for ACL autografts is a safe procedure for the daily clinical practice, in terms of
re-ruptures. Moreover, it does not impair functional outcomes after an ACL-R.

Keywords ACL infection . Vancomycin technique . ACL reconstruction . Infection prevention . Orthopaedic infection

Introduction

Anterior cruciate ligament reconstruction (ACL-R) is a com-
mon orthopaedic procedure, being one of the most frequent
surgical procedures in the sports medicine field [1, 2]. The
number of studies published in PubMed rises every year,

reaching approximately 7000 studies only in the last
five years. However, most of them relate to anatomy, surgical
techniques, and rehabilitation. There are very few about ACL-
R infections [3–6].

Nevertheless, an infection can turn out to be a serious com-
plication, especially if proper treatment is not applied. The
infection rate has been stated to be at up to 1.5%.
Interestingly, the economic burden has not yet been
established [7]. Owing to the broad spectrum of costs due to
ACL-R infection and the sequelae left in its wake, several
authors have tried to develop some prevention strategies [8,
9]. One of the most recent is soaking the anterior cruciate
ligament (ACL) graft in a 5 mg/ml vancomycin solution.
This technique has been proven to dramatically reduce the risk
of ACL-R infection, down to 0% in some studies [10–16].
This is a very reproducible and easy-to-perform technique that
acts by destroying the most frequent bacteria like
Staphylococcus spp. and Cutibacterium spp., which can con-
taminate the graft during harvesting and preparation. [17]

Vancomycin has proven to be safe in terms of in vitro
viability for the tenocytes, chondrocytes, and osteoblasts in
the aforementioned concentrations [18]. Moreover, its use in
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allografts in the orthopaedic field is well known for showing
good clinical results and not having a deleterious effect on
human cells [19–21]. There is also in vitro data that proves
no harmful effect in terms of the strength and mechanical
characteristics of the graft [22]. However, clinical data on
the effect of the vancomycin soaking technique on the ACL
graft in terms of the re-rupture risk and functional outcomes
has been poorly studied.

The main aim of the present study was to evaluate the re-
rupture risk after an ACL-R using the vancomycin soaking
technique and to compare it with re-rupture risk in patients
in which this technique was not applied. The secondary pur-
pose was to compare the functional outcomes of both subsets
of these patients operated on for an ACL-R.

The hypotheses are that the vancomycin technique does not
affect the re-rupture risk or the functional outcomes.

Material and methods

This is a retrospective historical cohort group. A retrospective
review of all the patients that consecutively underwent primary
arthroscopic ACL-R with an autograft in two university hospi-
tals was performed. The study was approved by the Ethics
Committee (2020-COT-DEX). Those patients who needed an
extra-articular procedure had multiligament injuries or those
who received an allograft were not included in the study.
Infection was also an exclusion criterion. Meniscectomy or
meniscal repair was not considered exclusion criteria.

Group 1 consisted of patients consecutively operated on
that received preoperative IV antibiotics over a two year peri-
od. In group 2, patients received preoperative IV antibiotics
along with the graft being presoaked in a vancomycin solu-
tion. Group 2 also consisted of patients consecutively operated
on over a sequential two year period. All patients were oper-
ated on by the same surgical team (4 surgeons) on an outpa-
tient basis. The prophylactic antibiotic protocol consisted of a
single 2-g dose of preoperative IV cefazolin or a single 1-g
dose of pre-operative IV vancomycin, if a type 1 penicillin
allergy was reported. No patient in this series informed of a
vancomycin allergy. The types of grafts employed were a
quadrupled hamstring and a bone-patellar tendon-bone
(BPTB).

The technique of vancomycin saturation was performed in
group 2 as previously described [15]. A solution of 100 ml of
sterile saline was prepared in a tray and mixed with 500 mg of
vancomycin powder. After the graft was procured and pre-
pared, it was immersed in the tray and then wrapped in gauze
that had been saturated with this vancomycin solution before-
hand. The graft was left there for ten to 15minutes (until it was
to be used for the ACL reconstruction).

At final follow-up, the patients were scheduled for evalua-
tion. A minimum follow-up of five years was needed to

include patients. Functional outcomes were evaluated by
means of IKDC, Tegner, and Lysholm scores.

Re-rupture was assessed by means of clinical evaluation
(Lachmann, anterior drawer, and pivot shift tests) and mag-
netic resonance imaging (MRI) and all types of injury mech-
anisms were included (either traumatic or atraumatic). It was
assessed by the same surgical team. It was considered for
surgery in case either positive MRI, clinical symptoms, or
positive tests. Re-rupture was confirmed intra-operatively.

Statistical analysis

Continuous variables were presented as means (with standard
deviation in parenthesis, SD) and ranges as percentages.
Categorical data were compared between groups with the
chi-square test. The Mann-Whitney test was used to assess
differences in functional test scores between groups. A p value
under 0.05 was considered statistically significant.

The chi-square difference test was used to determine the
sample size. A 10% re-rupture rate was assumed. Accepting
an alpha risk of 0.05 and a beta risk of 0.2 in a two-sided test,
333 subjects were necessary in each group to recognize a
difference consisting of 5% re-rupture rate. A drop-out rate
of 5% was anticipated.

The statistical analysis was done using the SPSS Statistics
18.0 software package (SPSS Inc., Chicago, IL).

Results

There were 785 patients included in the study (383 patients in
group 1 and 402 in group 2). Twelve of them (7 in group 1, 5
in group 2) could not been assessed for re-rupture (lost to
follow-up). There were five infections (all in group 1,
p < 0.001) that were also excluded. Another 26 patients were
excluded because of extra-articular procedures, multiligament
injuries, or because they had received an allograft (11 in group
1, 15 in group 2). Therefore, 360 patients were included in
group 1 and 382 in group 2 (a total of 43 patients were not
included for study). No differences were found between
groups in terms of missing and excluded patients (n.s.).
Demographic data (gender and age) were similar in both
groups (n.s.). No differences in terms of body mass index
(BMI) and type of autograft between groups were found either
(n.s.). Mean follow-up was 94 months (range 82–105 months)
in group 1 and 72 months (range 60–83 months) in group 2
(p < 0.001).

In group 1, 17 patients suffered a re-rupture (4.7%) and 15
patients had one in group 2 (3.9%). Although it is a slightly
lower rate, it did not reach statistical significance (n.s.).

Time to re-rupture was 51 months (range 48–60months) in
group 1 and 50months (range 45–56months) in group 2 (n.s.)
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For the second purpose, it was only possible to schedule
182 patients in group 1 for functional assessment and 199 in
group 2. The mean IKDC in group 1 was 82.0 (SD 8.0) and
83.9 (SD 8.0) in group 2 (p = 0.049). The median Tegner
score was 4 points in both groups (n.s.). As for the mean
Lysholm, it was 90.3 (SD 6.6) in group 1 and 92.0 (SD 6.1)
in group 2 (p = 0.015).

All results are summarized in Table 1.

Discussion

The main finding of the present study is that soaking the ACL
hamstring and BPTB autograft in a 5 mg/ml vancomycin so-
lution does not increase the risk of re-rupture. Moreover, this
vancomycin technique does not affect functional outcomes. In
that sense, the hypotheses have been confirmed.

Prevention strategies to avoid infection like antibiotic IV
prophylaxis or Staphylococcus spp. decolonization have been
developed in the orthopaedic field [23–25]. The ideal preven-
tion technique must be effective, reproducible, easy-to-per-
form, and cost-effective. In that sense, the vancomycin tech-
nique has been proven to reduce the risk of infection in several
studies [8, 10–16]. It is supposedly cost-effective because of
the low price of vancomycin. However, this has not been well
studied.

Another key point is the safety of the technique as it should
not jeopardize the joint or the structure where it is applied. In
that sense, the major concern about the vancomycin technique
is the risk of potential harm to the autograft cells [12]. Some
antibiotics like cephalosporins and quinolones have been
shown to inhibit chondrocyte and tenocyte replication.
Therefore, it could also jeopardize the ligamentization process
[26, 27]. However, vancomycin has been used for decades for
local treatment and prevention in bone cement, bone allograft
soaking, and calcium sulphate substitutes with good results in
terms of infection control with no effect in terms of bone
healing [19, 21, 28]. In vitro studies showed no deleterious
consequences when it comes to its effect on tenocytes, espe-
cially when it is used in low concentrations as is the case of the
vancomycin technique [18]. A study of clinical safety of the
vancomycin technique has recently been published for the first

time. Höher et al. showed no deleterious effect of the vanco-
mycin soaking in terms of re-rupture [14]. Indeed, they found
a lower risk of graft failure in the vancomycin group (3%
failure in the vancomycin group versus 10% in the group
without vancomycin soaking). In the present study, similar
outcomes have been found as there is no more risk of re-
rupture by soaking the graft in vancomycin. However, a re-
duction rate was not observed as Höher et al. This is very
interesting as the authors single out low-grade infections
(LGI) as a cause for failure. Therefore, the vancomycin tech-
nique might reduce these low-grade infections and then re-
rupture. This theory will be worth investigating in future stud-
ies. In fact, bacterial DNAhas been present in widened tunnels
and tunnels of failed grafts [29, 30]. There is evidence that
LGI can cause pain and loosening, without pus discharge and
normal C-reactive protein, as the only clinical feature in pros-
thetic joint infections (PJI) and fracture-related infections
(FRI) [31–34]. These LGI are mostly caused by
Cutibacterium spp. and coagulase-negative Staphylococci
for which vancomycin is an active antibiotic [17].

The re-rupture rate after an ACL-R is known to range from
0 to 25% [35]. The vast majority of the studies report graft
failure rates around 7%. It is quite similar to the results pre-
sented here in both the vancomycin technique group and in the
group without it [14, 35, 36].

Functional outcomes are also comparable with the pub-
lished data [37, 38]. Although significant differences have
been found between groups, the clinical relevance is very
low as some 2-point difference was the mean observed in
the present study. However, it should be noted that the best
result was obtained in the vancomycin group. It is in line with
the results of Höher et al.

Limitations

The present study has several limitations. The most important
is its retrospective design even though the groups were similar
and there was no other modification in the surgical protocol
except for the vancomycin technique. Another fact of its ret-
rospective design and the sequential groups is the different
follow-up. This is an important limitation as the group of
patients with longer follow-up may have a higher chance of

Table 1 Results and comparative
between groups Group 1 (no vancomycin soaking) Group 2 (vancomycin soaking) p value

n 360 382

Follow-up (months) 94 (82–105) 72 (60–83) < 0.001

Re-rupture cases 17 (4.7%) 15 (3.9%) n.s.

IKDC 82.0 (8.0) 83.9 (8.0) 0.049

Tegner 4 4 n.s.

Lysholm 90.3 (6.6) 92.0 (6.1) 0.015
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re-rupture, although time to re-rupture was similar between
groups.

The drop-out of patients to assess functional outcomes is
also a limitation. However, the number of missing patients in
which re-rupture was evaluated is much lower and the re-
rupture evaluation was the main objective of the present study.

The final limitation is that vancomycin can also affect an
autograft in many other ways that have not been assessed in
the present study. They include tunnel widening or radiolog-
ical ligamentization.

Conclusions

The vancomycin soaking technique for ACL autografts seems
to be a safe procedure in terms of re-ruptures. Moreover, it
does not impair functional outcomes after an ACL-R.
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Abstract: Background: The objective of the present study was to evaluate the formation of biofilms
in bone patellar tendon bone grafts (BPTB grafts), and to compare it to the formation of biofilm
formation in quadrupled hamstring anterior cruciate ligament grafts (4⇥Ht graft). Methods: A
descriptive in vitro study was conducted. One 4⇥Ht graft and one BPTB graft were prepared. They
were then contaminated with a strain of S. epidermidis. Later, a quantitative analysis was conducted
by means of microcalorimetry and sonication with plating. Additionally, a qualitative analysis was
conducted by means of electron microscopy. Results: No significant differences were found between
the bacterial growth profiles of the 4⇥Ht graft and the BPTB graft in microcalorimetry and colony
counting. In the samples analyzed with electron microscopy, no specific biofilm growth pattern was
identified upon comparing the BPTB graft to the 4⇥Ht graft. Conclusions: There were no significant
differences found at either the quantitative or qualitative level when comparing bacterial growth in
the BPTB graft to that in the 4⇥Ht graft. Therefore, the presence of sutures in the 4⇥Ht graft cannot
be established as a predisposing factor for increased biofilm growth in this in vitro study.

Keywords: arthroscopy; sports medicine; anterior cruciate ligament reconstruction; implant-associated
infection; biofilm; septic arthritis

1. Introduction
Although infections after anterior cruciate ligament reconstruction (r-ACL) are not

as common as other implant-associated infections, the magnitude of this complication is
equally important, since inappropriate treatment could compromise joint function and
return to sports activities [1,2].

For this reason, various studies have focused on the study of this pathology in re-
cent years. Most of those studies concluded that aggressive arthroscopic debridement
in combination with specific antibiotic therapy should be the treatment of choice for this
complication [1,3,4]. Several studies have also focused on the development of infection
prophylaxis techniques such as the vancomycin bath, which dramatically reduces the
incidence of infection [5–10].

Other studies have focused on the origin of these infections [3,11]. Some authors
have been able to demonstrate that the infections arise as the result of contamination by
coagulase-negative staphylococci during the preparation of the graft [11]. These microor-
ganisms are part of the normal microbiota of the skin and mucous membranes.
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There are data published by several authors in which higher rates of infection in r-ACL
were observed when quadruplicate hamstring grafts (4⇥Ht grafts) were used compared
to surgeries performed with patellar tendon grafts (BPTB grafts) [6,12,13]. Data from a
meta-analysis showed an overall estimated infection rate in r-ACL of 0.9% (Confidence
interval (CI) 95% 0.8% to 1.0%) [14]. There was also a higher infection rate in 4⇥Ht
autografts surgeries (1.1%, CI 95% 0.9% to 1.2%) than with BPTB autografts (0.7%, CI
95% 0.6% to 0.9%), and allografts of any type (0.5%, CI 95% 0.4% to 0.8%) (Q 5 15.58,
p = 0.001) [14]. Therefore, it has been considered that 4⇥Ht grafts may be a predisposing
factor for infection. However, there are no studies that give a verifiable explanation for this
phenomenon. Nevertheless, multiple hypothesis has been proposed.

One of them is that sutures used in 4⇥Ht grafts surgeries may harbor bacteria, and
that this may be a risk factor for the development of an infection [3]. It has been shown that
contamination during surgical procedures is frequent [15–19]. However, not all contam-
ination will lead to infection. For an infection to occur, minimal bacterial contamination
is required (minimal infective dose (MID)) [20]. The probability of an infection to arise is
directly proportional to the amount of bacterial inoculation during contamination [21,22].
This relation is especially relevant in infections related to foreign bodies [17,23,24]. There
is strong evidence that biofilm growth does not grow in the same way on different sur-
faces [23–26], and it has also been shown that as surgical sutures surface are recognized as
foreign bodies, it makes way for the growth of the biofilm [27,28].

All this leads one to think that a greater bacterial load is introduced into the body in
4⇥Ht graft surgeries, reaching the MID more frequently. This may be the reason for the
higher rate of infections in r-ACL surgeries performed with 4⇥Ht grafts, as they require
sutures. Those sutures may behave similarly to a foreign body that facilitates the growth of
the biofilm. With the same contaminating bacterial inoculum, biofilm formation would be
more elevated in 4⇥Ht grafts than that produced in BPTB grafts, in which sutures are not
used. This would allow for the introduction of a greater bacterial load in the subject, raising
the risk of infection [20–22]. This hypothesis has also been proposed by other authors, but
never explored [3].

A similar observation was noted in the classic studies of Elek et al. that were performed
in 1956. In those studies, they observed that a wound contaminated with the same quantity
of bacteria is more likely to develop an infection if there are sutures on it [29,30].

The objective of the present study was to evaluate this hypothesis by comparing
biofilm formation in BPTB grafts vs. 4⇥Ht grafts, with both contaminated with the same
bacterial inoculum in vitro.

The hypothesis was that biofilm growth will be greater in 4⇥Ht grafts than in BPTB
grafts due to the greater formation of biofilm around the sutures.

2. Materials and Methods
A descriptive in vitro study was conducted. For the production of grafts, a 4⇥Ht graft

and a BPTB graft were prepared from sterilized and frozen cadaveric donor samples.
The grafts were provided by Banc de Sang i Teixits (BST) (Barcelona, Spain). They were

prepared by an orthopedic surgeon with specific training and experience in conducting
this type of graft. The production of these grafts was performed in a manner analogous to
the one used during the usual surgical procedures, in a sterile environment. In the case of
the 4⇥Ht graft, a high-resistance suture of the same type as those used in normal practice
was used (FiberWire, Arthrex, Munich, Germany).

For the BPTB graft, a remodeling of the bony parts to achieve a 10mm diameter was
performed as in daily clinical practice.

Both of the grafts were divided into 8 representative fragments of each type of graft.
We considered a representative fragment as one that contains the representative

elements of the complete graft. In the case of the BPTB graft, eight 5 mm ⇥ 5 mm ⇥ 1 mm
fragments of the patellar tendon were produced using a surgical scalpel. The decision was
taken to use these dimensions as they were the maximum dimensions that can be used in
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the analysis processes to be conducted later. In the case of the 4⇥Ht graft, a representative
fragment was considered to be one that contained a hamstring tendon fragment and a
suture fragment. These fragments were made with the same dimensions and followed the
technique as those previously described.

This study was approved by the Parc de Salut Mar Drug Research Ethics Committee
with CEIC clinical research project number no. 2018/8269/I on 29 May 2019.

2.1. Contamination and Biofilm Growth Conditions
In 5 fragments from each sample, the formation of the artificial biofilm was brought

on. To form the bacterial biofilm, the samples were placed in 2 mL of heart-brain infu-
sion broth culture medium (BHIb, Sigma-Aldrich, St. Louis, MO, USA) contaminated at
1 ⇥ 105 CFU/mL by Staphylococcus epidermidis (ATCC 35984). They were incubated at 37 �C
for 24 h. This bacterium was used, as it is one of the most frequent causes of infection
in the context of r-ACL [28]. Moreover, its great capacity for biofilm formation is well
known. After the formation of the biofilm, the samples were washed three times with
2 mL of 0.9% NaCl to eliminate the bacteria that were in planktonic form. Three fragments
from each sample were left uncontaminated as negative controls. These fragments were
then incubated in a 0.9% NaCl solution at 37 �C for 24 h to simulate the same conditions
as the contaminated samples, based on the technique previously described in multiple
studies [31,32] (Figure 1).
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Figure 1. Flow chart representing the methodology of the production treatment and analysis of the
samples. (a) Samples performed with the patellar tendon graft, (b) samples performed with the
hamstring graft. P1c, patellar tendon contaminated 1; P2c, patellar tendon contaminated 2; P3c,
patellar tendon contaminated 3; P4c, patellar tendon contaminated 4; P5c, patellar tendon contam-
inated 5; P6n, patellar tendon NO-contaminated 6; P7n, patellar tendon NO-contaminated 7; P8n,
patellar tendon NO-contaminated 8; H1c, hamstring tendon contaminated 1; H2c, hamstring tendon
contaminated 2; H3c, hamstring tendon contaminated 3; H4c, hamstring tendon contaminated 4;
H5c, hamstring tendon contaminated 5; H6n, hamstring tendon NO-contaminated 6; H7n, hamstring
tendon NO-contaminated 7; and H8n, hamstring tendon NO-contaminated 8.
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2.2. Isothermal Microcalorimetry
In 2 contaminated fragments and 1 negative control of each type of graft, the heat pro-

duced by the S. epidermidis bacterial population was monitored with the microcalorimeter
using the isothermal microcalorimetry method (TAM III, TA Instruments, Newcastle, DE,
USA). Measurements were conducted through the full vital cycle of the pathogen (48 h). It
is the same as the one described by Butini et al. [33].

2.3. Sonication and Plating and CFU Counting
Sonication and seeding analysis was conducted on 2 contaminated fragments and

1 negative control of each type of graft. Each of these was placed in a solution of 1 mL 0.9%
NaCl, vortexed for 30 s, and sonicated at an intensity of 40 kHz and 0.1 W cm2 (BactoSonic,
BANDELIN electronic, Berlin, Germany) for 1 min. Then, they were sonicated again for
an additional 30 s. Next, 100 µL of the sonication product was seeded in Tryptic Soy Agar
(TSA) (Sigma-Aldrich, St. Louis, MO, USA). After 24 h of incubation at 37 �C, the counting
of colony-forming units (CFU/mL) was carried out in accordance with the previously
described technique [34].

Accepting an alpha risk of 0.05 and a beta risk of less than 0.2 in a bilateral contrast,
2 subjects in the first group and 2 in the second group were required to detect a difference
equal to or greater than 5 units. The common standard deviation was assumed to be 1.5. A
loss to follow-up rate was estimated at 0%.

2.4. Scanning Electron Microscopy (SEM)
Finally, a qualitative analysis was performed by means of scanning electron microscopy

(GeminiSEM 300, Carl Zeiss, OberkochenDSM 982 GEMINI, Zeiss Oberkochen, Germany)
to determine the biofilm growth areas in the samples. The pictures taken with this technique
were analyzed by a trained technician who was blinded for the aim of our study and had
been asked to look for differences in biofilm wroth profiles in the different samples and
compare them. This was done in accordance with the previously described technique [34]
with a proven validity in biofilm evaluation [35,36]. For this analysis, 1 contaminated
fragment and 1 negative control fragment of each type of sample were used.

2.5. Statistical Analysis
The statistical analyzes were performed using the SigmaPlot software package (version

13.0; Systat Software, Chicago, IL, USA) and Prism for the graphics (version 8; GraphPad,
La Jolla, CA, USA). Continuous variables are presented as means (with standard deviation
in parenthesis, SD) and ranges. The unpaired t-test was used to assess the CFU counting. A
p value under 0.05 was considered statistically significant.

3. Results
3.1. Isothermal Microcalorimetry

Using the isothermal microcalorimetry method, we observed bacterial growth in the
contaminated fragments from both the 4⇥Ht and BPTB grafts. They showed the same
growth dynamics of the one typical of this bacterial population. In the beginning, the
microcalorimetry curves showed exponential growth rates until they reached a population
peak (200 µW) at approximately 8 h after contamination. Then, after a short or non-existent
stationary phase, a rapid decline in the bacterial population was detected. Later, there was
a phase of senescence or death characteristic of this type of bacterial population (Figure 2),
with no significant differences found between them. In the BPTB and 4⇥Ht graft fragments
that were not contaminated (negative controls), no growth profile was observed. Therefore,
no significant differences between the bacterial growth profiles of any of the 4⇥Ht and
BPTB grafts were found.
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Figure 2. Isothermal microcalorimetry results. No significant differences between the bacterial
growth profiles of any of the 4⇥Ht and BPTB contaminated grafts were found.

3.2. CFU Counting Method
The number of colony-forming units per milliliter (CFU/mL) of the fluid extracted by

sonication of the contaminated BPTB and 4⇥Ht grafts fragments was then determined. The
means of the CFU/mL of the different groups were calculated, analyzed, and compared
(mean ± SEM, 3.5 ⇥ 107 ± 0.345 ⇥ 107 CFU/mL, and 4.6 ⇥ 107 ± 1.455 ⇥ 107 CFU/mL
respectively, p = 0.6667) (Figure 3). No significant differences were detected between the
4⇥Ht graft group and the BPTB graft groups (p � 0.05). Seeding of the fluid extracted by
sonication of the uncontaminated BPTB and 4⇥Ht grafts fragments (negative controls) did
not produce any colony growth.
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3.3. Electron Microscopy
In the electron microscopy analysis, no specific or differential biofilm growth patterns

were detected by our technician upon comparing the contaminated BPTB graft fragment
to the corresponding 4⇥Ht graft fragment. There was a homogeneous growth pattern
observed regardless of the surface on which the biofilm grew. Of note, an increase in
colonization was not observed in the suture areas (Figure 4), and no bacteria was found in
the negative control samples.
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4. Discussion
The initial hypothesis of this study equating the BPTB and 4⇥Ht grafts in their poten-

tial for biofilm growth under the contamination of a same bacterial inoculum in vitro has
been refuted.

The structural differences between the two graft types do not have any effect on
the production of biofilm during r-ACL surgery, at least outside of the body. Therefore,
differences in the infection rates in r-ACL surgeries with BPTB and 4⇥Ht grafts cannot be
justified in this way.

Electron microscopy analysis revealed a homogeneous biofilm growth pattern. These
findings rule out the sutures present in 4⇥Ht grafts being a better surface for biofilm
growth than the tendon itself (Figure 4a). This suggests that both tissues function as
foreign bodies that equally make for biofilm growth. Another study showed no significant
differences in infection rates between allografts and autografts, which supports our finding
that autografts and allografts behave similarly to foreign bodies [14]. Furthermore, 4⇥Ht
autografts are associated with a higher infection rate when compared to both allografts
and BPTBp autografts. This study was performed only with frozen cadaveric donor grafts,
and we are aware of the bias that it may produce. Working with fresh donor grafts would
have been more difficult to perform for ethical and practical reasons. However, as has
been previously stated, we expected no major differences between the use of fresh and
cadaveric grafts.

The fact that grafts, by their very nature, are not a predisposing factor for biofilm
growth leads us to think that there must be some differences surrounding their process-
ing that changes and conditions the differences in infection rates. Therefore, our study
encourages future studies for the development of prophylactic strategies not to focus on
the structure or composition of 4⇥Ht grafts, but in other factors such as the ones discussed
below. One possible reason is that there are differences in the contamination of grafts. It is
well known that contamination during a surgical procedures is time-dependent [37]. The
production of the 4⇥Ht graft is more time-consuming due to its greater complexity [5,9].
We also know that contamination of grafts occurs during the process of making them [11].
This further leads us to consider that contamination with more bacterial inoculum might
occur during the preparation of the 4⇥Ht grafts, and more frequently reaching the minimal
infectious doses (MID). In this way, we come by the higher infection rates seen in r-ACL
surgeries performed with 4⇥Ht grafts. Another hypothesis is that slightly more extensive
tissue dissection and morbidity is performed at the 4⇥Ht autograft harvest site compared
to the BPTB autograft harvest site [38,39], thereby justifying the difference in infection rates.

This study has some limitations that should be mentioned. Only S. epidermidis was
used for contamination and biofilm formation. It would be interesting to perform the same
analysis with other types of Gram-positive staphylococci that are frequently associated
with this pathology. However, it is unlikely that differences would be found due to their
similarity to S. epidermidis. On the other hand, we believe that repeating the analysis with
pathogens of other strains including anaerobes would be of little relevance due to their low
prevalence in r-ACL infections.

Another limitation is the concern around this study being an in vitro study. This does
not make for exploring the host–pathogen interaction. However, for the moment, this is
the best evidence we can provide relative to this topic for bioethical reasons, as the factors
mentioned above cannot be explored experimentally in vivo.

Another factor that was beyond our control in this study were the host characteristics
(immune status, comorbidities, etc.). Then again, we know that the infection rate differs
according to the type of graft used in studies with a large cohort in which the patients are
heterogeneous [6,12,13]. This makes us think that the differences in infection rates must
be due to differences that are independent of the individuals themselves. This indicates
that regardless of the individual, their circumstances, and their characteristics, infections
are more frequent in surgeries performed with hamstring grafts. Therefore, in terms of the
host factors, the host–pathogen interaction, and the pathogen itself, the differential factor
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should not be looked to as the host factor. We believe this is an argument that favors a
positive evaluation of our study.

5. Conclusions
We have found that the amount of biofilm formed on the BPTB and 4⇥Ht grafts

by the same bacterial inoculum is comparable in vitro. Therefore, the 4⇥Ht graft is not
intrinsically a predisposing factor for biofilm growth due to its structure and composition
when contaminated outside of the body.
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6. OVERALL SUMMARY OF RESULTS  
 

The combined analysis of the results of this thesis provides a comprehensive 

understanding of the vancomycin presoaking technique's safety and the study of 

the 4xHt grafts as a potential independent risk factor for infection. 

 

A total of 785 patients were enrolled in the study first study, with 383 patients in 

Group 1 and 402 patients in Group 2. Twelve patients (7 in Group 1 and 5 in 

Group 2) were lost to follow-up and therefore could not be assessed for re-

rupture. Five infections were reported, all of which occurred in Group 1. It resulted 

in their exclusion from the analysis (p < 0.001). Additionally, 26 patients were 

excluded due to the presence of extra-articular procedures, multiligament 

injuries, or allograft use (11 in Group 1 and 15 in Group 2). Consequently, a total 

of 360 patients were included in Group 1, while 382 patients were included in 

Group 2, resulting in a total of 43 patients being excluded from the study (Figure 

2). No significant differences (n.s.)  were observed between the two groups 

regarding missing or excluded patients. Demographic characteristics such as 

gender and age were comparable between the groups (n.s.). Similarly, there were 

no significant differences in terms of the body mass index, or the type of autograft 

utilized for the two groups (n.s.). The mean follow-up was significantly longer in 

Group 1, with a mean of 94 months (range 82–105 months), compared to 72 

months (range 60–83 months) in Group 2 (p < 0.001). 
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Figure 1. Flow chart illustrating the creation of study cohorts, patient exclusions, 

and loss of follow-up. 

 

In Group 1, 17 patients experienced a re-rupture, accounting for 4.7% of the total. 

Group 2 saw 15 patients with re-rupture, representing 3.9% of the cohort. 

Although Group 2 exhibited a slightly lower re-rupture rate, the difference did not 

reach statistical significance (n.s.). The time to re-rupture was comparable 

between the two groups, with a mean of 51 months (range 48–60 months) in 

Group 1 and 50 months (range 45–56 months) in Group 2 (n.s.). 

 

Regarding the secondary objective, functional assessments could only be 

scheduled for 182 patients in Group 1 and 199 patients in Group 2. The mean 

IKDC score was 82.0 (SD 8.0) in Group 1 and 83.9 (SD 8.0) in Group 2 (p = 

0.049), indicating a statistically significant difference but with no clinically relevant 

difference (MCRD > 9.8).(71) The median Tegner score remained consistent at 

4 points in both groups (n.s.). However, there was a statistically significant 

difference observed in the mean Lysholm score, with Group 1 scoring 90.3 (SD 

6.6) and Group 2 scoring 92.0 (SD 6.1) (p = 0.015) but with no clinically relevant 

difference (MCRD > 25(71). 

 

A summary of all the results can be found in Table 1. 
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Table 1: Results and comparative between groups 

 

Utilizing the isothermal microcalorimetry technique, bacterial growth was 

observed in the contaminated fragments of both the 4xHt graft and BPTB graft. 

These fragments exhibited similar growth dynamics, which is consistent with the 

typical behavior of the bacterial strain utilized. Initially, the microcalorimetry 

curves displayed exponential growth that culminated in a population peak (200 

µW) approximately 8 hours post-contamination. Subsequently, a rapid decrease 

in bacterial population size, characterized by senescence or bacterial death, was 

observed. Notably, no significant differences were detected between the growth 

profiles of the two graft types. In contrast, the negative control fragments of both 

graft types showed no evidence of bacterial growth, affirming the absence of 

contamination in these samples. Consequently, no notable disparities in bacterial 

growth profiles were identified between the 4xHt and BPTB grafts (Figure 3)
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Figure 3. Isothermal microcalorimetry, no significant differences between the 

bacterial growth profiles of any of the 4xHt and BPTB contaminated grafts were 

found. (Legend: H1c blue discontinuous line - - - -, H2c blue spotted line · · · ·, 

H6n blue continuous line ----, P1c red discontinuous line - - - -, P2c red spotted 

line · · · ·, P6n red continuous line ----. *Sample names explained on fig 1) 

 

The CFU/ml count was determined for the fluid obtained through sonication of the 

contaminated fragments from both the BPTB and 4xHt grafts. The average 

CFU/ml values for each group were calculated and compared. The mean CFU/ml 

counts were found to be 3.5x10^7 ± 0.345e^+7 CFU/ml for the BPTB graft group 

and 4.6 x10^7 ± 1.455e^ +7 CFU/ml for the 4xHt graft group. No significant 

difference was observed between them (p = 0.6667) (Figure 4). This statistical 

analysis confirmed that there were no significant disparities in bacterial load 

between the 4xHt and BPTB graft groups (p > 0.05). 

 

Furthermore, when the fluid extracted from the uncontaminated BPTB and 4xHt 

graft fragments (negative controls) via sonication was seeded, no colony growth 

was observed.  

 
Figure 4. Colony-forming units counting method, no significant differences were 

detected between the 4xHt graft group and the BPTB graft group. * Standard 
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deviation 0,345e^+7, **Standard deviation 1.455e^ +7. 

 

During the electron microscopy analysis, the technician observed no discernible 

or distinctive patterns in biofilm growth upon comparing the contaminated 

fragments of BPTB grafts to those of 4xHt grafts. Regardless of the graft surface, 

a uniform growth pattern was observed. Specifically, no noticeable increase in 

colonization was observed in the suture areas. (Figures 5a and 5b) No bacterial 

presence was detected in the negative control samples. 

 

 
(Fig. 5a) 



 
 

51 

 
(Fig. 5b) 
Figure 5. Electron microscopy at magnification of 34x, and10.00 Kx: (Fig5a) 
Hamstring graft samples, contaminated H5c and negative control H8n. (Fig5b) 
Patellar tendon graft samples, contaminated P5c and negative controls P8n. 

(Legend: Black arrow = Hamstring tendon, White arrow = suture, green 
arrow patellar tendon) 
 
Overall, these findings suggest that the use of the vancomycin presoaking 

technique does not significantly impact re-rupture rates or functional outcomes 

post-ACL reconstruction. Moreover, the production of biofilm in 4xHt grafts is 

much the same as that produced in BPTB grafts contaminated with the same 

bacterial inoculum. 
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7. OVERALL SUMMARY OF THE DISCUSSION 
 
The findings from this thesis indicate that soaking 4xHt and BPTB autografts in a 

5 mg/ml vancomycin solution concentration does not elevate the risk of re-rupture 

following ACL-r and does not adversely impact functional outcomes. This 

corroborates the first hypothesis. Conversely, results from the thesis debunk the 

second hypothesis, seeing no differences in biofilm growth when BPTB and 4xHt 

grafts had been exposed to the same bacterial inoculum in vitro. 

 

The observed re-rupture rates in this thesis align with existing literature, which 

reports re-rupture rates ranging from 0% to 25%(72), with the majority of studies 

reporting rates around 7%. These findings are consistent with the results obtained 

in both the vancomycin technique group and the group without it. Additionally, the 

functional outcomes observed in this study are comparable to those reported in 

previously published data(72,73). This suggests that the vancomycin presoaking 

technique does not compromise functional recovery post-ACL-r. This further 

supports its safety and efficacy in clinical practice. However, this study has 

several limitations. The most important is its retrospective design even though 

the groups were similar and there was no other modification in the surgical 

protocol except for the vancomycin technique. Another aspect of its retrospective 

design is the sequential character of the 2 groups and the resultant different 

follow-ups. This is an important limitation as the group of patients with longer 

follow-up may have a greater chance of re-rupture even though the time to re-

rupture was similar between groups. Even so and given the consistency of our 

results with existing evidence, we advocate for the standardization of vancomycin 

presoaking prophylaxis in ACL-r surgeries. We believe that such standardization 

will enhance surgical outcomes and mitigate risks.  

 

The results of the second investigation revealed that structural disparities 

between the two graft types do not influence biofilm production. This suggests 

that both tissues function as foreign bodies that equally make for biofilm growth. 

It can be inferred that the 4xHt graft does not inherently predispose to infections 

due to its structure and composition. However, this study has several limitations. 
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This study was performed with only frozen cadaveric donor grafts. We are aware 

of the bias that it may produce. Working with fresh donor grafts would have been 

more difficult to do for ethical and practical reasons. In any case, a study by 

Charalambous et al. showed no significant differences in infection rates between 

allografts and autografts(56), this led us to think that there would be no major 

differences between the use of fresh and cadaveric grafts. Another factor to 

mention is that only S. epidermidis (one of the most frequent bacteria infecting 

ACL-R) was used for contamination and biofilm formation. It would be interesting 

to perform the same analysis with other types of Gram-positive staphylococci that 

are frequently associated with this pathology. However, it is unlikely that any 

differences would be found due to their similarity to S. epidermidis. On the other 

hand, we believe that repeating the analysis with pathogens of other strains 

including anaerobes would be of little relevance due to their low prevalence in 

ACL-r infections. With these limitations laid out, we still consider that this study 

gives enough evidence to infer that the differences in infection rates observed in 

ACL-r surgeries utilizing BPTB and 4xHt grafts cannot be attributed to their 

structural distinctions. This leads us to consider discontinuing further 

investigation into this avenue and prompts exploration of alternative research 

directions. 

 

Upon analyzing our results and comparing them with existing literature, we have 

identified a recently published study by Höher et al. that has also demonstrated 

the clinical safety of the vancomycin technique. It saw no adverse effects on re-

rupture rates(49). Interestingly, they observed a lower risk of graft failure in the 

vancomycin group compared to those without vancomycin soaking. While our 

findings align with theirs regarding the absence of increased re-rupture risk, we 

did not observe a reduction in failure rates. Höher et al. attributed this reduction 

to a potential decrease in low-grade infections facilitated by the vancomycin 

technique. This hypothesis warrants further exploration, particularly considering 

evidence of bacterial DNA presence in widened tunnels and failed grafts, 

suggesting a link between low-grade infections and re-rupture(74,75).  

 

On the other hand, accepting the results of the study "Are Hamstring Grafts a 

Predisposing Factor to Infection in ACL-r Surgery? A Comparative In Vitro Study,” 
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we must look for alternative theories to explain why hamstring graft surgeries 

have higher infection rates. The fact that grafts, by their very nature, are not a 

predisposing factor for biofilm growth leads us to think that there must be some 

differences surrounding their processing that changes and conditions the 

differences in infection rates. One possible reason is that there are differences in 

the contamination of grafts. It is well known that contamination during a surgical 

procedures is time-dependent(76). The production of the 4×Ht graft is more time-

consuming due to its greater complexity(43,47). We also know that contamination 

of grafts occurs during the process of making them (41). This further leads us to 

consider that contamination with more bacterial inoculum might occur during the 

preparation of the 4×Ht grafts, more frequently reaching the MID. In this way, we 

could come by the higher infection rates seen in ACL-r surgeries performed with 

4×Ht grafts. Another hypothesis is that slightly more extensive tissue dissection 

and morbidity is performed at the 4×Ht autograft harvest site when compared to 

the BPTB autograft harvest site(77,78), thereby justifying the difference in 

infection rates.  
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8. CONCLUSIONS 
 

With the results of the studies that constitute this thesis, we can conclude that the 

vancomycin presoaking prophylaxis technique is a safe technique. Moreover, it 

does not affect the re-rupture rates in the mid- to long-term. Neither does it affect 

the functional results of ACL-r surgeries. Furthermore, the quantity of biofilm 

formed on BPTB and 4xHt grafts by the same bacterial inoculum is similar in vitro. 

Therefore, the 4xHt graft is not inherently predisposed to biofilm growth based on 

its structure and composition. 
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9. FUTURE LINES OF INVESTIGATION 
 

This thesis is part of an ongoing research initiative at our institution. It has already 

led to the publication of eleven papers in high-impact journals. Moreover, it has 

resulted in two clinical practice guidelines as well as contributions to one chapter 

in two distinct books, and the successful defense of another doctoral thesis. Our 

efforts to broaden the understanding of ACL-r infections and to improve surgical 

outcomes remain a priority, and we aim to continue contributing to this field with 

further studies. The goal is to achieve safer and more effective ACL-r surgeries, 

thereby reducing the risk of complications and enhancing patient recovery. 

 

Building upon the findings of this thesis, several key areas for future research 

have already been identified and will now be discussed. 

 

First, while this thesis demonstrates that vancomycin presoaking does not 

elevate the risk of re-rupture or impair functional outcomes, there are no cost-

effectiveness analyses of it. Given the minimal cost of vancomycin, this analysis 

is expected to be favorable. The cost-factor in and of itself supports the broader 

adoption of this technique as a standard prophylactic measure in ACL-r surgeries. 

 

Secondly, further exploration of the relationship between low-grade infections 

and graft failure is in our sights. The hypothesis that vancomycin presoaking may 

reduce low-grade infections and subsequently lower graft failure rates, as 

suggested by Höher et al., deserves more in-depth study. An observational 

investigation of the presence of bacterial DNA in widened tunnels and failed grafts 

could provide valuable insights into the role of subclinical infections in ACL-r 

failure. Delving deeper into this phenomenon may well inform the development 

of targeted strategies to mitigate graft failure. 

 

Finally, alternative theories regarding the higher infection rates observed in 

hamstring grafts require further investigation. A potential area of focus might be 

time-dependent contamination during graft preparation, particularly with 4×Ht 

grafts as they require more time and complex handling. Future studies could 
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examine the bacterial inoculum present during graft preparation with a focus on 

minimizing intraoperative contamination. Further research might explore the 

extent of tissue dissection at the autograft harvest site, particularly in 4×Ht grafts, 

to assess its role in the risk of infection. Those are some of the future lines of 

investigation to be considered in relation to ACL-r infections. 

 

With this solid foundation of research and continuous investigation, we aim to 

broaden our understanding of ACL-r infections and enhance the overall safety 

and outcomes of these surgeries. 
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