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Abstract 

 Spinal implant-associated infection is a rare but devastating complication. The prevalence 

of antibiotic-resistant pathogens like methicillin-resistant Staphylococcus aureus bacteria 

(MRSA) contribute to poorer outcomes for post-surgical spine infections due to their enhanced 

virulence and persistence mechanisms. This is particularly true in spinal fusion surgeries, in 

which infection can prevent the bone formation needed to support the spine long-term. While 

there are animal models of spinal implant-associated infection, this thesis describes the first 

model to incorporate an implant that is anchored in the vertebral bodies and spans one vertebral 

level. This simultaneously mimics placement of the pedicle screws and rods used in spinal 

surgeries and provides an abiotic surface for bacteria to build protective biofilm structures. Using 

a bioluminescent strain of MRSA to track bacterial burden over the course of the infection, we 

found that the model was successful in establishing a persistent (8-week) infection localized to 

the spinal implant. This rat model of spinal instrumentation infection can be used to study 

pathophysiology of spinal implant infections as well as test novel therapeutics. We are currently 

adapting the model to include a spinal fusion procedure to assess the performance of 

antimicrobial bone graft materials in reducing or preventing infection while forming healthy new 

bone. 

Thesis Readers: Dr. Kimberly Davis and Dr. Timothy Witham  
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Introduction 

 

 Implant-associated infections in spinal surgery represent a major crisis to patients and 

healthcare providers alike and have considerable societal costs as well. The rise of superbugs like 

methicillin-resistant Staphylococcus aureus (MRSA) and their transmission in the hospital 

setting reflects the threat to public health posed by the overuse of antibiotics and the concurrent 

need for interventions that ameliorate the significant morbidities caused by these bacterial 

pathogens. In the context of spinal fusion surgeries, infection can not only lead to life-threatening 

bacteremia, but can also interfere with the bone formation required to restore structural integrity 

to the patient’s spine. Communities of adherent bacteria secrete biofilms consisting of a 

protective matrix of polysaccharides, proteins, and other factors that allow them to attach to 

foreign materials implanted in the body, such as the screws and rods used in spinal surgery, and 

establish an infection1. Solutions to surgical site infections frequently rely on intravenous 

antibiotic administration, which may not introduce high enough antibiotic dosage in the infected 

region to resolve the infection without adverse systemic side effects2, 3. Antibacterial coating of 

the hardware used to stabilize the spine and other antibiotic delivery methods have shown 

moderate success4, 5, 6. A promising avenue for providing local and sustained therapeutic 

concentrations of antibiotics is with the use of antibiotic-loaded bone graft materials. The current 

gold standard for spinal fusion is to use bone from the patient’s iliac crest, the bone that makes 

up the upper arch of the pelvis. However, this is an additional surgical procedure that introduces 

significant pain and risk of infection or other complications in addition to the spinal procedure. 

The use of bone substitutes or synthetic bone graft materials has the potential to lessen the 

morbidities resulting from surgically transplanting bone from the patient’s iliac crest. As the 

https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4275032/
https://pubmed.ncbi.nlm.nih.gov/11565080/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5577398/
https://www.sciencedirect.com/science/article/pii/S0142961215001301?casa_token=zHZMt8NtFhUAAAAA:pE1VM8hb68GAbA5Y-sMWDhZxBACEpUuNh6bkjcqFtMMP3oylBiClHa0QR0oY0RwCSkufhAX7Zw
https://journals.lww.com/spinejournal/fulltext/2016/03150/Antimicrobial_Effect_of_Polymer_Based_Silver.4.aspx?casa_token=MBCubj8sGIAAAAAA:kjUenZlTAq_P4UpMt-P_OWhkhmQrdk_w0hLFdgz4Hp_81dYE7b5AJG1BwZoMKLTzkA_Bo79xXbsvE3jd_lzY-kSA
https://www.sciencedirect.com/science/article/pii/S1017995X17303814
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quality and availability of synthetic bone graft materials continues to improve, they will become 

the preferred alternative to autograft. The ideal bone substitute will have the dual utility of 

promoting bone formation while serving as a long-term, local antibiotic-eluting material to 

prevent infection, particularly in high-risk patient populations.  

We hypothesized that a rat model with clinically-relevant placement of spinal hardware 

inoculated with methicillin-resistant S. aureus bacteria would establish a chronic infection that 

would allow study of spinal implant-associated infection. A chronic or persistent infection is 

often correlated to the presence of biofilm, and the metal surface of spinal instrumentation makes 

an ideal surface for bacterial attachment and biofilm formation7. Our experiments were 

successful in establishing a rat model of chronic, spinal implant-associated infection. This spinal 

implant infection model has great potential utility for examining pathogenesis of implant-

associated vertebral osteomyelitis and potential therapeutic interventions, and is currently being 

adapted to a model of instrumented spinal fusion infection in order to evaluate bactericidal bone 

graft materials.  

 

Methicillin-Resistant Staphylococcus aureus 

 

Epidemiology 

 

Staphylococcus aureus is a Gram positive bacteria commensal to humans and 

characterized by its versatility in causing a wide variety of infections, ability to develop 

resistance to antibiotics, and high prevalence in the community and healthcare settings8.  

https://www.frontiersin.org/articles/10.3389/fcimb.2015.00001/full
https://www.ncbi.nlm.nih.gov/books/NBK441868/
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Methicillin-resistant strains of Staphylococcus aureus (MRSA) are increasingly 

worrisome due to their evolving resistance mechanisms that contribute to increased virulence in 

cases ranging from community-acquired skin and soft tissue infections to spinal implant-

associated infections (SII)9. MRSA was first recognized and isolated in the UK in the 1960s after 

demonstrating resistance to methicillin, a beta-lactam antibiotic developed in response to S. 

aureus resistance to penicillin10, 11. Since then a variety of MRSA strains have emerged, 

including health care-associated clonal complex 30 (HA-MRSA CC30) and community 

associated USA300 (CA-MRSA USA300), which has risen to prominence as the strain 

responsible for the majority of infections in the United States12, 13. While the incidence rates of 

MRSA infections showed a decline between 2005 and 2011 (Figure 1), perhaps due to increased 

surveillance, precautions, and hygiene protocols designed to prevent MRSA transmission in the 

hospital setting, this decline has slowed in recent years (Figure 2)14, 15, 16, 17.  

 

https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4451395/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5517843/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5517843/#CR3
https://pubmed.ncbi.nlm.nih.gov/24521595/
https://www.acpjournals.org/doi/10.7326/0003-4819-144-5-200603070-00005
https://pubmed.ncbi.nlm.nih.gov/21488764/
https://pubmed.ncbi.nlm.nih.gov/22491330/
https://pubmed.ncbi.nlm.nih.gov/24092798/
https://www.cdc.gov/mmwr/volumes/68/wr/mm6809e1.htm
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Figure 1: National Burden of Invasive MRSA Infections, United States, 201118. 
Adapted from: Dantes R, Mu Y, Belflower R, et al. National Burden of Invasive Methicillin-Resistant Staphylococcus aureus Infections, United 
States, 2011. JAMA Intern Med. 2013;173(21):1970–1978. doi:10.1001/jamainternmed.2013.10423. 
 
 

 

Figure 2: MRSA bloodstream infection rates from population-based surveillance 2005-201617. 
Adapted from: Kourtis AP, Hatfield K, Baggs J, et al. Vital Signs: Epidemiology and Recent Trends in Methicillin-Resistant and in Methicillin-
Susceptible Staphylococcus aureus Bloodstream Infections — United States. MMWR Morb Mortal Wkly Rep 2019;68:214–219. DOI: 
http://dx.doi.org/10.15585/mmwr.mm6809e1. 
 

Between 2012 and 2017 the number of community onset infections reported by 325 US hospitals 

increased, while the overall rate of MRSA infections remained relatively constant17. 

Date of download:  2/27/2022 Copyright © 2013 American Medical 
Association. All rights reserved.

From: National Burden of Invasive Methicillin-Resistant Staphylococcus aureus Infections, United States, 2011

JAMA Intern Med. 2013;173(21):1970-1978. doi:10.1001/jamainternmed.2013.10423

National Estimated Incidence Rates of Invasive MRSA Infections, Stratified by Epidemiologic CategoryaData are given for 
methicillin-resistant Staphylococcus aureus (MRSA) infections reported to the Emerging Infections Program–Active Bacterial Core 
surveillance (United States, 2005-2011).aDefined as MSRA isolated from a normally sterile source.

Figure Legend: 

https://pubmed.ncbi.nlm.nih.gov/24043270/
https://www.cdc.gov/mmwr/volumes/68/wr/mm6809e1.htm
https://www.cdc.gov/mmwr/volumes/68/wr/mm6809e1.htm
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Figure 3 Community Onset MRSA vs. MSSA Infection Rate17. 
Kourtis AP, Hatfield K, Baggs J, et al. Vital Signs: Epidemiology and Recent Trends in Methicillin-Resistant and in Methicillin-Susceptible 
Staphylococcus aureus Bloodstream Infections - United States. MMWR Morb Mortal Wkly Rep. 2019;68(9):214-219. Published 2019 Mar 8. 
doi:10.15585/mmwr.mm6809e1 
 

While rates of MRSA infection in the U.S. are lower than a decade ago, it remains one of the 

most significant antimicrobial-resistant pathogens facing the United States. 

 

MRSA Threat to Public Health 

 

MRSA’s resistance to methicillin and other beta-lactam antibiotics puts it among several 

bacterial pathogens at the center of the anti-microbial resistance (AMR) crisis of our healthcare 

system19. In the CDC’s 2019 report on Antibiotic Resistance Threats to the United States, MRSA 

is classified by the CDC as a “Serious Threat” and has the second-highest number of infections 

and highest number of deaths in this category of the report20. In addition, the proportion of S. 

aureus infections made up of methicillin-resistant strains may be on the rise in some parts of the 

world. In Nigeria, the overall prevalence of MRSA infections more than doubled from 18.3% to 

42.3% between 2009 and 201321. A retrospective study of S. aureus isolates at Nationwide 

Children’s Hospital in Columbus, OH from 2005 to 2014 showed a decrease in methicillin 

https://www.cdc.gov/mmwr/volumes/68/wr/mm6809e1.htm
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC7227449/
https://www.cdc.gov/drugresistance/biggest-threats.html#mrsa
https://pubmed.ncbi.nlm.nih.gov/29933910/
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resistance from 54% to 44% in the outpatient setting, however resistance to other antibiotics like 

clindamycin and TMP-SMX increased22. A meta-analysis of multi-regional studies in the United 

States showed a marked increase in the proportion of resistant S. aureus infections and estimated 

the proportion of S. aureus infections made up of CA-MRSA strains to be around 65% (Figure 

4)23.   

 

Figure 4: Proportion of Methicillin-Resistant Phenotype in S. aureus Strains 23.   
Dukic VM, Lauderdale DS, Wilder J, Daum RS, David MZ (2013) Epidemics of Community-Associated Methicillin-Resistant Staphylococcus 
aureus in the United States: A Meta-Analysis. PLoS ONE 8(1): e52722. https://doi.org/10.1371/journal.pone.0052722 
 

 

MRSA and the Opioid Epidemic 

 

 The opioid use epidemic in the United States is an evolving crisis that is contributing to 

worsening health outcomes for opioid users. Injection drug users are at higher risk of developing 

spinal epidural abscesses, for which spinal fusion surgery is a preferred treatment method to 

relieve neurological deficits24. An analysis of CDC Emerging Infections Program data revealed 

that injection drug users were over 16 times more likely to develop an invasive MRSA 

https://journals.plos.org/plosone/article?id=10.1371/journal.pone.0212029
https://journals.plos.org/plosone/article?id=10.1371/journal.pone.0052722
https://journals.plos.org/plosone/article?id=10.1371/journal.pone.0052722
https://thejns.org/focus/view/journals/neurosurg-focus/46/1/2018.10.FOCUS18449.xml
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infection25. In addition, the proportion of invasive MRSA cases among injection drug users has 

increased to more than double since 2011 (Figure)25.  

 

Figure 5: Percentage of Invasive MRSA Infections Among IDU25. 
The proportion of MRSA cases occurring among injection drug users is on the rise. 
 
 
 
MRSA Pathogenesis 

 

Exposure 

 

 MRSA is an opportunistic human commensal pathogen present asymptomatically in 10-

40% of the population and exposure frequently occurs when MRSA already present on the skin 

or mucosal surfaces invades the body27, 28, 29, 30, 31. In a typical exposure in the hospital or 

community setting, an individual comes in contact with contaminated surfaces, after which the 

bacteria can enter the body at mucosal areas, hair follicles, breaks in the skin, or even through the 

air32. The bacteria then enter the bloodstream circulation, where they can be transported to other 

sites in the body and invade those tissues31. 

 

 

https://www.ncbi.nlm.nih.gov/labs/pmc/articles/PMC5991809/
https://www.ncbi.nlm.nih.gov/labs/pmc/articles/PMC5991809/
https://www.ncbi.nlm.nih.gov/labs/pmc/articles/PMC5991809/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC6452892/
https://pubmed.ncbi.nlm.nih.gov/21805632/
https://pubmed.ncbi.nlm.nih.gov/18422434/
https://pubmed.ncbi.nlm.nih.gov/15472807/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC7872022/
https://pubmed.ncbi.nlm.nih.gov/25515375/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC7872022/
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Attachment 

 

Once they enter the body, the bacteria use virulence factors anchored in the bacterial cell 

wall (Cell Wall-Anchored, or CWA proteins) to bind to living tissues and non-living materials in 

the body, such as orthopedic instrumentation (screws, rods or other hardware) or medical device 

implants 26, 33, 34, 35. Two major families of CWA proteins are Microbial Surface Components 

Recognizing Adhesive Matrix Molecules (MSCRAMM), and Serine Rich Repeat Proteins 

(SRRP). Proteins from these families, like clumping factor protein A (a fibrinogen binding 

MSCRAMM), Cna (a collagen binding MSCRAMM), and SraP (a platelet-binding SRRP) are 

virulence factors that enable bacterial adhesion to host tissues or implanted materials36. In the 

case of an implant-associated infection, CWA proteins allow the bacteria bind directly to the 

implant surface or bind to host proteins like fibrinogen that coat foreign materials soon after they 

are implanted37, 1, 38, 36.  These proteins are also involved in biofilm formation39. 

 

Biofilm Formation 

 

While MRSA pathophysiology differs depending on the type of infection, in implant-

associated infections it relies on biofilm as a key virulence factor7. Biofilm is a matrix of 

polysaccharide, proteins, and DNA that functions as a shield to protect bacterial cells from 

destruction by immune cells, allowing the bacterial population (and infection) to persist. After 

entering the body through the mucosal surfaces, a hair follicle, or during a surgical procedure, 

the MRSA proceeds to attach to living tissues or foreign implant material and produces this 

biofilm structure to assist with adhesion and immune evasion40, 41. The hydrophobic and rough 

https://www.ncbi.nlm.nih.gov/pmc/articles/PMC98962/
https://link.springer.com/article/10.1007/s00253-017-8182-z#Sec7
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4621875/
https://www.frontiersin.org/articles/10.3389/fmicb.2016.00540/full
https://www.sciencedirect.com/science/article/pii/S0966842X19301623
https://www.pnas.org/doi/10.1073/pnas.1115006109
https://www.frontiersin.org/articles/10.3389/fcimb.2014.00178/full#h2
https://academic.oup.com/jid/article-abstract/161/6/1177/905416?redirectedFrom=fulltext
https://www.sciencedirect.com/science/article/pii/S0966842X19301623
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4261907/
https://www.frontiersin.org/articles/10.3389/fcimb.2015.00001/full
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC6748282/
https://www-science-org.proxy1.library.jhu.edu/doi/10.1126/science.283.5409.1837
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surfaces of implants are well-suited to biofilm formation, as they provide a defensible surface for 

the bacteria to attach and construct a biofilm that sequesters them from the body’s defenses33. 

Biofilm formation is the basis for infection in 65% to 80% of cases, according the reports by the 

CDC and NIH42, 41. This perpetuates infection by creating a source population of bacteria that is 

protected from immune destruction and even against interaction with certain antibiotics, while 

continuing to shed infectious bacteria43, 44. 

 

Dissemination and Virulence 

 

S. aureus bacteria have a variety of virulence mechanisms to disseminate from the origin 

of infection, evade immune responses, and perpetuate infection. In order to transport and spread 

through the body, the bacteria must first leave the biofilm. This occurs through active dispersion 

or passive detachment and desorption45. Desorption is when bacterial cells reversibly attach to 

the surface and then detach and move on before a biofilm structure forms45. Detachment is the 

most common and occurs when physical shear forces from flowing liquid, movement, or 

pressure changes that overcome the adhesion and the biofilm is detached from its surface45, 46. 

Dispersion is a regulated, active mechanism by which S. aureus internal to the biofilm are 

actively expelled as individual bacteria ready to perpetuate the infection46. As the bacteria grow, 

they release toxins that damage surrounding tissue. This allows the bacteria to access circulation 

and permeate other tissues (Figure 6). Alpha toxin is an important virulence factor secreted by S. 

aureus that forms a pore in cell membranes by interacting with the cell’s a disintegrin and 

metalloprotease 10 (ADAM10) receptor, triggering cell death in sufficient concentrations46. In 

addition to compromising target cells by forming a pore, this mechanism breaks down the bonds 

https://link.springer.com/article/10.1007/s00253-017-8182-z#Sec7
https://pubs.rsc.org/en/content/articlepdf/2017/ra/c7ra02934a
https://www-science-org.proxy1.library.jhu.edu/doi/10.1126/science.283.5409.1837
https://www-annualreviews-org.proxy1.library.jhu.edu/doi/10.1146/annurev.micro.57.030502.090720
https://www.sciencedirect.com/science/article/pii/S0924857910000099?via%3Dihub
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4821722/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4821722/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4821722/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4655540/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4655540/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4655540/
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between cells through the activation of ADAM1046. The metalloprotease domain cleaves E-

cadherin, disrupting the adherens junction that holds cells together, and the disintegrin domain 

disrupts the cytoskeleton (Figure 6)46. This compromises the structure of individual and groups 

of cells such that S. aureus gains greater mobility through cells and tissues. 

 

Figure 6: Alpha Toxin Mechanisms 
From Cheung GYC, Bae JS, Otto M. Pathogenicity and virulence of Staphylococcus aureus. Virulence. 2021;12(1):547-569. 
doi:10.1080/21505594.2021.1878688. 
 

This structural damage allows the bacteria to travel through layers of cells that would normally 

function as a protective barrier to sensitive organs and tissues. Proteases, lipases, nucleases, 

cytolytic toxins, and superantigens (e.g. TSST-1) that can lead to sepsis are all tools used by 

MRSA to spread through the body and counter the host immune response47, 48, 49. Toxic shock 

syndrome toxin-1 (TSST-1) and staphylococcal enterotoxins (SE) are superantigenic toxins, 

which means they induce a non-specific, overactive immune response that includes massive 

https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4655540/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4655540/
https://www.nature.com/articles/nrmicro1289
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC88931/
https://www.ncbi.nlm.nih.gov/books/NBK441868/
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cytokine secretion and non-specific T-cell activation50. In severe cases of post-operative 

infection, secretion of these toxins at high levels in the body can result in septic shock and 

death51. The harmful effects observed in MRSA infections are a combination of the 

inflammatory immune response to the Pathogen-Associated Molecular Patterns (PAMPs) of 

MRSA bacteria and the direct effects of their secreted toxins47. 

 

Immune Evasion 

 

 S. aureus has a wide array of mechanisms for avoiding the immune response, including 

using toxins to directly eliminate immune cells as part of its survival strategy. When a bacterial 

cell encounters an immune cell, such as a neutrophil, it releases a mix of deadly leukocidins like 

alpha toxin and and Panton-Valentine Leukocidin (PVL), which both form pores in target cells to 

induce necrosis52, 53. In addition to actively destroying phagocytes and other immune cells it 

encounters in the bloodstream, S. aureus also has the ability to hide and multiply inside these 

cells. 

MRSA is a facultative intracellular pathogen, which means it is capable of invading host 

cells to replicate54. This is an important mechanism by which S. aureus avoids immune detection 

and gains access to necessary nutrients. It enters host cells through the use of fibronectin-binding 

proteins (FnBP)55, which interact with the host integrin alpha5beta1 receptor to allow the 

bacteria to gain entry to the cell55. Once they are inside, the bacteria subvert host metabolism 

mechanisms for use in their own growth and replication56, 57, 58. This includes metabolic changes 

in some bacteria to produce Small Colony Variant (SCV) populations, whose slower metabolism, 

https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3153295/
https://journals.lww.com/prsgo/fulltext/2020/05000/toxic_shock_syndrome_after_surgery__case.33.aspx#:~:text=Background%3A,and%20treat%20this%20condition%20appropriately.
https://www.nature.com/articles/nrmicro1289
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4054254/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3417661/
https://journals.asm.org/doi/10.1128/mSphere.00374-18#body-ref-B6
https://pubmed.ncbi.nlm.nih.gov/11207545/
https://pubmed.ncbi.nlm.nih.gov/11207545/
https://pubmed.ncbi.nlm.nih.gov/22092350/
https://pubmed.ncbi.nlm.nih.gov/26949049/
https://www.frontiersin.org/articles/10.3389/fcimb.2012.00043/full
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reduced virulence factors, and increased resistance to antibiotics are better suited for immune 

evasion and prolonged intracellular persistence59.  

  

 

Figure 7: Stages of Systemic S. aureus Infection31. 
From Cheung GYC, Bae JS, Otto M. Pathogenicity and virulence of Staphylococcus aureus. Virulence. 2021;12(1):547-569. 
doi:10.1080/21505594.2021.1878688 
 

MRSA Resistance Mechanisms 

 

MRSA is not susceptible to beta lactam antibiotics such as methicillin and penicillin, 

which are normally the first line of treatment for S. aureus infections. There are multiple 

mechanisms by which S. aureus  The enzyme that confers resistance of MRSA strains to beta 

https://www.frontiersin.org/articles/10.3389/fcimb.2019.00363/full
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC7872022/
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lactams is penicillin-binding protein (PBP), an enzyme that is normally the binding target of 

penicillin and similar antibiotics60, 61. The PBP encoded by the mecA gene, characteristic of 

resistant S. aureus strains, has reduced binding affinity for beta-lactam antibiotics, reducing the 

ability of beta lactams to bind and inhibit bacterial cell wall synthesis62, 63. Another class of  

enzymes, distinct from the mecA/PBP mechanism, known as beta lactamases can mediate 

resistance by directly inhibiting the action of beta lactam antibiotics64. PBPs and beta lactamases 

are important for resistance against beta lactam antibiotics. Other mechanisms non-specific to 

beta lactams, such as porin channel modifications and antibiotic efflux systems, also contribute 

to MRSA’s versatility as an antimicrobial-resistant pathogen65, 64. 

 

Spinal Implant-Associated Infection 

 

Epidemiology 

 

The rate of implant-associated infection following instrumented spinal surgery varies 

widely from .7% to 20% depending on the patient population, type of procedure, and the 

presence of a variety of risk factors66, 67. With more than 1.5 million instrumented spinal 

surgeries performed each year in the U.S., even a low infection rate results in a significant 

burden to the healthcare system, not to mention its impact on individual patients68. Risk factors 

such as age, prior spine surgery, length of hospital stay, and comorbidities such as obesity and 

diabetes have been shown to be associated with greater risk of developing post-operative spine 

infection69. Patient-specific factors that may increase risk of SII (Spinal Implant Infection) 

include smoking, alcohol abuse, hypertension, obesity, urinary tract infection, and previous 

https://www.sciencedirect.com/science/article/pii/0014579380804558
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC209980/pdf/jbacter00171-0632.pdf
https://pubchem.ncbi.nlm.nih.gov/compound/Penicillin-g
https://www.sciencedirect.com/science/article/pii/S1471489203001097?casa_token=AR18PBRMhsMAAAAA:LB8A_YfHml7iMp2b7zcF7BPAukjKq17DINUTrzspSf3kJFrQycnPNhXghdhRAQrlrXQAjUt_VA#BIB11
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4331424/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC105448/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4331424/
https://www.ncbi.nlm.nih.gov/labs/pmc/articles/PMC3841941/
https://www.ncbi.nlm.nih.gov/labs/pmc/articles/PMC7797798/
https://idataresearch.com/how-many-instrumented-spinal-fusions-are-performed-each-year-in-the-united-states/
https://pubmed.ncbi.nlm.nih.gov/24206038/
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postoperative infections53. Some of the surgical factors shown to increase infection risk include 

the operative time, surgical approach, use of allograft, instrumentation, and number of people in 

the operating theater67. 

 

Financial Impact of SII 

 

While the incidence of SII is statistically low, the enormous financial and health impacts 

of revision surgeries, hospital stays, and necessary follow-up poses a significant burden to 

patients and the healthcare system. Average financial cost charged to patients per revision 

procedure are estimated from $15,817 to $115,509 with an average direct cost of over $50,000 

for thoracolumbar fusion revision surgery 70, 71, 72. A 2018 comparative study estimated the cost 

per gain of one quality-of-life-year (QALY) at $129,950 for revision surgery, with an 

interquartile range of $209,92871. Thalgott et al. estimated the increased cost associated with SII 

at $200,000 per patient73. Another study estimated the direct hospital costs per QALY of adult 

spinal deformity surgeries to be $825,95074. This wide range in cost estimates is reflective of the 

heterogeneous patient population as well as varying complexity and number of revision 

surgeries. Implant-associated infection frequently leads to multiple revision surgeries that 

contribute to inflating the cost of spinal surgery interventions.  

 

MRSA in Spinal Implant-Associated Infections  

 

S. aureus is the most common culprit in spinal implant-associated infections, with the 

majority of strains exhibiting methicillin resistance75, 76, 77. The increased prevalence of CA-

https://www.ncbi.nlm.nih.gov/labs/pmc/articles/PMC7797798/
https://www.ncbi.nlm.nih.gov/labs/pmc/articles/PMC7797798/
https://www.ncbi.nlm.nih.gov/labs/pmc/articles/PMC4958384/
https://pubmed.ncbi.nlm.nih.gov/29099409/
https://pubmed.ncbi.nlm.nih.gov/26909838/
https://pubmed.ncbi.nlm.nih.gov/29099409/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4592931/
https://pubmed.ncbi.nlm.nih.gov/27523283/
https://pubmed.ncbi.nlm.nih.gov/30577832/
https://pubmed.ncbi.nlm.nih.gov/25351841/
https://pubmed.ncbi.nlm.nih.gov/11052352/
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MRSA is of particular relevance to surgical implant-associated infections because a large 

proportion of SII are late-onset infections in which community-acquired strains of MRSA are the 

likely culprit. Exposure to CA-MRSA can occur anywhere, and if the bacteria manages to enter 

the bloodstream through a break in the skin it can then migrate to the surgical site, where its 

adhesive properties make attachment and biofilm formation on the implant likely. Patients who 

received pre-surgical antibiotic treatment for colonization of S. aureus (present in 10-40% of the 

US population28, 29, 30) have increased risk of subsequent development of late onset SII78, 79. A 

2018 study at 11 hospitals in South Korea showed that 50% of SII in spinal surgeries were late-

onset infections, with 75% of all cases caused by MRSA79. In a review of 161 studies from North 

America, Europe, and Asia the pooled average surgical site infection (SSI) rate after 

instrumented spinal surgery was 3.8%, with 49.3% of all infections due to S. aureus and 37.9% 

of all infections due to MRSA80. The concurrent recent trend of increasing utilization rates for 

instrumented spinal procedures, an 88% increase from 1998 to 2014 reported by Sheikh et al., 

highlights the public health importance of understanding MRSA’s role in SII81, 82.  

The majority of implant infections are associated with Staphylococcus aureus strains of 

bacteria79. MRSA is the responsible pathogen in up to 80% of infections following instrumented 

spinal surgery79. This is of particular gravity in spinal fusion surgeries, in which sustaining an 

infection-free state is critical for the formation of new bone for long-term spinal stability and 

repair of spinal damage or degradation. With a failure rate ranging from .7% to upwards of 20%, 

infection is a significant risk factor for pseudarthrosis, or fusion failure66. Reported rates of 

pseudarthrosis following infection vary anywhere from 30% to 85% of infected patients83, 84. 

BMI and number of vertebrae fused have been shown to be risk factors for fusion failure 

following SII84. MRSA is still treatable with intravenous regimens of glycopeptide antibiotics 

https://pubmed.ncbi.nlm.nih.gov/21805632/
https://pubmed.ncbi.nlm.nih.gov/18422434/
https://pubmed.ncbi.nlm.nih.gov/15472807/
https://www.sciencedirect.com/science/article/pii/S1529943019310551?casa_token=GgIq1ysl5qoAAAAA:z8NpGNTbpdTa_cEr739K4K6QCEez_nrPtIYolg0PqajT2_dVuoDP7C4oh8kC5VJO-XE_Rp9Clw
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC6200525/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC6200525/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5466015/
https://pubmed.ncbi.nlm.nih.gov/30074971/
https://pubmed.ncbi.nlm.nih.gov/31574148/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC6200525/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC6200525/
https://www.ncbi.nlm.nih.gov/labs/pmc/articles/PMC3841941/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC6962005/
https://pubmed.ncbi.nlm.nih.gov/9438812/
https://pubmed.ncbi.nlm.nih.gov/9438812/
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like vancomycin and daptomycin, but emerging resistance against vancomycin in certain S. 

aureus strains means that resistance even to antibiotics of last resort is a growing concern89, 90. In 

cities where injection drug use is rampant, the sharing of contaminated needles leads to 

heightened risk of exposure to S. aureus, including CA-MRSA, and infection pre- and post-

surgery85, 86, 87, 88. Methicillin-susceptible S. aureus infections make up a large proportion of 

infections but MRSA infections are more difficult to treat owing to their antibiotic resistance and 

other adaptive virulence mechanisms. A study of S. aureus infections in drug users showed that 

MRSA was associated with double the risk of 1-year readmission to the hospital for recurring 

infection91. Spinal fusion surgery patients with MRSA also tend to exhibit poorer outcomes 

compared to methicillin-susceptible S. aureus infections (Figure 8)79. MRSA was also found to 

be an independent risk factor for treatment failure79, and studies in Switzerland and the United 

States have shown associations between injection drug use and MRSA outbreaks92, 93, 94. 

 

Figure 8: Treatment Failure-Free Survival: MSSA vs. MRSA79. 
Adapted from: Cho OH, Bae IG, Moon SM, et al. Therapeutic outcome of spinal implant infections caused 
by Staphylococcus aureus: A retrospective observational study. Medicine (Baltimore). 2018;97(40):e12629. 
doi:10.1097/MD.0000000000012629. 

https://www.ncbi.nlm.nih.gov/pmc/articles/PMC6642907/
https://pubmed.ncbi.nlm.nih.gov/24343828/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC2596638/
https://academic.oup.com/painmedicine/article/16/10/2031/2460582
https://thejns.org/focus/view/journals/neurosurg-focus/46/1/2018.10.FOCUS18576.xml
https://journals.asm.org/doi/full/10.1128/JCM.00254-06
https://pubmed.ncbi.nlm.nih.gov/33904900/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC6200525/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC6200525/
https://link.springer.com/content/pdf/10.1007/s15010-004-3106-0.pdf
https://pubmed.ncbi.nlm.nih.gov/11181121/
https://pubmed.ncbi.nlm.nih.gov/7053683/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC6200525/


 17 

 
 

A retrospective study showed that spine surgery patients with a substance use disorder 

have a higher risk of suffering post-surgical complications and being lost to follow-up, often 

resulting in worsened outcomes and repeated hospital visits95. The weakened immune system of 

vulnerable populations (elderly, injection drug users, immunocompromised) elevates the 

importance of discovering a method to reduce infection in spinal fusion surgeries and facilitate 

robust bone formation despite the harmful effects antibiotic resistant bacteria.  

 

Rat Model of Spinal Implant-associated Infection 

 

There are several existing animal models of spinal implant infection in rabbits96, 97, 98, 

rats99, and mice100. The goal of this study was to develop a spinal implant-associated infection 

model in rats that would mimic the clinical placement of instrumentation in spinal fusion 

surgeries to evaluate the course of chronic implant-associated infection over the course of the 

typical fusion period (6-8 weeks). We are in the process of adapting the model to include a spinal 

fusion procedure, including evaluating the efficacy of an antibiotic-infused bone graft material 

on the bacterial burden and fusion outcomes in the context of this chronic implant infection.  

 

Materials and Methods 

 

  All experiments were performed following the Johns Hopkins Animal Care and Use 

Committee (Protocol #RA21M151) and Institutional Biosafety Committee (IBC Registration 

#P2109210101) approved protocols and procedures. All procedures were performed on 6-week 

old Lewis Rats. 

https://www.ncbi.nlm.nih.gov/pmc/articles/PMC7556334/
https://pubmed.ncbi.nlm.nih.gov/9549786/
https://pubmed.ncbi.nlm.nih.gov/10707383/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC7406311/
https://pubmed.ncbi.nlm.nih.gov/17522873/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC6413782/
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Experimental Design 

We developed this model using four experimental groups of rats that each received a 

titanium implant and experimental inoculation according to the table below:  

Experimental Group Treatment (per side) Number of Animals 
(survived) 

PBS (Control) Implant + PBS 8 
(6) 

S. aureus 1x104 CFU Implant + S. aureus 1x104 CFU 8 
(6) 

S. aureus 1x105 CFU Implant + S. aureus 1x105 CFU 8 
(8) 

S. aureus 1x106 CFU Implant + S. aureus 1x106 CFU 8 
(4) 

 
Table 1: Experimental Groups 

The goal with these four groups was to allow us to determine the optimal concentration of 

bacterial inoculation for establishing chronic implant infection. Due to the time-consuming 

nature of the surgeries, we divided the experiment into four groups based on the date of surgery. 

Results of each surgery group are presented as separate experiments in the results section to 

explain differences in infection trends in each group.  

 

Implant 

 

 Surgical-grade titanium wire (TEMCo, 22-AWG/.34mm2, Grade 1) was shaped into a 

diagonal staple (see Figure 9) to allow insertion into the adjacent L4 and L5 vertebrae, 

mimicking the placement of screws and rods across adjacent vertebrae in spinal fusion surgery. 

Prior to the surgery three 6-8 week old Lewis rat spines were harvested, a CT scan taken, and 

muscle tissue removed for implant removal and direct examination of the vertebrae of interest. 
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Measurements from these spines were used to determine the size and shape of the implant, and to 

determine the angle of entry in order to place the implant in the vertebral body. The size of the 

implant was determined by measurement of the average distance between the L4-L5 vertebrae, 

and the angles by referencing CT scans of the spines of these rats to determine optimal 

placement in the vertebral bodies. The titanium wire was cut to the appropriate length and 

manually shaped into the desired configuration before autoclaving prior to surgical implantation. 

 

Preparation of bioluminescent S. aureus bacteria 

 

 All work with S. aureus bacteria was performed in BSL-2 certified facilities using aseptic 

technique in fume hoods, including bacterial preparation and the inoculation portion of the 

surgical procedure. Bioluminescent NRS384 (SAP231) S. aureus bacteria were generously 

provided by the Archer Lab in the Department of Dermatology, Johns Hopkins University 

School of Medicine. This strain is derived from clinical isolate USA300-0114, CA-MRSA 

Mississippi strain and contains a stably integrated luxABCDE operon from Photorhabdus 

luminescens (an insect pathogen) that confers luminescence to metabolically active bacteria.  

Three colonies were taken from a plate of the bacteria, placed in a tube of tryptic soy 

broth (TSB) with an aerated cap and cultured 16-19 hours at 37 degrees Celsius under constant 

shaking at a 45-degree angle and 240 rpm. The bacterial overnight culture was then diluted 1:50 

into fresh TSB to subculture under the same conditions for another 2 hours before harvesting 

mid-logarithmic phase bacteria for quantification by absorbance. The solution was diluted until 

an optical reading of ~0.6 was reached, equivalent to 2x108 CFU. This was diluted to 

concentrations of 1x108, 1x107, and 1x106 CFU per milliliter (liquid suspension in PBS) for 
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implantation in the respective experimental groups. Inocula of 10 microliters each were used to 

achieve 1x106 CFU, 1x105 CFU, or 1x104 CFU per inoculum respectively. 100 microliters of a 

1x103 CFU /mL dilution was plated for CFU verification. The inocula preparations were placed 

in separate tubes on ice to preserve the approximate CFU concentration for the duration of the 

surgical procedures. 

  

Anesthesia and Preparation for Surgery 

 

 Anesthesia was prepared fresh each surgery day with a 10:9:1 ratio of saline, ketamine, 

and xylazine respectively (e.g. 2 mL anesthesia = 1 mL saline + .9 mL ketamine + .1 mL 

xylazine). Rats were weighed and then given an intraperitoneal injection of 1uL/mg (1mL/g or 

1L/kg) of the anesthesia, with an average range of 120uL-150uL given to each rat.  

 After sedation was confirmed by paw pinch, the rat was shaved from the base of the tail 

to the shoulders to leave the entire operative area free of long hair. The shaved rat was then 

cleaned with alcohol wipes and povidone iodine generously applied to the shaved area. Ointment 

was applied to prevent the rat’s eyes from drying out during the operation. The rat was then 

placed on its belly with legs slightly splayed and immobilized on a sterile warm surgical pad 

beneath a surgical microscope, which was used for all procedures. 

 

Surgical Procedure 

 

 A scalpel was used to make a skin incision along the spine at the lumbar level. Surgical 

scissors were used to lengthen skin incision. Two paramedical fascial incisions were made close 
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to the spine, and the intermuscular plane between the multifidus and longissimus muscles 

established in order to expose down to the transverse processes of the L4-L6 vertebrae. Once 

exposed, a 26-gauge drill was used to make a preliminary guide hole at the base of the transverse 

processes of L4 and L5 going into the vertebral body, after which a 23-gauge needle was used to 

deepen the hole for implant placement. The sterilized titanium wire was then securely placed 

using a needle driver and forceps. After both implants were secure, the rat was covered with a 

sterile drape and taken across the hall and placed in a BSL-2 fume hood where the bacterial 

inoculations were prepared on ice. The appropriate 10uL inoculation of either PBS or MRSA 

cells was carefully applied directly on to each titanium implant (Figure 9). The fascia and skin 

incisions were then closed using absorbable sutures.  

 

Figure 9: Implant and Infection of Titanium Implant at L4-L5 Vertebrae 

  

 

 

 

Implant placement
(Axial View)

Bioluminescent MRSA
NRS384 (SAP231)

Titanium implant
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In vivo Imaging of Bioluminescent S. aureus 

 

 An in vivo Imaging System (IVIS) was utilized to non-invasively measure the presence of 

infection (Lumina III IVIS system, PerkinElmer, Hopkinton, MA, USA). Rats were imaged for 2 

minutes immediately following suture closure, on Day 3 and weekly thereafter. Some scans were 

omitted due to equipment malfunction that resulted in unusable scans. Bacterial burden was 

quantified using Living Image software. An ROI of uniform dimensions was drawn to 

encompass the thoracolumbar region of the rat (viewed from above) in each image and quantify 

the luminescence in the ROI. Both total flux and max radiance were evaluated (total flux data 

shown in Results). Log scale was used in the graphical representation of the data for ease of 

comparison between groups.  

 

Statistical Analysis 

 

 All graphs were created and statistical analysis performed using Graphpad Prism 9 

software (GraphPad, La Jolla, CA, USA). In Figures 15 and 20 a one-way ANOVA was 

performed with pairwise comparison between the PBS Control and every other group. The 

graphs in these figures show the mean for each experimental group with bars representing 

standard error of the mean (SEM). Statistical significance is denoted with a single asterisk for a 

p-value less than 0.05 and a double asterisk for a p value less than 0.01.  

 

Analysis of implants and spinal tissue 
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 Selected rats were euthanized with CO2 and the spines (from mid-thoracic segment down 

to the end of the sacrum) were harvested at the end of week 8 post-surgery. Implants were 

removed from the spines and placed in 1 mL of .3% Tween tryptic soy broth solution in 2mL 

Eppendorf tubes, which were placed on ice until all spines had been harvested. The tubes were 

vortexed for 2 minutes and then sonicated for 10 minutes. After 1 minute additional vortexing, 

100 uL of the solution in each tube was plated on a tryptic soy agar plate overnight and CFUs 

quantified.  

 The remaining spinal tissue was placed in 50mL tubes with 10mL of PBS on ice until the 

implant processing was complete. The spines were then manually homogenized using sterile 

bone rongeur forceps, which were sterilized with 10% bleach and 70% ethanol solutions between 

each spine. After homogenization the average volume of each spine sample (tissue +10 mL PBS) 

was ~15mL, from which 100 uL was taken and serially diluted to 10x and 100x. The 10x and 

100x dilutions for each rat were plated overnight and CFUs quantified. The CFU/mL of tissue 

was calculated using these values for the graph of results.  

 

Histology 

 

Spines were harvested 8 weeks post-surgery and immersed in 50 mL tubes of 4% 

paraformeldahyde solution until dissection could be performed. Dissection removed as much of 

the muscle and soft tissue from the spine as possible while still preserving the infected region of 

interest for histological examination. After dissection the spines were immersed in rapid bone 

decalcifier solution (RBD) for 48-72 hours until they achieved optimal consistency for cutting. 

The samples were then cut to approximately 3.5 cm in length for histological processing, with 
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cuts made anteriorly through the body of the L3 vertebrae and posteriorly midway through the 

L6 vertebrae. Each spine was embedded in paraffin before slicing and staining with H&E, 

Masson Trichrome, and IHC (10 slices of each per sample). H&E Stain helps to Gold slides were 

used to improve adherence of the osseous tissue to the slides throughout sectioning and fixation. 

Sectioning was performed in the coronal plane starting at the anterior face of the spine and 

sectioning dorsally while examining slices for the signs of the implant. At a depth of ~1200 

microns the evidence of implant placement became evident, at which point 10 slices of 10 

microns each were fixed to the slides and scanned at 40x magnification. 

 

Results 

  

 While there was variation over the 8-week period, the S. aureus-infected experimental 

groups all demonstrated significant bacterial burden localized to the implanted hardware at the 

end of the 8-week period indicative of successful establishment of chronic infection. The 1x105 

CFU and 1x106 CFU inoculations showed greater luminescence (i.e. bacterial burden) at the 

beginning of the infection, but by the end of the 8-week period the differences between 

inoculation groups was less pronounced. The IVIS data below quantifies the luminescence 

characteristic of metabolically active bacteria observed over the course of the eight-week period 

for each of the four surgery groups (Figures 10-13) and all groups together (Figure 14). 
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Figure 10: in vivo Bacterial Luminescence Surgery Group 1 
Blue = PBS (likely contaminated this surgery day)  
Red = MRSA 1x106 CFU 

This graph shows the in vivo luminescence as measured by total flux (photons/second) 

from the IVIS images of our first surgery group of 8 rats. Three rats did not survive the 

procedure, likely due to the challenge of placing the titanium implant in the vertebral body 

without penetrating the spinal canal or abdominal cavity, with less than two millimeters of bone 

separating the implant path from either of these body cavities. Two additional rats did not 

survive the 72-hour period after surgery, possibly due to the introduction of infection outside the 
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intended surgical site. A sharp reduction in mortality was observed in all future surgery days. 

The first day was omitted because from this graph 1) it was significantly low to warrant removal 

as potential equipment failure and 2) for ease of comparison with subsequent groups, which had 

equipment malfunction on the surgery day. In this graph the blue lines represent the control 

group rats that received a sterile PBS inoculation. This is due to contamination of either the 

surgical suturing tools (despite cleaning with 70% ethanol between rats), the pipette used to 

inoculate the rats, or the pipette tips that were used. While the luminescence progression 

observed over the course of the infection is similar for both the control and infection groups, the 

surviving rat that received S. aureus 1x105 CFU maintained a higher bacterial burden throughout 

the infection, with the exception of the final scan.  
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Figure 11: in vivo Bacterial Luminescence Surgery Group 2 
Blue     = PBS     Green = MRSA 1x104 CFU  
Yellow = MRSA 1x105 CFU  Red    = MRSA 1x106 CFU 

 

 The second surgery group showed greater heterogeneity between groups. Unfortunately, 

an equipment malfunction rendered images from the first week unusable. However, the 

luminescence in the first usable scan in week 2 still showed the initially intended stratification of 

experimental groups. The bacterial burden of one S. aureus 1x104 CFU rat and one S. aureus 

1x105 CFU rat (the green triangle and yellow diamond above) ended the 8 weeks higher than the 
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S. aureus 1x106 group. The other rats from the 1x104 CFU and 1x105 CFU groups ended the 8 

weeks with significance comparable to the PBS Control. This is more consistent with what we 

saw in the first surgery group, in which the 1x105 CFU rat maintained significant bacterial 

burden until the final week, when it fell to near control group levels. In contrast, in this surgery 

group the highest luminescence at the week 8 scan was from a rat in the lowest inoculation 

group, with 1x104 CFU. This showed that even the lowest inoculation amount we had was 

capable of perpetuating the infection for 8 weeks. The 1x106 CFU rats and one of each of the 

1x104 and 1x105 groups maintained a luminescence above 107 all the way through week 8, which 

was achieved by only one other rat in the experiment, a 1x104 CFU rat from the last surgery day.  
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Figure 12: in vivo Bacterial Luminescence Surgery Group 3 
Blue = PBS     Green = MRSA 1x104 CFU  
Yellow = MRSA 1x105 CFU  Red = MRSA 1x106 CFU 

 The graph for the third surgical group shows that the initial luminescence of the surviving 

1x106 CFU rat was lower than one of the 1x105 CFU rats, until the 1x105 CFU rat’s 

luminescence dropped at week 5, after which point the infection for both rats fell to end the 8 

weeks with similar luminescence to other groups. The 1x104 inoculations increased to peak 

above all other experimental groups at week 7, but also ended with comparable levels of 

bacterial presence. The infected rats all maintained luminescence similar to the level present at 
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inoculation until week 4-5. Due to time constraints we only completed 9 rats on this surgery day, 

with one not surviving the procedure and one dying in the first 24 hours post-surgery. 

 

 

Figure 13: in vivo Bacterial Luminescence Surgery Group 4 
Blue = PBS     Green = MRSA 1x104 CFU  
Yellow = MRSA 1x105 CFU  Red = MRSA 1x106 CFU 

 Like the previous surgery day, this graph demonstrates that the 1x104 CFU inoculation 

was sufficient to establish a chronic infection over an 8-week period, with both rats finishing the 
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experiment with higher luminescence than any group. In this surgery group, the luminescence 

dropped off significantly after 4 weeks for all infected groups, and only half of the infected rats 

had luminescence above that of the PBS control by week 8. All of the infected groups had a 

jump in luminescence on the second scan, except for one rat whose luminescence went 

extremely low (likely equipment issue) before returning to previous levels at the next scan.  

 

 

Figure 14: in vivo Bacterial Luminescence All Groups 
Blue = PBS     Green = MRSA 1x104 CFU  
Yellow = MRSA 1x105 CFU  Red = MRSA 1x106 CFU 

 This graph shows all surgery groups together. The contaminated PBS controls from the 

first surgery day and the week 2 outlier from the third surgery group were omitted from this 

graph for ease of comparison. With the exception of the contaminated control rats from the first 
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surgery day, the PBS controls remained significantly lower than infected rats for the first 4 

weeks. Weeks 5-8 showed a drop in luminescence for some infected rats. This may be due in 

part to changes in expression of virulence factors as the bacteria adapt to long-term persistence in 

the rat host, including less metabolically active small-colony variants. The luminescence gene 

may also be affected Overall, the infected groups maintained a higher luminescence throughout 

the infection (Figure 15). To confirm this, the average luminescence per scan was calculated for 

each rat using the IVIS data above, and these values organized into experimental inoculation 

groups for analysis. The graph below shows the average luminescence value for each rat and the 

mean + SEM of each experimental group (Figure 15). The asterisk indicates the results of a one-

way ANOVA test with pairwise comparison of the PBS control with each infected group.  

 

 



 33 

 

 

Figure 15: Average Total Flux by Experimental Group  
Comparison of average luminescence across experimental groups 

The one-way ANOVA pairwise comparisons showed the 1x105 CFU inoculation group to have a 

significantly higher average luminescence per scan than the PBS control (p value < .01). The 

1x106 inoculation also showed significantly higher average luminescence (p value < .05) This 

was true despite including the higher-than-normal PBS controls from the first surgery group and 

the much lower-than-average outlier scan from one of the 1x105 CFU rats in this data. 
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Representative Histology Results 

Visual inspection and histological examination revealed large abscesses localized to the 

placement of the titanium implants in the vertebral body. The abscesses at the implant entry 

points in the vertebral body, like the ones indicated with the black arrows are apparent in both 

H&E and Masson Trichrome stain below (Figure 16). 

 

 

Figure 16: Bacterial Abscesses at Implant Site  
H&E (left) and Masson Trichrome stain (right); 1x104 CFU inoculation group 
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The 1x106 CFU inoculation group showed multiple abscesses infiltrating the vertebral body in 

addition to the abscesses secondary to implant placement (Figure 17): 

 

Figure 17: Bacterial abscesses in 1x106 inoculation group 
Abscesses indicated with white arrows. 
 
There were also significant changes in the bone quality of infected vertebrae. Visual inspection 

revealed increased bone mass and a whitish color instead of the darker brown/red of the 

uninfected vertebrae:  
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Figure 18: Photo of Osteomyelitis in 1x105 CFU Rat Spine  
View of ventral face of the spine, with vertebral bodies in the center and transverse processes extending 
outward. Transverse processes labeled with number of corresponding vertebra. Black arrows indicate 
visible abscesses protruding from vertebral bodies. Note the whitish coloration of the vertebral body and 
transverse processes of L4 and L5, the infected vertebrae. Picture taken through surgical microscope 
(Zeiss, Germany).  
 

This may be due to infiltration of leukocytes like neutrophils and other immune cells in response 
to the bacterial presence. Cell infiltration occurred, albeit to a lesser degree, in the PBS control 
group, likely due to the immune response associated with the Damage-Associated Molecular 
Patterns (DAMPS) released during the invasive surgical placement of the titanium implant. 
Staining with Masson trichrome revealed a high concentration of cells localized to the L4 and L5 
vertebral bodies: 
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Figure 19: Qualitative Differences in PBS Control Bone vs. 1x105 CFU Bone 
A) PBS Control: The L4 (left) and L5 (right) vertebrae show signs of cell infiltration, indicated with white arrows, 
perhaps due to the trauma of implant insertion. The absence of bacterial abscesses indicate the intended absence of 
infection in this PBS control.  
B) S. aureus 1x105 CFU: Abscesses indicative of severe vertebral infection are apparent throughout, 
indicated with white arrows. Masson Trichrome Stain. 
 

Figure 19 shows a side-by-side histology comparison of the PBS Control (A) and the 1x105 CFU 

(B) inoculation groups. The PBS control shows abnormally high cell concentrations in the target 

vertebrae, but does not have apparent signs of infection. The 1x105 CFU sample shows extensive 

signs of infection, with abscesses due to implant placement as well as abscesses secondary to 

severe infection of the vertebral body 

A

L5L4

B

L5
L4
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Overnight plating of implant and tissue samples for CFU quantification verified bacterial 

presence in S. aureus-infected experimental groups and bacterial absence in the PBS control 

group:  

 

  

Figure 20: Implant and Tissue CFU Quantification 
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Discussion 

 

 Post-surgery spinal implant-associated infection is a devastating complication that places 

a significant burden on patients and the healthcare system. The proliferation of antibiotic-

resistant bacteria like MRSA contributes to greater morbidity and worse outcomes in these 

infections. Animal models provide a method to study the progression of spinal implant-

associated infections and develop novel interventions. The aim of this project was to create a 

clinically relevant model of chronic implant-associated infection of the spine, and we were 

successful in achieving this aim.  

Our hypothesis was that inoculating a titanium wire anchored in the vertebral body and 

spanning a vertebral level with MRSA bacteria would create a persistent (8-week) infection of 

similar localization and pathogenesis to a clinical case of spine instrumentation infection. Our 

placement of a titanium implant simulates the placement of pedicle screws and rods in human 

instrumented spine surgery, and successfully established local infection of the instrumented 

region by a bioluminescent strain of methicillin-resistant Staphylococcus aureus. To our 

knowledge, this is the first rat model of chronic SII with the infection perpetuating for the full 

eight-week period studied. With the exception of one rabbit model of spine infection98, 

comparable rat, mouse, and rabbit models of spine infection have examined a shorter time frame 

of one to four weeks97, 96, 99, 101. Based on the literature, we determined 1x104, 1x105, and 1x106 

CFU inoculations to be the most appropriate for inducing chronic implant infection model in 

rats98. All of the inoculation amounts were successful in establishing a chronic infection. In our 

model, the 1x106 inoculations more commonly exhibited slower wound healing, scab formation, 

and wound dehiscence, and a higher mortality rate. The surviving 1x106 CFU rats had median or 

https://www.ncbi.nlm.nih.gov/pmc/articles/PMC7406311/
https://journals.lww.com/spinejournal/Fulltext/2000/02150/A_Novel_Spinal_Implant_Infection_Model_in_Rabbits.3.aspx?casa_token=-G_W5EuewewAAAAA:xTC_rrON0MVI-wlXTZZEMkWPjc0T30bwDlFtsmD-StQpj5G5DA9LoIQVktYLYBBKiupykTFQYC9cWaeORluqEqDJ
https://journals.lww.com/spinejournal/Fulltext/1998/03150/The_Role_of_Prophylactic_Antibiotics_in_Spinal.2.aspx
https://link.springer.com/article/10.1007/s00402-007-0365-0
https://journals.lww.com/spinejournal/Fulltext/2020/03150/The_Use_of_a_Novel_Antimicrobial_Implant_Coating.2.aspx?casa_token=B87g6iQodu8AAAAA:oXJyrNhi6r_f5WFV1cC9og2jQOJMmIQ5AACfxPjR70tubTL-nowZiXfjnYOpOil9Ntxv-hllotry9NNObrapH6LS
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC7406311/
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lower than average luminescence at the end of the 8-week period. On the other hand, the 1x105 

CFU inoculation had lower mortality and morbidity while maintaining a robust bacterial 

presence throughout the infection as evidenced by the in vivo luminescence and visual and 

histological examination. Based on the average luminescence per scan, the 1x105 rats also 

showed the greatest statistical significance of the three inoculation amounts. Our results suggest 

this to be the “Goldilocks” amount of MRSA to introduce in order to establish a pronounced and 

persistent spine implant infection in Lewis rats without excessive morbidity or mortality.  

A subset of rats showed a significant decline in luminescence over the last four weeks of 

the infection. This could be due to a variety of factors. It is possible that these rats simply cleared 

a greater proportion of infectious bacteria than other rats by innate and/or adaptive immune 

processes. The drop in luminescence could also be explained by changes in gene expression of 

the colony of bacteria as part of its adaptation to physiological conditions, including the 

conversion of a proportion of bacterial cells to Small Colony Variants, which have reduced 

metabolic activity that could affect the levels of observed luminescence. More experiments are 

needed to better understand the bacterial processes underlying the outcomes in this infection 

model. 

Histological examination revealed differences in vertebral osteomyelitis severity as 

observed by abscess formation and cell infiltration in the L4 and L5 vertebral bodies. The 1x106 

inoculation had larger quantities of abscesses indicative of more severe infection, likely due to 

the high initial population of bacteria. The greater magnitude of bacterial PAMPs and subsequent 

overactive immune response may explain the reduced average luminescence of the 1x106 CFU 

group overall as the infection was cleared. However, the limited data from this group could also 

be responsible for this discrepancy. Considering the mortality rate of the 1x106 CFU group along 
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with the in vivo luminescence data suggests that 1 x 105 CFU inoculation is preferable for 

establishing a chronic infection with implant-associated vertebral osteomyelitis comparable to 

what is observed in spinal surgery infections (including spinal fusion patients). While differences 

in immune function between rats and humans make direct translation of findings using a rat 

model of infection difficult, this model provides a functionally relevant model of spinal implant-

associated infection that can be used to evaluate the relative efficacy of interventions for spinal 

implant infections.  

 

Conclusions & Future Research 

 

 Future studies may examine antimicrobial implant materials or coatings, pathogenesis of 

Gram negative v. Gram positive species or different strains of bacteria such as methicillin-

susceptible vs. resistant strains of S. aureus. Different antibiotics and antibiotic delivery methods 

for spinal infections could also be easily tested with this model. It would also be useful to 

determine whether differential infection progression (maintaining high bacterial luminescence 

through week 8 vs. falling luminescence after week 5) were related to the genes or gene 

expression profiles of pathogens used in this infection model.  

 We are currently in the process of extending the utility of this infection model to include 

a spinal fusion procedure. Each year over 400,000 spinal fusion procedures are performed in the 

United States alone, with nearly 200,000 elective lumbar fusion procedures performed in 201568, 

102. Spinal fusion procedures have seen an increase in utilization rate as technology and surgical 

techniques have improved, and while infection rates have gone down, it still remains a problem 

that causes significant burden to patients and the healthcare system102. The Witham lab has 

https://idataresearch.com/how-many-instrumented-spinal-fusions-are-performed-each-year-in-the-united-states/
https://europepmc.org/article/med/21311399
https://europepmc.org/article/med/21311399
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already established a successful spinal fusion model in rats, making it convenient to adapt the 

infection model to incorporate a spinal fusion procedure. This will provide a method for testing 

novel bone graft materials and their antibiotic-delivery capability, with the ultimate goal of 

producing a graft that improves fusion outcomes by reducing post-surgical bacterial burden 

while simultaneously encouraging robust bone growth. In this way we hope to improve patient 

outcomes and achieve the goal of 100% successful fusion in spinal fusion surgeries. 
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