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Abstract

Background Established bacterial diagnostic techniques
for orthopaedic-related infections rely on a combination of
imperfect tests that often can lead to negative culture
results. Spectroscopy is a tool that potentially could aid in
rapid detection and differentiation of bacteria in implant-
associated infections.

Questions/purposes We asked: (1) Can principal com-
ponent analysis explain variation in spectral curves for
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biofilm obtained from Staphylococcus aureus, Staphylo-
coccus epidermidis, and Pseudomonas aeruginosa? (2)
What is the accuracy of Fourier transformed-near infrared
(FT-NIR)/multivariate data analysis in identifying the
specific species associated with biofilm?

Methods Three clinical isolates, S aureus, S epidermidis,
and P aeruginosa were cultured to create biofilm on sur-
gical grade stainless steel. At least 52 samples were
analyzed per group using a FT-NIR spectrometer. Multi-
variate and principal component analyses were performed
on the spectral data to allow for modeling and identification
of the bacterial species.

Results  Spectral analysis was able to correctly identify
86% (37/43) of S aureus, 89% (16/18) of S epidermidis,
and 70% (28/40) of P aeruginosa samples with minimal
error. Overall, models developed using spectral data
preprocessed using a combination of standard normal
variant and first-derivative transformations performed
much better than models developed with the raw spectral
data in discriminating between the three classes of bac-
teria because of its low Type 1 error and large intermodel
distinction.

Conclusions The use of spectroscopic methods to identify
and classify bacterial biofilms on orthopaedic implant
material is possible and improves with advanced modeling
that can be obtained rapidly with little error. The sensitivity
for identification was 97% for S aureus (95% CI, 88-99%),
100% for S epidermidis (95% CI, 95-100%), and 77% for
P aeruginosa (95% CI, 65-86%). The specificity of the S
aureus was 86% (95% CI, 3-93%), S epidermidis was 89%
(95% CI, 67-97%), and P aeruginosa was 70% (95% CI,
55-82%).

Clinical Relevance This technique of spectral data acqui-
sition and advanced modeling should continue to be explored
as a method for bacterial biofilm identification. A spectral
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databank of bacterial and potentially contaminating tissues
should be acquired initially through an in vivo animal model
and quickly transition to explanted devices and the clinical
arena.

Introduction

Some bacteria live in surface-associated communities
referred to as biofilms. By volume, biofilms are composed
of approximately 5% bacteria and 95% extracellular
polymeric substance secreted by bacteria and composed of
lipids, proteins, and polysaccharides [11]. These biofilms
provide an environment in which bacteria communicate
through various signaling pathways such as quorum
sensing or detachment, take on differing forms of viru-
lence, and establish a tolerance to typical antimicrobial
therapy [5, 9, 22]. Biofilms are one of the reasons ortho-
paedic implant-associated infections are so difficult to
treat [20]. Diagnosis of implant-related infections is often
difficult. Established bacterial diagnostic techniques
include joint aspiration with cell count and culture and
intraoperative tissue culture after explantation for guid-
ance of antibiotic therapy, but false-negative test results
are common [15], raising the suspicion that patients with a
diagnosis of aseptic failure of prostheses may in fact have
undiagnosed infections [17, 23]. Newer microscopic,
molecular, and spectroscopic techniques have been used
for detection of bacteria on metal implants ex vivo which
requires explantation, ultrasonication of the explant, and
destruction of biofilm and explant [5, 13]. These methods
often aid in bacterial diagnosis that could guide surgical
treatment and antibiotic therapy. Despite decreasing
processing times (traditional culture, 48 to 120 hours;
PCR, 6 hours; immunofluorescent microscopy, 3 hours),
these methods remain unavailable intraoperatively and
require implant removal [4].

A quick method that would allow for rapid detection and
characterization of bacterial biofilms at the time of surgery
and without implant removal or destruction as is needed
with other techniques such as sonication, has been pro-
posed with the use of Fourier-transformed near infrared
(FT-NIR) spectroscopy [3, 16]. Infrared and Raman
vibrational spectroscopy are capable of collecting detailed
chemical, biochemical, and physical information regarding
biological systems from properties of chemical bonds in a
short time (seconds). Traditional spectral data have been
analyzed by assignment of specific peaks to a single
property (specific chemical markers) using a univariate
approach. This analysis is difficult for complex biological
systems that are best described using multiple factors that
often are closely related to each other. The average single
colony bacillus, Escherichia coli, contains 2000 to 4500

different types of small molecules, comprised of amino
acids, carbohydrates, and fatty acids. Since the same
groups are present in other bacteria, it is difficult to use
assignment of specific functional groups as a basis for
classification [14]. The use of two spectroscopic methods,
infrared (IR) and Raman are complimentary vibrational
spectroscopic techniques and, when coupled to fiber optic
probes, have emerged as potential tools for biological and
diagnostic medical applications [3, 16]. One advantage of
near infrared (NIR, 700 nm-2500 nm) and Raman spec-
troscopy is that they can easily be coupled via the existing
optical technology, whereas the better known mid-infrared
(IMIR], 2500 nm-10,000 nm) requires optical halide
fibers. Near infrared is capable of greater penetration
(mm) of materials compared with MIR (micron) allowing
for better characterization. Although NIR spectra are
broad with no visible spectral differences, it is the pri-
mary tool used in characterization of biological and
nonbiological materials.

Two methods to evaluate and differentiate complex
biological systems such as biofilms are multivariate data
analysis and principal component analysis; these methods
allow all the properties of test material and spectra to be
analyzed at the same time [6]. Principal component anal-
ysis visually shows the variance between and within
objects being analyzed.

Currently the diagnostic capabilities of implant-associ-
ated infections are limited to imperfect tests. This can lead
to culture negative infections of 20% or more of the time.
The purpose of our study was to show the use of FT-NIR
coupled with multivariate data analysis to characterize
commonly occurring implant-associated bacterial biofilms
adherent to a common orthopaedic implant material for
real-time analysis that may improve our capabilities to
identify and treat implant-related infections. Specifically,
we asked: (1) Can principal component analysis differen-
tiate the spectral curves for biofilm obtained from
Staphylococcus aureua, Staphylococcus epidermidis, and
Pseudomonas aeruginosa? (2) What is the accuracy of FT-
NIR/multivariate data analysis in identifying the specific
species associated with biofilm?

Materials and Methods
Bacteria Preparation

Three clinical isolates of S aureus, S epidermidis, and P
aeruginosa were identified and characterized by our insti-
tution’s microbiology department. One colony of each type
of bacteria isolate was placed in a separate vial containing
20 cc of Brain Heart Infusion broth (Fisher Scientific,
Pittsburgh, PA, USA) and then incubated at 37° C for
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18 hours to create an inoculum. These three separate
preparations were diluted to a standard optical density with
absorbance of 1.0 at 600 nm wavelength using an ultravi-
olet spectrometer. The bacterial concentrations at that
standard optical density were calculated as an average of
5.3 x 10® colony forming units/mL.

Reactor Setup and Sample Preparation

Small discs were cut from stainless steel 316 L (1 cm
diameter, 0.004 cm thickness) (Small Parts, Miami Lakes,
FL, USA; wet jet cut and polished by Wilson Works,
Morgantown, WV, USA) and were secured in the CDC
biofilm reactor. The biofilm reactor is a rugged system that
incorporates eight polypropylene rods in a circular orien-
tation inside a 1-L container; in the center of the aligned
rods is a baffled stir bar [8] (Fig. 1). The back of each disc,
which faces away from the interior of the reactor, was
marked before assembly. Each disc was sonicated for 2
minutes at 42 kHz (Crest Ultrasonics, Springfield, NIJ,
USA) and then washed with 70% alcohol. Three discs were
secured in the eight columns for a total of 24 discs per
reactor. The reactor was assembled completely before
autoclaving it for 15 minutes at 132° C. After allowing the
reactor to cool to room temperature, 450 mL of phosphate
buffered saline (Fisher Scientific, Waltham, MA, USA)
was placed in the reactor with 45 mL of Brain Heart
Infusion broth. Five milliliters from the inoculums

Fig. 1 The biofilm reactor is a device that incorporates eight
polypropylene rods in a circular orientation inside a 1-L container;
in the center of the aligned rods is a baffled stir bar.
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prepared as above were added to the solution in the reactor.
The reactor was placed under a sterile hood on a stirring
hotplate set to 100 rpm and 37° C using a temperature
probe to ensure a stable temperature during incubation. The
reactor operated under batch conditions for 72 hours before
removal of samples for spectroscopic analysis. A total of
96 samples (discs) were cultured for S aureus, 80 for S
epidermidis, and 52 for P aeruginosa. Sample groups were
limited owing to technical difficulties, machine error, and
gross contamination. Batches of samples were obtained
throughout the course of a year. Fifteen sample discs were
incubated in a similar fashion without the presence of
bacteria to provide a control group.

Development of NIR Calibration

Using sterile technique, each column was removed under
the hood and washed five times in 50-mL tubes of phos-
phate buffered saline for 10 seconds each to remove any
planktonic bacteria. Each disc was removed individually,
placed in small sterile plastic Petri dishes, and underwent
immediate spectroscopic analysis using the Bruker Matrix
FT-NIR spectrometer (Billerica, MA, USA). This unit was
equipped with a fiberoptic sampling probe for solids and
liquids (IN263E) operating in the diffuse reflectance mode
120,004 cm ™" to 4000 cm ™' (833 nm-2500 nm). The probe
was aligned such that its collection optic tip was perpen-
dicular to the surface of the sample disc for each scan at a
distance of approximately 1.5 mm from the sample. Each
specimen was scanned 15 times and averaged to a single
spectrum producing one spectrum for each disc. The 15
scans were completed in less than 30 seconds.

The total sample set was 228 spectral specimens con-
sisting of 96 samples of S aureus, 80 samples of §
epidermidis, and 52 samples of P aeruginosa. Spectral
specimens were divided into calibration and testing speci-
men sets, respectively. A priori determination of the
percentage of total samples to be assigned to the calibration
and validation set was determined. Fifty-six percent of the
total samples of each species were randomly assigned to
the calibration set. The remaining 44% of each species was
assigned to their respective test set. The calibration data set
(127 samples) consisted of 53, 34, and 40 samples that
were randomly selected from S aureus, S epidermidis, and
P aeruginosa, respectively. Before development of cali-
bration models, all spectra data were standardized using
auto scaling, and principal component analysis was per-
formed on the specimens to observe any clustering or
separation in the specimen set. Separate calibration models
were developed for each of the bacteria species using the
whole FT-NIR spectra range (833 nm—2500 nm). The raw
spectra data and three other preprocessed spectra variations
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Fig. 2A-D The raw spectra of
the three classes of bacteria we
used for development of cali-
brations are shown. (A) P
aeruginosa (red) has higher
absorption at 10,000 to 9245
cm L (B) First-derivative pre-
processed spectra show broad
absorbance ranges and separa-
tion is difficult owing to lack of
distinct peaks. (C) Standard nor-
mal variant preprocessed data
show improved  distinction
between the P aeruginosa and
the  gram-positive  species.
(D) Standard normal variant +
first-derivative preprocessed
data have increasingly distinct
characteristics to the gram-pos-
itive species. Red = P
aeruginosa. Blue = S aureus.
Green = S epidermidis.
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were used to develop models for each of the three species.
These preprocessing methods include First derivative
Savitzky-Golay preprocessing (15-point smoothing second
polynomial order), standard normal variate, and a combi-
nation of standard normal variate and first derivative. To
prevent underfitting or overfitting of the calibration models,
the Unscrambler™® X software (CAMO Software Inc,
Woodbridge, NJ, USA; http://www.camo.com/rt/Products/
Unscrambler/unscrambler.html) for multivariate data
analysis was used to determine the optimal number of
principal components on the explained and residual vari-
ance plots of each model.

Spectroscopic Data Acquisition

The validation set (101 samples) consisted of 43, 40, and
18 samples of S aureus, S epidermidis, and P aeruginosa,
respectively. These samples were evaluated in a fashion
similar to the calibration set.

Spectroscopic Data Analysis

Multivariate data analysis of raw spectral data was per-
formed using The Unscrambler®™ 9.7 software. The raw
spectra and spectra preprocessed using standard normal
variant, first derivative, and combination of standard nor-
mal variant and first-derivative preprocessed spectra were
used for development of calibrations to identify possible
improvements in interpretation of the spectra, integrity, and
applicability of the calibration models.

The NIR raw spectra, standard normal variant, first
derivative, and combination of standard normal variant and
first-derivative preprocessed spectra for all three bacterial
species were used for development of calibrations (Fig. 2).
The raw spectra of P aeruginosa appeared different from
the other two groups, with higher absorption at the region
10,000 to 9245 cm ™! (Fig. 2A). The first derivative, stan-
dard normal variant, and standard normal variant + first-
derivative preprocessed spectra displayed baseline differ-
ences along the NIR spectra region, but no clear visual
differentiation according to bacteria group was seen
because maximum peaks in the NIR spectra region 10,000
t0 9245 cm ™' exhibited broad absorbance ranges (Fig. 2B—
D).

After development of calibration models for each class
of bacteria, the models were tested on validation samples
that were not included in model development according to
the soft independent modeling of class analogies classifi-
cation method [5] at the 5% significance level. Before
using the models to predict class membership for new
samples, the model specificity was evaluated to check
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whether the classes overlapped or were sufficiently distinct
from each other. Specific tools in The Unscrambler®™
software setup, such as model distance and modeling
power, were available for this purpose. The model distance
plot showed the distances between different models; a
distance larger than three was an indication that the models
were different and good for class separation. The model
power plot showed the contribution of variables to the
model; variables with modeling power close to one were
important for the model while variables less than 0.3 were
of little importance for the model.

Before testing new samples, the specificities of the
calibration models were evaluated to ensure that model
classes did not overlap or were sufficiently distant from
each other. The model distance for all models developed
using raw spectral data and other spectral data prepro-
cessed using standard normal variant, first derivative, and
standard normal variant + first-derivative models was
greater than three when compared with models for §
aureus.

The 15 control sample discs showed an absence of
spectral readings on all discs. These control discs were
evaluated for colony forming units and showed no bacterial
growth.

Determining Bacterial Count and Presence of Biofilm

After spectroscopic data acquisition, samples of discs were
placed in 1 mL of phosphate buffered saline in a 15-mL
tube which was sonicated at 42 kHz for 60 seconds to
remove biofilm from the disc into solution. Each tube then
was vortexed for 30 seconds to break up biofilm clusters in
the phosphate buffered saline [1]. Using serial log dilutions
and agar plating, viable colony forming units were counted
after incubation at 37  C for 48 hours. These samples were
used for species identification by the clinical microbiolo-
gist (JGT) to confirm the presence of bacteria and absence
of contamination on the discs used for spectroscopic
analysis. We found that all discs produced colony forming
units that were concordant with inoculant.

Results

Principal component analysis was able to transform the
correlated variables (which the intensities at different
wavelengths are) to small uncorrelated variables (latent
variables). The first principal component explained 85% of
variation in spectral data and the first four principal com-
ponents explained almost 98% of the variation observed.
Using the optimum number of principal components and
the total explained variance (%) in spectra data for
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principal component analysis, models were developed for
each bacterial class using raw spectra (S aureus 1, S epi-
dermidis 2, P aeruginosa 4), standard normal variant (S
aureus 3, S epidermidis 3, P aeruginosa 4), first-derivative
(S aureus 6, S epidermidis 5, P aeruginosa 6), and a
combination of standard normal variant + first-derivative
(S aureus 4, S epidermidis 5, P aeruginosa 5) preproc-
essing methods (Table 1). Overall, models developed using
spectral data preprocessed using a combination of standard
normal variant and first-derivative transformation per-
formed much better than models developed with the raw
spectral data in discriminating between the three classes of
bacteria because of its low Type 1 error and large inter-
model distance. Model distance is a measurement of model
accuracy. Principal component analysis of all raw spectral
data clustered spectra into groups for which the first two
principal components are best seen visually (Fig. 3).

In a principal component space, a plot of score vectors
(score plot) visually reveals the variance between and
within objects being analyzed; in other words, how objects
being analyzed are related to each other is captured in this
principal component space. The higher the score between
two objects the greater the chances are that the two objects
are different from each other.

The first principal component captures the most
important variance between the three bacterial species
(83%) (Fig. 3). The majority of the S aureus and S epi-
dermidis samples were clustered on the positive axis of the
first principal component whereas P aeruginosa samples
mostly were clustered on the negative side.

The second principal component captures only 9% of
the variability in the three class of bacteria. The second
score vector seems to capture the difference between the S
aureus and S epidermidis samples.

Given the clustering we observed, we believe the three
sample classes are different from each other based on their
spectra characteristics. The S aureus and S epidermidis
sample groups may share some similar characteristics since
the majority are on the same side of the principal compo-
nents. The similarity in spectra characteristics between §
aureus and S epidermidis may be a result of their chemical
or biological structure.

Accuracy of FT-NIR/Multivariate Data Analysis

Calibration models developed using raw spectral analysis
were able to correctly identify 86% of S aureus, 89% of S
epidermidis, and 70% of P aeruginosa. The computational
analysis used in the soft independent modeling by class
analogy classification and the test that quantified the risk of
Type I error associated to the models ranged from 11% to
30%. Sensitivities associated with the models ranged from
77% to 100% with sensitivity reaching 100% for all cal-
culations using the standard normal variant + first-
derivative model (Table 2). Overall, spectra preprocessing
using a combination of a single normal variant + first
derivative appears best to improve the performance of the
classification models in separation of the three bacterial
species when evaluating via the modeling distance

Table 1. Optimum number of principal components and explained variance

Preprocessing method S aureus S epidermidis P aeruginosa
Raw spectra
Number of principal components 1 2 4
Explained variance 99% 99% 99%
Model distance 1 33 16
First derivative
Number of principal components 6 5 6
Explained variance 99% 98% 97%
Model distance 1 87 77
Single normal variant
Number of principal Components 3 3 4
Explained variance 99% 99% 98%
Model distance 1 107 42
Single normal variant + first derivative
Number of principal components 4 5 5
Explained variance 98% 97% 98%
Model distance 1 268 92
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Table 2. Members identified in each class

Principal component 1(85%)

Measured values

S aureus (n = 43) S epidermidis (n = 18)

P aeruginosa (n = 40)

Adherent bacteria (colony forming units/cm?)
Raw spectra
Discs identified
Sensitivity
Specificity
First derivative
Discs identified
Sensitivity
Specificity
Single normal variant
Discs identified
Sensitivity
Specificity
Single normal variant + first derivative
Discs identified
Sensitivity
Specificity

5% 10°+3 x 10° 5.8 x 10* £ 3.9 x 10*

37
97% (88%—-99%)
86% (73%—-93%)

16
100% (95%—-100%)
89% (67%—-97%)

36
100% (93%—100%)
84% (68%-92%)

16
83% (74%-90%)
89% (67%-97%)

38
93% (84%-97%)
88% (75%—-95%)

15
95% (88%—98%)
83% (60%—94%)

32
100% (93%—100%)
74% (60%—85%)

17
100% (95%—100%)
94% (T4%-99%)

1.66 x 10° £+ 1.03 x 10°

28
77% (65%—86%)
70% (55%—82%)

25
100% (94%—100%)
63% (47%—78%)

29
93% (83%—-98%)
73% (57%—85%)

26
100% (94%—100%)
65% (50%—78%)

(Table 1), although there was reduction in the accuracies of
identification of individual species but the Type II error

was low (Table 2).

Discussion

The ability to diagnose and identify causative organisms in
orthopaedic infections continues to cause physicians
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difficulty. We found that principal component analysis can
explain the variation in spectral curves for biofilm obtained

from S aureus, S epidermidis, and P aeruginosa using FT-
NIR. This analysis also provides a sensitivity that increases
with advanced modeling. We used the soft independent
modeling by class analogy method to develop calibration
models to classify and identify three common bacterial

species identified in infected prostheses (Gram negative
and Gram positive) that are known to establish biofilms on
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common implant materials. Validation samples were
compared with the class models and assigned to classes
according to their proximity to the calibration (training)
samples. Soft independent modeling by class analogy also
allows additional class groups to be added to the model
without rebuilding the classification models [7].

The concerns for FT-NIR assessment of bacterial pres-
ence and speciation are the limited sample area and time
required for multiple sampling [3]. Other concerns for this
technique are the heterogeneity in one strain and across
strains [18]. Our evaluation of the spectral data collected
and analyzed through multivariate data and principal
component analyses showed improvement in recognition
with decreased errors with continued modeling including
combined standard normal variant and first derivative. The
continued evaluation of different bacterial strains and
implant surfaces will allow for continued evolution of this
potentially clinically useful application. All of the bacteria
for this study were grown from the same clinical isolate
that has the potential to affect the results with other strains;
however, the study was performed during a prolonged
course with many different runs of the biofilm reactor thus
strengthening our results. Additional studies to develop
models for classification are needed to create a database of
infecting organisms and consideration for contaminants
such as surrounding tissues. Although use of the technol-
ogy requires new instrumentation, the low cost and
portability of NIR machines would make them easily
obtainable. The most challenging aspect would be in
developing and maintaining the calibration. Rapid detec-
tion and inexpensiveness of the technology would make the
translation of this technology easier compared with PCR
and immunoassays, which can be labor intensive and time
consuming.

Principal component analysis explains variation in spec-
tral curves for biofilm obtained from S aureus, S epidermidis,
and P aeruginosa. This is an indication that separation of the
spectral data is possible. Principal component analysis gives
the overview of the spectra data and reduces the dimen-
sionality of the data using a linear combination of original
data to generate new latent variables that are orthogonal and
uncorrelated to each other. Wold et al. [24] described prin-
cipal component analysis as a process that distills the
information from the original data variables into a lower
number of variables (latent variables) that maximizes the
variance in the data set. The FT-NIR also produced no
spectral readings of the steel discs without the presence of
bacteria, confirming that the spectral readings are correlated
with the presence of biofilm.

Without processing of the data, biofilm of the studied
species were identified using FT-NIR after establishing a
calibration set, or databank. By further increasing this
databank this technique potentially could identify many

other types of bacteria localized as adherent to implants.
Using the calibration models developed from the raw
spectral analysis, the sample biofilm sets were correctly
identified in 86% of S aureus samples, 89% of S epider-
midis, and 70% of P aeruginosa. We identified bacterial
species grown as biofilms on an orthopaedic implant
material using FT-NIR. Specific peaks of importance on
the bacterial spectra using different ranges of spectroscopy
were identified in previous studies [12, 18, 20]. The full
NIR spectrum was used in our model development because
a study that used biofilm-based materials showed that the
region between 1000 nm to 2500 nm (combination of first
overtone, second overtone, and combination band region)
of the NIR hold the most distinct biological spectral
information [19]. Spectral data preprocessed or trans-
formed using standard normal variant, first derivative, and
standard normal variant + first derivative were used to
develop calibration models with good prediction accuracy
and acceptable error. Overall, spectral preprocessing using
combined modeling of standard normal variant + first
derivative appeared to best improve the performance of the
classification models by improved modeling distance and
separation of the three bacterial species with the best
reduction in Type II error. In this modeling situation the
Type 1 error rejects a specimen that belongs to the clas-
sification group and the Type II error accepts a specimen as
a member when the specimen does not belong to the
classification group. In a proposed translational application
we hope to identify not only the presence or absence of
bacteria but also to identify a particular strain thus
increasing the importance of improving Type II error.
Previous studies have used spectroscopy to analyze bio-
logic specimens [2, 10, 12, 18, 21]. Ngo-Thi et al. [18]
reported the ability of conventional FT-NIR spectroscopy
in the MIR region and multivariate data analysis to cor-
rectly classify different nonbiofilm-associated bacteria in
groups. Karadenizli et al. [12] used FT-IR and multivariate
data analysis to classify biofilm-associated extracellular
polymeric substance separated from S epidermis and S
aureus correctly 80% and 75% of the time, respectively
[12]. Ojeda et al. [21] used reflectance FT-IR (MIR region)
to characterize Aquabacterium commune on stainless steel
discs containing biofilm on intact samples. Reflectance
spectroscopy provided a similar spectrum compared with
conventional techniques in a nondestructive manner [21].
Janbu et al. [10] showed that micro-FT-IR spectroscopy
using stepwise canonical discriminant analysis could cor-
rectly identify strains of Listeria 93% of the time. Bosch
et al. [2] characterized Bordetella pertussis using spec-
troscopy and showed that planktonic bacteria have
different spectra from its biofilm formation secondary to
the spectroscopic absorbance of the glycocalyx or extra-
cellular polymeric substances.
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A rapid method to diagnose bacterial biofilm infections
real-time would be beneficial to practicing orthopaedic
surgeons. A real-time analysis would have the potential to
allow surgeons to make decisions intraoperatively regard-
ing the need for revision surgery and the choice of local
antibiotics or systemic antibiotics tailored to the specific
organism responsible for the infection. Future applications
also could include diagnostic applications via arthroscopy
or aspiration. The translation of this potential diagnostic
technique will be confounded by the presence of nonbac-
terial cells, conditioning films, and other materials. Future
studies will need to focus on the sensitivity of the spec-
troscopy using an infected implant in vivo model. With this
model we will explore the ability to limit the potential
interference caused by surrounding tissues, materials, and
cells. This could be accomplished by establishing a dataset
from which specific signals could be subtracted to improve
a signal to noise ratio. We then can begin to explore our
abilities to identify biofilm on explanted materials and then
transition to clinical evaluations in the operative setting.
Continued development of the diagnosis and characteriza-
tion of implant-related biofilms is imperative to improve
treatment of implant-related infections.
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