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Background

In 2012, Vertullo et al. introduced a technique of presoaking the hamstring
tendon graft in vancomycin before it is implanted into the knee joint. Clinical 
studies subsequently have shown that the postoperative infection rate after 

ACL reconstruction can be significantly reduced to almost 0% by this
technique, but concerns have been raised regarding possible vancomycin 

toxicity to the graft, resulting in early graft failure. Contrary to expectation, a 
previous study of our group showed a significantly reduced re-rupture rate 

after ACLR with the use of vancomycin 
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Table 1 Demographics of groups 1 and 2
Period of study 

(months)
No. of 

patients
Mean age at 

surgery Male Female
No. of 

infections

no vancomycin 32 926 32,4 ± 11,4 569 (61,4%) 357 (38,6%) 22 (2,4%)

vancomycin 28 853 31,2 ± 15,2 528 (61,9%) 325 (38,1%) 0 (0,0%)
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Abstract
Purpose To investigate whether pre-soaking the graft in vancomycin during anterior cruciate ligament reconstruction (ACLR) 
reduces the postoperative infection rate and if this technique is associated with an increased rate of complications, including 
graft failure or arthrofibrosis.
Methods A retrospective review of a prospective database was performed in 1779 patients who underwent ACLR over a 
period of 5 years, analysing the rate of postoperative deep knee infection. Group 1 and 2 both received perioperative IV 
antibiotics, while only group 2 underwent ACLR with grafts pre-soaked in a 5 mg/ml vancomycin solution. To analyse pos-
sible side effects associated with vancomycin use, 500 patients out of the overall study population (100 patients per year) 
were randomly selected and retrospectively interviewed for further postoperative complications including graft failure and 
arthrofibrosis as well as subjective evaluation of their knee by completing the IKDC form with a minimum mean follow-up 
of 37 months.
Results In group 1, 22 out of 926 (2%) patients suffered a postoperative deep knee infection. In contrast, there were no post-
operative infections in the second group of 853 patients (0%). 16 of 22 infections (73%) were caused by coagulase-negative 
Staphylococcus. Statistical analysis revealed a significantly reduced postoperative infection rate when bathing the autograft 
in vancomycin (p < 0.01). Analysis of the random sample revealed a significant decrease of graft failure with 8 reruptures in 
257 patients (3%) in the vancomycin group compared to 16 cases of graft failure in 167 patients (10%) in the control group 
(p < 0.05). No differences were found in the rate of postoperative arthrofibrosis, Tegner or subjective outcome scores.
Conclusion Prophylactic vancomycin pre-soaking of autografts during ACLR appears to be a viable, cost-effective and safe 
option to reduce the rate of deep infection compared to systemic antibiotics alone.
Level of evidence III.

Keywords Anterior cruciate ligament · Antibiotic prophylaxis · Vancomycin · Knee infection · Graft failure · Arthrofibrosis

Abbreviations
ACLR  Anterior cruciate ligament reconstruction
CNS  Coagulase-negative Staphylococcus
MIC  Minimum inhibitory concentration
ST  Semitendinosus
HS  Hamstrings

PT  Bone–patellatendon–bone
QT  Quadriceps tendon

Introduction

Postoperative deep knee infection is a rare but devastat-
ing complication following anterior cruciate ligament 
reconstruction (ACLR). The incidence has been reported 
to range from 0.14% to as high as 4.4% in selected patient 
populations, with most studies reporting an incidence 
around 1.5% [16, 24, 30, 34]. Several factors, such as 
previous surgery to the knee, additional open procedures 
and the use of a hamstring graft have been reported to 
be associated with the incidence of knee infections after 
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àSignificant reduction of knee infections and graft failure with the use of vancomycin

Follow up 
(months)

No. of 
patients

No. of 
complications

No. of 
infections

No. of 
ReRuptures

No. of 
arthrofibrosis IKDC score

Tegner 
(median) HS PT QT

no vancomycin 57,4 ± 8,3 194 58 (29,9%) 9 (4,6%) 21 (10,8%) 26 (13,4%) 86,1 ± 14,6 6 167 (86,1%) 0 (0,0%) 27 (13,9%)

vancomycin 24,6 ± 8,4 280 50 (17,9%) 0 (0,0%) 8 (2,9%) 42 (15,0%) 85,0 ± 12,4 6 257 (91,8%) 3 (1,1%) 20 (7,1%)

Table 4a Complications and outcome of groups 1 and 2 (random sample primary HS ACLR only)
Follow up 
(months)

No. of 
patients

No. of 
complications

No. of 
infections

No. of 
ReRuptures

No. of 
arthrofibrosis IKDC score

Tegner 
(median)

no vancomycin 57,3 ± 8,4 167 34 (20,4%) 7 (4,2%) 16 (9,6%) 11 (6,6%) 85,6 ± 14,1 5

vancomycin 24,4 ± 8,6 257 35 (8,8%) 0 (0,0%) 8 (3,1%) 27 (10,5%) 84,9 ± 12,1 5
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Background

A possible explanation for this observation could be a reduced number of
low-grade infections as a cause for graft failure. The problem of clinically

occult infections is well known in other areas of orthopedics. For example, 
delayed or late infection, which is often characterized by lack of clinical and

laboratory signs of infection are of high relevance in the pathogenesis of
septic fracture nonunion
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Purpose of the study

To investigate whether bacterial presence in a primary ruptured native ACL 
differs from that in a ruptured hamstrings ACL graft and whether low-grade 

infections cumulatively can be detected in the case of graft failure. 

Furthermore, synovial fluid aspiration and polymerase chain reaction (PCR) 
of the biopsies were investigated for possible future biomarkers for a 

low-grade infection. 
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Prospective
Monocentric

Graft-Group

53 patients
Graft Failure

ACL-Group

59 patients
Primary ACL rupture

Overall Cohort

112 patients Exclusion criteria

Signs or History of knee joint infection
Antibiotic intake in the last 3 months
ACL-group: Previous knee surgery

Material and Methods

In a case-control study with prospectively collected data, synovial fluid aspirates and tissue samples of failed ACL 
grafts were examined for evidence of bacterial colonization and compared to samples of the native ACL in primary ACL 

reconstruction (ACLR) using microbiological culture, 16S rRNA-PCR and histopathological examination. 
Furthermore, synovial fluid aspiration was investigated for possible future biomarkers for a low-grade infection.
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Results

patient with a “true” low-grade infection was found in
our study population, resulting in a prevalence of 1.9%
(1/53) in the case group (graft rupture) compared to
0% (0/59) in the control group (native ACL) (P ¼
.285). This 1 patient presented to our clinic 2.5 years
after ACLR due to recurrent instability without
reporting a new adequate trauma. Except mild pain and
mild swelling, there were no clinical or laboratory signs
of infection. In our study, he applied for all signs of a
low-grade infection, including the detection of 1 path-
ogen (Staphylococcus epidermidis) in all 3 biopsies, as well
as in the synovial fluid, a conspicuous pathological
finding and by far the highest WBC count in the sy-
novial fluid (10,100 WBCs/mL vs a mean WBC count of
467 WBCs/mL" 160 WBCs/mL) (Table 2). A subsequent
review of the patient’s MRI and radiographs revealed
no signs of tunnel widening.

Discussion
The present study found evidence for the presence of

bacteria in the graft and the synovial fluid of patients
after ACLR. No significant difference was found in the
occurrence of low-grade infections in patients with graft
failure (1.9 %) compared to patients with primary
rupture of the native ACL (0%). In comparison to other
orthopedic studies, we applied a very strict definition of
low-grade infections. In our opinion this was necessary,

because with such a high number of tissue samples and
microbiological examinations, as well as the highly
sensitive procedures applied, a certain percentage of
iatrogenic contamination during sample collection and/
or further processing in the laboratory is to be
expected.26-29

If only cultural detection of bacteria in the samples is
considered, a nonsignificant difference between the 2
groups is observable in our study, with 9.4% of patients
presenting bacterial growth in the graft failure group
compared to 3.4% in samples of the native ACL.
There is just one comparable study investigating the

presence of bacteria in ACL grafts. Everhart et al. re-
ported detection of bacterial DNA in tissue biopsies
from the failed graft in revision ACLR in 87% of cases
using conventional 16S rRNA-PCR.22 Unfortunately,
this study leaves some important questions unanswered
and has significant methodological shortcomings. To
evaluate for PCR positivity due to environmental
contamination, results of 31 samples were compared to
just 5 samples of primary ACLR, in which bacteria were
also detected in one case (20%). PCR analysis was
performed with a universal bacterial primer (16S ribo-
somal RNA gene) without subsequent sequencing. In-
formation on the detection of bacterial DNA
alonedwithout knowledge of the exact speciesdis
prone to false-positive results and of little clinical

Table 3. Comparison of Microbiologcial and Laboratory Results of Native ACL and Graft Samples

All Patients (n ¼ 112) ACL Graft (n¼53) Native ACL (n ¼ 59)

Pn % mean SD n % mean SD n % mean SD
Cultural analysis

Culture biopsies (n ¼ 336)
sterile 327 97.3% 154 96.9% 173 97.7% 0.651
growth 9 2.7% 5 3.1% 4 2.3%

Culture synovial fluid (n ¼ 53)
sterile 50 94.3% 23 88.5% 27 100.0% 0.072
growth 3 5.7% 3 11.5% 0 0.0%

All cultured samples (n ¼ 389)
sterile 377 96.9% 177 95.7% 200 98.0% 0.191
growth 12 3.1% 8 4.3% 4 2.0%

PCR (16s RNA)
negative 96 99.0% 48 100.0% 48 98.0% 0.320
positive 1 1.0% 0 0.0% 1 2.0%

Pathology (n ¼ 109)
negative 108 99.1% 50 98.0% 59 100.0% 0.277
positive 1 0.9% 1 2.0% 0 0.0%

Synovial fluid analysis (others than culture)
Glucose mg/dL 63 85 1 31 83 2 32 88 2 0.04
Lactate mg/dL 62 2.7 0.1 30 2.9 0.2 32 2.6 0.1 0.166
Protein g/dL 63 3.9 0.1 31 3.5 0.1 32 4.4 0.2 <0.001
Leukocytes/mL 64 467 160 31 583 326 33 359 61 0.124
PMN (%) 63 24 3 31 27 3 32 20 4 0.03
MN (%) 64 77 3 31 73 3 33 80 4 0.020

Low-Grade Infection
no 111 99.1% 52 98.1% 59 100.0% 0.285
yes 1 0.9% 1 1.9% 0 0.0%

MN, mononukclear leukocytes; PMN, polymorphonuclear leukocytes.
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6 C. OFFERHAUS ET AL. Definition of low-grade infection
(Infectious Diseases Society of America)

• At least 2/3 samples show the same bacteria
à Low-grade Infection

• Growth in 1 sample or different germs
à contamination

• Unless clear signs of infection in histopathology
à Low-grade infection

A total of 389 samples were analyzed by microbiological culture. Bacteria were detected in 9.4% of patients with a 
graft rupture (n = 5/53) compared to 3.4% of patients with a primary ACL rupture (n = 2/59). GLMM-based

comparison of patient groups revealed an odds ratio of 2.32 indicating a trend towards twice the likelihood of
bacterial growth in the graft rupture group (n.s.; p = .192). One patient with a “true” low-grade infection according to

the IDSA-definition was found in the study population, resulting in a prevalence of 1.9% (1/53) in the graft group.
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The percentage of polymorphonuclear leukocytes (PMN%) as a highly sensitive marker for joint infections was 
significantly higher in aspirated synovial fluid of graft ruptures (27% ± 3% vs. 20% ± 4%, p=0.032), as well as glucose

levels were significantly lower (83 mg/dl ± 2 mg/dl vs. 88 mg/dl ± 2 mg/dl, p=0.042).



ISAKOS Congress 2025, Munich, Germany

Discussion / Clinical Relevance
Influence of Staphylococcus epidermidis
on Collagen Crimp Patterns of Soft
Tissue Allograft

Koral M. Blunt,* BA, Brett N. Bentkowski,* BA, Eric Milliron,y MD, Parker Cavendish,y MD,
Charles Qin,y MD, Robert A. Magnussen,yz MD, MPH, Paul Stoodley,§ PhD,
and David C. Flanigan,yz|| MD
Investigation performed at The Ohio State University, Columbus, Ohio, USA

Background: Postoperative infections, commonly from Staphylococcus epidermidis, may result in anterior cruciate ligament graft
failure and necessitate revision surgery. In biomechanical studies, S. epidermidis has been shown to establish biofilms on tendons
and reduce graft strength.

Purpose/Hypothesis: The goal of this study was to determine the effect of bacterial bioburden on the collagen structure of ten-
don. It was hypothesized that an increase in S. epidermidis biofilm would compromise tendon crimp, a pattern necessary for
mechanical integrity, of soft tissue allografts.

Study design: Controlled laboratory study.

Methods: Cultures of S. epidermidis were used to inoculate tibialis anterior cadaveric tendons. Conditions assessed included 5
3 105 colony-forming units or concentrated spent media from culture (no living bacteria). Incubation times of 30 minutes, 3 hours,
6 hours, and 24 hours were utilized. Second-harmonic generation imaging allowed for visualization of collagen autofluorescence.
Crimp lengths were determined using ImageJ and compared based on incubation time.

Results: Incubation time positively correlated with increasing S. epidermidis bioburden. Both fine and coarse crimp patterns
lengthened with increasing incubation time. Significant coarse crimp changes were observed after only 30-minute incubations
(P \ .029), whereas significant fine crimp lengthening occurred after 6 hours (P \ .0001). No changes in crimp length were iden-
tified after incubation in media lacking living bacteria.

Conclusion: The results of this study demonstrate that exposure to S. epidermidis negatively affects collagen crimp structure.
Structural alterations at the collagen fiber level occur within 30 minutes of exposure to media containing S. epidermidis.

Clinical Relevance: Our study highlights the need for antimicrobial precautions to prevent graft colonization and maximize graft
mechanical strength.

Keywords: S. epidermidis; tendon; allograft; bacterial bioburden; collagen fiber

Anterior cruciate ligament (ACL) injury rates are increas-
ing, and there are .200,000 ACL reconstructions performed
each year in the United States.13,14 Reconstruction is con-
sidered a safe and effective treatment for ACL rupture
and utilizes autograft or allograft tissues.21 Autografts are
obtained from the patient and often include part of the ham-
string, quadriceps, or patellar tendons. Allografts, such as
Achilles and tibialis tendons, are harvested from donors.
The selected graft is fixated in surgically created tunnels
in the patient’s femur and tibia to reconstitute the ACL.4

Type 1 collagen fibrils in native ligaments and tendon
grafts provide mechanical integrity to the tissue. Collagen
fibrils are organized to allow for maximum energy

dissipation and can be considered ropelike.5 Individual col-
lagen polypeptides are composed of a specific sequence,
assembled into a triple helix, and subsequent triple helices
are thermodynamically assembled in a hierarchal manner
into fibrils.29 Collagen fibrils associate to form collagen
fibers, the basic unit of tendons and ligaments. Collagen
fibers contain crimp, a pattern resembling waves that
allows for stretch and flexibility. A specific crimp orienta-
tion and its ability to straighten accommodate loading
responses during physiological functioning.12,34 This com-
plex organization allows for tendons to transmit and with-
stand rotational and longitudinal forces and to serve as
grafts for ruptured ligaments.31

Although success rates are generally high, 10% to 15%
of patients undergoing ACL reconstruction require a revi-
sion because of graft failure.6 A reconstruction may be
deemed a failure if there is objective laxity and patient-
perceived instability. Failure can result from surgical
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grafts were identified to be inhabited by bacteria, despite
having no infection on clinical impression.15 Even in unde-
tected subclinical infections, bacterial presence is associ-
ated with increased graft failure rates, highlighting the

need for precautionary surgical measures. Additionally,
bacteria capable of producing biofilms pose a greater threat
for infection because they are not as easily picked up in
joint fluid aspiration as planktonic counterparts.7

Figure 3. Collagen structure and bacterial distribution on the tendon. (A-E) Representative second-harmonic generation maxi-
mum projection images of the tendon after incubation with S. epidermidis are shown. The collagen fibers appeared as distinct
green strands, and the bacteria were seen as red cocci of 1 mm in diameter. The bacteria appeared to be attached to a layer
overlying the surface of the collagen. (B) A cluster of S. epidermidis cells is identified in a circle, and a host cell is indicated
with an arrow. BHI, Brain Heart Infusion.

Figure 4. Tendon crimp length increases with exposure to S. epidermidis. Second-harmonic generation imaging allowed for visu-
alization of the autofluorescence of collagen. The collagen fiber crimp length was measured between peaks of wave patterns. (A)
Fine crimp and (B) coarse crimp patterns were identified and differentiated. The arrows show how the wavelengths of represen-
tative crimps were measured.
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Abstract

We sought to determine the impact of bacterial inoculation and length of exposure on

themechanical integrity of soft tissue tendon grafts. Cultures of Staphylococcus epidermidis

were inoculated on human tibialis posterior cadaveric tendon to grow biofilms. A low

inoculum in 10% growth medium was incubated for 30min to replicate conditions of

clinical infection. Growth conditions assessed included inoculum concentrations of 100,

1000, 10,000 colony‐forming units (CFUs). Tests using the MTS Bionix system were

performed to assess the influence of bacterial biofilms on tendon strength. Load‐to‐failure

testing was performed on the tendons, and the ultimate tensile strength was obtained

from the maximal force and the cross‐sectional area. Displacements of tendon origin to

maximal displacement were normalized to tendon length to obtain strain values. Tendon

force‐displacement and stress‐strain relationships were calculated, and Young's modulus

was determined. Elastic modulus and ultimate tensile strength decreased with increasing

bioburden. Young's modulus was greater in uninoculated controls compared to tendons

inoculated at 10,000CFU (p=0.0011) but unaffected by bacterial concentrations of 100

and 1000CFU (p=0.054, p=0.078). Increasing bioburden was associated with decreased

peak load to failure (p=0.043) but was most significant compared to the control under

the 10,000 and 1000CFU growth conditions (p=0.0005, p=0.049). The presence of

S. epidermidis increased elasticity and decreased ultimate tensile stress of human cadaveric

tendons, with increasing effect noted with increasing bioburden.

K E YWORD S

ACL reconstruction, graft failure, infection, Staphylococcus epidermis

1 | INTRODUCTION

Due to the high incidence of anterior cruciate ligament (ACL) injuries,

increasing numbers of ACL reconstructions are performed each year

making it one of the most common orthopedic prodcedures.1,2

Reconstruction is the most common treatment for ACL rupture and

many graft options are available, including different autograft

and allograft tissues.3 Autograft harvest is the most used technique

for ACL reconstruction with potential graft sites including the

hamstring tendons, patellar tendon, and quadriceps tendon. Allograft
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bioburden was also associated with a decreased peak load to failure

(p = 0.046, Welch ANOVA). The difference was most significant when

compared to the control under 10,000 and 1000 CFU conditions

(p = 0.0005, p = 0.049). No significant differences were observed

regarding the experimental control compared to the 100 CFU

inoculum concentrations as assessed by a paired t‐test assuming

equal variance (p = 0.072). Therefore, no adjustment or stratification

was performed based on these variables in subsequent analyses.

There was no association between bacterial concentration and strain

as measured by the MTS Bionix testing system.

4 | DISCUSSION

While rare, infection after ACL reconstruction exists and subclinical

bacterial colonization of orthopedic graft material has proven to be

clinically relevant.11 Subclinical biofilm formation and its impact on

the mechanical integrity and success of soft tissue grafts has rarely

been studied.

The most important finding of the present study is that

increasing levels of bacterial colonization are associated with a

weakening of the mechanical properties of the ACL soft tissue

F IGURE 4 Stress–strain curves. Tendons underwent an axial load
at a defined strain rate of 10mm/min until tendon failure.
Representative stress–strain curves were generated across each
experimental replicate. Peak load to failure of the control specimen
was significantly greater than that of the 10,000 CFU inoculum. This
trend was observed when comparing the control to the 100, 1000,
and 10,000 CFU concentration but was statistically significant in
comparison to both the 1000 and 10,000 CFU inoculum. BHI, brain
heart infusion; CFU, colony‐forming unit.

F IGURE 5 Box and Whisker plots of
calculated values for Young's modulus (A) and
peak stress (B). (A) There was no difference in
bacterial concentration and change in elasticity
when comparing the experimental control to 100
and 1000 CFU. There were statistically lower
values for Young's modulus among tendons
inoculated under 10,000 CFU. (B) There was no
statistical difference between increasing
bioburden and peak load to failure when
comparing the experimental control to 100 CFU.
However, there were statistically lower values for
peak stress among tendons inoculated under
10,000 and 1000 CFU. CFU, colony‐forming unit.
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Components were lastly dehydrated in 100% hexamethyldisilazane

for 5min, twice, then depressurized before a sputter coating

procedure. These components were dried at room temperature

before imaging via Quanta 200 imaging system.

2.8 | Statistical analysis

Data were analyzed using standard statistical software on Microsoft

Word. The association between bacterial presence and modulus of

elasticity (Young's modulus) and peak stress to failure (Sigma) were

assessed by analysis of variance (ANOVA). To assess for an

association between bacterial concentration and changes in both

elasticity and peak stress, paired t‐tests assuming equal variance

were conducted across each inoculum concentration. Differences

were considered significant for p < 0.05.

3 | RESULTS

3.1 | Interpretation of stress–strain curves

The recorded data were observed as a force–displacement curve and

a stress strain curve was calculated. Ultimate tensile strength was

dependent on level of inoculation and CSA of the tendon. Across 10

replicates, the uninoculated experimental control displayed an

increased peak load to failure among tendons. Peak load to failure

values ranged from 1300–3000N. After adjusting to account for the

variable CSA of the tendons, stress values averaged to 20.197

N/mm2 in the control group. Comparatively, peak load to failure

values for the 10,000 CFU inoculation ranged from 900–2800 N, and

stress averaged 14.79 N/mm2. Averages for the 100 and 1000 CFU

inoculations were 17.25 and 16.93 N/mm2, respectively. Tendon

stiffness was approximated using the slope of the stress–strain curve

at its most linear segment. Across all conditions, bacterial inoculation

did not significantly alter tendon strain (p = 0.73). Tendon stiffness

averaged 0.33–0.36 N/mm2. Data confirmed that due to varying

levels of crimp within tendon fibrils, the tendon exhibited the

expected nonlinear stress–strain response (Figure 4).

3.2 | Association between bioburden and
mechanical strength

Young's elastic modulus and ultimate tensile strength decrease with

increasing bioburden. Young's modulus was greater in the unin-

oculated control group compared to tendons inoculated at

10,000 CFU (p = 0.0011) but was unaffected by bacterial concentra-

tions of 100 and 1000 CFU (p = 0.054, p = 0.078) as detected by

t‐test: two‐sample assuming equal variances (Figure 5). Increasing

F IGURE 3 Mechanical testing of the tibialis posterior tendon. The tendon specimen was gripped by two clamps, reinforced using dry ice, and
further clamped using two C‐clamps to mitigate the risk of slipping (A). Specimens underwent an axial strain until peak load was obtained or until
the graft snapped (B). To account for tendon size differences, initial length and tension values were included in calculations (C). Tendons
underwent mechanical testing using the MTS 858 Bionix Test system (D)
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In summary we could not demonstrate a causal relationship between low-grade infection and graft failure. This may
be due to the limitations of current diagnostic tools, which are unable to reliably differentiate between clinically

inapparent bacterial occupation from contamination during and/or after surgery. However, we detected evidence of
bacterial presence and its metabolism in patients undergoing revision ACLR. Based on these findings, we hypothesize
that chronic indolent bacterial growth, bacterial metabolism and the associated human immune responses creates a 
chronic inflammatory environment that compromises graft integrity and may contribute to significant weakening of

the graft. This hypothesis is further supported by recent studies showing that Staphylococcus epidermidis can
significantly alter the crimp pattern of soft tissue allografts, potentially reducing their mechanical strength.
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Conclusion

Synovial fluid obtained before revision ACLR showed a higher percentage
of polymorphonuclear leukocytes and lower glucose levels compared

with primary ACLR, suggesting bacterial metabolism and demonstrating
that the intra-articular milieu changes significantly after ACLR. Tissue

samples of ACL grafts revealed a low-grade infection in one case, 
although overall cultivable bacterial presence did not differ significantly

when compared to samples of a native ACL. 
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