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ABSTRACT 

Raman Spectroscopy-based Diagnostics of Lyme’s Disease in Blood 

Rohini Morey 

Department of Biochemistry and Biophysics 

Texas A&M University 

Research Faculty Advisor: Dmitry Kurouski Ph.D. 

Department of Biochemistry & Biophysics 

Texas A&M University 

Research Faculty Advisor: Artem Rogovskyy Ph.D. 

Department of Veterinary Pathobiology 

Texas A&M University 

 Lyme Disease (LD) is reportedly the most widespread vector-borne disease in the 

continental US. The causative LD agent is the spirochetal bacterium, Borreliella burgdorferi 

(Bb), which is spread through Ixodes ticks. When untreated, early non-specific symptoms such as 

fever, chills, and rashes can give way to more extreme conditions such as dermatitis, arthritis, 

facial palsy (i.e., partial facial paralysis), and severe neurological disorders (e.g., meningitis). LD 

is often misdiagnosed due to the early flu-like symptoms and poor sensitivity of the only 

validated two-tiered serological testing. This thesis compiles, the results of two studies, which 

have examined the possibility of using Raman Spectroscopy (RS) as a diagnostic tool of LD. RS 

is a method that uses the excitation of particles to higher vibrational and rotational states to 

distinguish between different chemical structures. The first study involved infecting mice with 
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two wilt-type Bb strains (B31, 297) and one B31-derived mutant (∆vIsE), and using a home-built 

confocal Raman microscope to acquire spectra of blood sampled from the mice prior to and after 

Bb infection. The Partial Least Squares- Discriminant analysis of the spectra resulted in detection 

of Bb mouse infection with 86% accuracy for 297, and with 89% accuracy for Bb B31 and 

∆vIsE. The second study involved testing of human blood sampled from LD-confirmed and, and 

LD-negative (control) patients. The results showed that the True Positive Rate was 88-90%. 
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NOMENCLATURE 

LD         Lyme Disease  

Bb  Borrelia burgdorferi 

RS  Raman Spectroscopy  

LC-MS Liquid Chromatography - Mass Spectroscopy 

EIA             Enzyme Immunoassay 

IFA             Immunofluorescence Assay 

PCR             Polymerase Chain Reaction  

PLS-DA Partial Least Squares- Discriminant Analysis 

TPR                 True Positive Rate 
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1. INTRODUCTION 

1.1 Lyme Disease 

Lyme Disease (LD) is the most commonly reported vector-borne disease in the United 

States.1 In the Center for Disease Control’s (CDC) report on the disease between 2008 and 2015, 

there were over 275,000 cases reported in the continental United States, with the geographical 

focal point being the Northeast, mid-Atlantic and upper Midwest regions.1 

 

Structure and Infectivity of Lyme Borreliosis  

Though there are many strains of Lyme Disease, there are three that infect humans. 

Borrelia afzelii or Borrelia garinii are mostly seen in Europe and Asia2, while the strain found 

most often in the Western Hemisphere is Borrelia burgdorferi (Bb)3. These strains are 

eubacterial and part of the phylum Spirochetes.4 They have a peptidoglycan cell wall with the 

fast-moving flagella.4 Bb, which is also called stain ‘wild-type B31’, has a genome that has 

already been sequenced.5,6 This genome does not encode a lot of proteins for anabolic or 

biosynthetic activity, and thus must depend on the host to function.5,6 Another remarkable feature 

is that Bb does not need iron to grow (this has only been shown in vitro)7, and thus might be able 

to thrive even when the host cell limits iron as a defense mechanism. Finally, its genome has no 

toxic proteins or other toxins. In this way we can conclude that B. Burgdorferi mostly infects by 

adhesion to cells and avoiding or building a defense for immune responses by the host cell.4 
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Lyme Disease in Humans 

Lyme Disease was discovered as a novel disease in 1976, when multiple children in 

Lyme, Connecticut developed symptoms similar to juvenile rheumatoid arthritis.8 However, it 

was later discovered that this is a vector-borne disease that is spread by the tick Ixodus 

scapularis.9 Though, it is this tick that is often the vector of LD, its life cycle can follow through 

multiple avian and mammalian vectors and usually spreads during late spring to early summer.10 

 

The disease develops in stages and has different manifestation of symptoms or remission 

and exacerbations depending on the stage of the disease.8 Stage 1 usually lasts for a couple of 

days to a week, where a small localized infection develops at the site of the tick bite.11,12 This 

infection has a characteristic shape and size, and is the way most preliminary diagnosis of LD 

occurs, which is then followed by serological blood tests.13,14 Weeks later in Stage 2, the 

infection disseminates in the body and can cause irritation and skin lesions,8,15 and months later it 

can manifest into neurological disorders15 and arthritis16,17, which is usually a hallmark of Stage 

3. However, the infection symptoms can manifest differently from patient to patient.1 

Furthermore, regional variants exist based on the continent that the particular spirochete is 

found.4,8 

 

Current Diagnostic Tests for Lyme Disease 

 The way most physicians recognize LD is through the characteristic rash that appears in 

Stage 1 of the disease. But after that there is an FDA approved two-tiered serological test what is 

performed to confirm the diagnosis.14,18,19 The first tier can consist of either an Enzyme 

immunoassay (EIA) or an Immunofluorescence Assay (IFA); if this test is negative the second 
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test is rarely performed. The second tier of the test splits the patients into categories if whether 

the patient has had active symptoms for more than 30 days. If the patient has had symptoms for 

more than 30 days then an IgM and an IgG Western Blot is performed, if not then only an IgG 

Western blot is done.20 To put it simply, this test detects the presence of antibodies present that 

have been created by the body to fight against the disease. 

 

 The drawback of this form of testing is that the accuracy is low, in the first three to four 

weeks of the disease when it progresses from Stage 1 to Stage 2.19 This is either because the 

body has not yet created the antibodies to fight against the Bb or the disease has, for various 

reason, not disseminated properly in the body. The accuracy at these Stages in the disease 

accurately detects LD only 29 to 40% of the time.19 It must be noted that when the Lyme disease 

progresses to stage three there is an 87% chance of detecting LD in patients exhibiting 

neurological defects and a 97% chance in accurately detecting LD in patients with arthritis.14,19 

Other issues include background seropositivity and cross reactivity with antigens that are not 

Bb.21, 22. Another study in Europe showed that when different methods of serological testing 

were performed in different labs, they resulted in conflicting diagnoses.23 These tests also take 

about 1 to 2 weeks to process, precious time under which the patient’s condition might worsen.20 

 

 Some other tests that are not federally approved are Polymerase Chain Reaction (PCR) 

tests, or bacterial culture tests.14 Both have results that can vary based on strain of LD and 

progression of the disease in the patient’s system. The PCR test tends to work best for the Wild-

Type B31 strain, simply because this variant’s DNA has been sequenced (one of the first 

spirochetes to be sequenced completely).14,24 But with PCR, it is hard to keep up with emerging 
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strains, and the test itself can also be time consuming to process.14,25,26 Bacterial cultures also 

pose different issues, with contamination and human error.27 Both have between 70 to 80% 

accuracy in the later stages of the disease.14 

 

Raman Spectroscopy 

Introduction to Raman Spectroscopy 

In order to find alternative diagnostic methods for LD, that are less laborious and time-

consuming, this experiment delves into the possibility of using Raman Spectroscopy (RS). RS is 

proven to be a non-invasive and non-destructive diagnosis methods for a variety of different 

diseases, ranging from plant pathology28,29 to detection of amyloid plaques in cerebrospinal 

fluid31,32, forensic studies and explosives.30 This form of spectroscopy is can be analyzed due to 

the inelastic Raman scattering of particles after the excitation of a molecule to different 

vibrational or rotational states,32,33 which helps in identifying different vibrational bands within 

the molecule. Using the information acquired about the vibrational bands, one can deduce the 

important functional groups and the overall chemical make-up of the molecule being 

scanned.32,33 

 

RS is a rapidly growing method to analyze and diagnose disease, that are often difficult to 

test the traditional route.32,33 One of the successful examples of creating RS-based diagnostic 

tests include Rzyovika and colleagues who were able to detect metabolic changes in the blood 

which were characteristic of Alzheimer’s disease.34 RS has also proven to be specific to the 

disease as it was able to successfully distinguish between Alzheimer’s and other forms of 

dementia.31,32 Changes in blood composition due to Malaria35 and other viral diseases36 are also 
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conditions that RS has been successful at detecting. Using the paradigm that the previously 

mentioned groups had followed; RS was used to detect metabolic and chemical changes in LD.  

 

Non-RS Spectroscopic Diagnostics for LD 

 In 2015, Molins and colleagues did a similar analysis of serum samples from patients 

with LD and a serologically negative group using liquid chromatography - mass spectroscopy 

(LC-MS)37. Molins and her colleagues were able to prove that the metabolic levels of 62 species 

had significantly increased while the levels of 32 species had decreased in serum samples. The 

species included cholesterol, cholesteryl acetate, phospholipids, sphingolipids, diacylglycerol, 

triglycerides and many other lipids and their derivatives.37 This proves that there are some are a 

number of specific changes occurring in the blood, when a patient is infected with LD. However, 

despite having high sensitivity and specificity, it must also be noted that this form of testing is 

time-consuming as it requires many steps to be correctly processed. Therefore, this thesis 

presents RS as an alternative diagnostic test for the detection of LD.  
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2. METHODS 

The whole project was divided into three distinct parts and were completed over the 

course of past two years. The first part involved working with blood collected from mice, which 

were injected with three different strains of the disease. The strains were the ‘Wild-Type B31’39 

strain, the ‘∆vIsE’ strain40 and a novel ‘297’41 strain.38 The second development in this project 

was detecting LD in the blood samples of human patients, who all had the Bb strain, which is the 

strain found in the continental United States. We compared the 45 samples that tested positive 

through the two-tiered serological test to 35 samples that tested negative, and used them to create 

a standard Raman Spectra for a confirmed and negative LD blood respectively.  

 

The materials and methods used for each of the sections of the project was similar. Some 

of the settings, such as the number of scans and the acquisition time, on the SERS had to be 

changed when transitioning from mouse blood to human blood.  

 

Ethics Statements  

Ethics Statements on Murine Samples  

 The mouse experimental procedures were approved by the Institutional Animal Care and 

Use Committee of Texas A&M University and performed in accordance with Public Health 

Service (PHS) Policy on Humane Care and Use of Laboratory Animals (2002), Guide for the 
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Care and Use of Agricultural Animals in Research and Teaching (2010), and Guide for the Care 

and Use of Laboratory Animals (2011).38 

 

Ethic Statements on Human Samples  

 Human samples were acquired from the Lyme Disease Biobank (Portland, OR, USA). 

 

 

 

Raman Spectroscopy on Murine Samples  

Bacterial Culture  

 Liquid Barbour-Stoenner-Kelly II medium which were supplemented with 6% rabbit 

serum (BSK-II; Gemini Bio-Products, CA, US) was used to cultivate the spirochetes and 

incubated under 2.5% CO2 and at 35°C. For the animal tissue culture, BSK-II was supplemented 

with 0.02 mg ml-1 phosphomycin, 2.5 mg ml-1 amphotericin B and 0.05 mg ml-1 rifampicin to 

prevent bacterial and fungal contamination.38 

 

Inducing Murine Sepsis and Creating blood smears    

 Fifteen C3H/ HeJ (C3H) mice were sourced from Jackson Laboratories (ME, US). C3H 

are immunocompetent mice which have the ability to develop Bb- induced arthritis. This was 

useful, as previously discussed, many times the serological test is not able to accurately predict 

LD in the earlier stages, and thus having a visible marker is beneficial.43 All the mice were male 

and between four to six weeks of age. Three groups of mice were created randomly, with five 

mice per group. The mice were put through a shot adaption period, which allowed for the mice to 

acclimatize to the laboratory environment, and were then inoculated with 1.1 x 104 cells of the 

Bb Spirochete.38,42 Each mouse in each group was inoculated with a different strain which were 
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297, B31 and ∆vIsE, respectively. B31 and its isogenic variant ∆vIsE are part of the RST1 Lyme 

Disease class, while the 297 mutant belongs to the RST2 class.44,45 These two classes represent a 

third of the Bb population in the United States.  

 

The infections progression was tracked by harvesting and culturing 50 μl of blood and 

was verified using dark field microscopy. The blood was harvested from the maxillary bleed on 

day 7 post-infection (pi) and other tissues were sampled form the ear pinnae on day 28 pi and 

form the bladder, ear pinnae, heart and tibiotarsal joints on day 56 pi.46  Fifty μl of blood was 

collected from each animal through a cheek bleed. on day 0, 3 and 7 and then collected every 

week from that point on (day 14, day 21 etc.) until day 56 pi. Each blood sample was transferred 

to a sterile Eppendorf tube and then a sterile -80°C freezer was used to properly store the blood. 

Then when the blood was transferred to a -4°C freezer to store near the Raman equipment, where 

they were quickly used to collect spectra. Blood Smears were collected by transferring 50 μl of 

blood on to the slide that was wrapped with foil and then kept to dry for one hour. Since a smear 

on glass would not interfere and distort the laser, the slides were wrapped in a foil before they 

were smeared.38 

 

Raman Spectroscopy  

A home-built confocal Raman microscope which has a 785 nm continuous laser (Nescel, 

NJ) was used to acquire the Raman spectra. The laser is focused onto an inverted microscope 

(Nikon TE-2000 U) by manipulating the laser through a series of mirrors and then the laser 

passes through a 50/50 beam splitter and is then focused onto the objective which has the dry 

blood by a 20x Nikon objective (NA = 0.45). The scattered light was directed to an IsoPlane 
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SCT 320 spectrograph (Princeton Instruments, NJ, USA), which was provided with a 600 

groove/nm grating blazed at 750 nm. The objective had a laser power was ~5.7 mW and the 

acquisition time was 10 seconds per spectrum. The Raleigh scattering was filtered with a LP02‐

785RE‐25 long‐pass filter (Semrock, NY) before entering the spectrograph. PIXIS:400BR CCD 

(Princeton Instruments) received the spectrograph dispersed light. A H117P2TE (Prior, MA) 

which is a motorized stage which was controlled by a Prior Proscan II, was used to move the 

sample relative to the incident laser beam. For each Bb strain, there were approximately 50 

spectra acquired from spatially non-overlapping locations on the blood smear for each time point 

and replicate combination. In this manner, there were a total of 5813 spectra were analyzed.  

 

Statistical Analyses  

MATLAB with the MATLAB addon PLS_Toolbox (for PLS_DA, Eigenvector Research, 

Inc., WA) were used to perform all the statistical analysis in this study.  The preprocessed 

intensity values at certain prominent Raman Bands were used to conduct an Analysis of Variance 

or ANOVA and the differences the ANOVA reported are significant to the p = 0.05 level. Post-

hoc testing was performed by using the Tukey HSD test, which was utilized to generate the 95% 

confidence intervals. The spectra first had to be corrected to the baseline by the Automatic 

Weighted Least Squares algorithm with a 6th order polynomial and then the normalized to the 

total amount of spectra. Following this, the spectra were then further processed by mean 

centering them.  

 

The differences between each Bb mutant/ variant and between the time points were 

determined using Partial least squares discriminant analysis (PLS-DA). The PLS-DA models 
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were constructed for each time point pairing for each Bb strain which meant there was a 10 x 10 

matrix was constructed to show the differences between the time points. A total of 45 binary 

models were created for the matrix, (not hundred as some of models were repeats and others 

were self-comparisons). However, when creating the models an unnaturally high signal to noise 

ratio was noticed and thus a rolling average scheme was applied. Though this cost in the number 

of total spectra available, the noise to signal ratio was significantly decreased. The raw spectra 

were averaged together in groups of 5 or 6 spectra per average. The True Positive Rate [TPR] 

were collected from the PLS-DA models created from the averaged sets and analyzed.   

 

Raman Spectroscopy on Human Samples  

Collection of Samples  

 There were a total of 75 samples received; 45 which were confirmed cases and 35 which 

were serologically negative tests. These samples were received from the Lyme Disease Biobank 

in Portland WA.  The samples were uncentrifuged whole blood and had EDTA additive as an 

anticoagulant. The samples were stores in sterile Eppendorf tube and kept in the -80°C freezer 

for long periods of time. Once the samples were ready to be scanned by the Raman microscope 

and were transferred to a -4°C freezer. The same procedure was used to create the blood smears 

on foil-wrapped slides. 

 

 

Raman Spectroscopy  

 The home-built confocal microscope was used again for this experiment, which much of 

the same settings. The only settings that changed were power of the laser which was ~8.5 mW 
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and the acquisition time was 30 secs. Another thing that changed from the Murine Samples were 

that 100 spectra were taken per sample, instead of the original 50.  

 

 

Statistical Analysis  

 Since statistical analysis of the human LD involved only distinguishing between infected 

and non-infected samples, only one model had to be made to account the one parameter was 

present (as opposed to being two for the murine samples). The same statistical software and 

preprocessing method was applied to the murine and human samples. The noise-to-signal ratio 

was slightly higher than the mouse samples so the samples had to be averaged in sets 9 to 11 

spectra per mean set.  
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3. RESULTS 

 

Results from Murine Samples  

In order to analyze the utility of RS in the detection of LD in whole blood samples, 

strains of B31, ∆vlsE and 297 LD were inoculated into immunocompetent mice and blood 

samples were taken on day 0, day 3, day 7 pi and then every week after that until day 56 pi. From 

these samples, 50 Raman Spectra were taken for every sample, at approximately ~5.75 mW of 

power and had an accumulation time of 10 seconds. In the spectra, the bands highlighted red 

denote bands associated with heme groups, the peaks highlighted blue denote protein groups and 

the peaks highlighted yellow represent aromatic vibrations. The Statistical Analysis of these 

samples gave the following results 
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Raman Spectra and Band Assignments   

 

Figure 3.1: Averaged Raman spectra of blood samples taken from B. burgdorferi B31-infected C3H mice at all the 

examined time points post infection 

 

Figure 3.2: Averaged Raman spectra of blood samples taken from B. burgdorferi ∆vlsE-infected C3H mice at all the 

examined time points post infection.  
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. 

Figure 3.3: Averaged Raman spectra of blood samples taken from B. burgdorferi 297-infected C3H mice at all the 

examined time points post infection.  

 The spectra shown in Figure 3.1, Figure 3.2, and Figure 3.3 are the preprocessed, mean 

centered and averaged spectra. They are the wildtype B31, the isogenic ∆vlsE mutant and the 

297 mutants from top to bottom. The most prominent and numerous vibrational band visible to 

the on the Raman Spectra are the bands that are associated with heme and protein structures, 

with some secondary peaks that represent other biomolecules such as sugars, aromatics and 

carotenoids. The red areas were representing the heme structure of the cell, while the blue 

represented the protein and the yellow was the aromatic vibrations. Table 3.1 shows the different 

peaks observed in the spectra and the vibrational bands they are assigned to.  
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Table 3.1: Assignment of spectral bands to different molecular vibrations and rotations  

562 Fe‐O2 stretch (heme)38,48 

676 Pyrrole symmetric bending (Heme)38,48 

719 C–C–O related to glycosidic ring skeletal deformations38,49 

752 Protein,38,50 Heme ring breathing38,48 

962 Associated with alpha CH of porphyrin ring38,51 

1002 Phenylalanine ring breathing36,38, CH3 in‐plane rocking of polyenes36,38 

1126 C–C stretching36,38 

1172 Trp, Phe38,50 

1226 CH Bending (Heme)38,48 

1249 meso CH of porphyrin ring38,51 

1277 Lipids, Amide III38,50 

1308 meso CH of porphyrin ring38,47 

1340 Trp, Adenine, Lipids38,50 

1376 Pyrrole ring38,52 

1447 CH236,38 

1462 CH2, CH338,53 

1516 C=C36,38 

1562 Conjugated CC stretching (heme)38,48 

1579 C–C stretching36,38 

1604 Aromatic ring36,38 

1622 Aromatic ring36,38 

1657 Amide I, C=C38,54 

1681 Amide I,38,53carboxylic acids 
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Comparisons drawn from PLS-DA Models 

The 10 x 10 matrices constructed by the PLS-DA models reported the True Positive Rate 

(TPR) for each pair of timepoints being compared. Table 3.2, Table 3.3 and Table 3.4 show the 

three matrices for each strain. The average TPR for the wildtype B31 and ∆vIsE strains were 

89% while the 297 strain had a TPR of 86%.  

Table 3.2: TPR Matrix for Wildtype B31 

DAY 0 3 7 14 21 28 35 42 49 56 

0 n/a 1 0.785 0.92 0.935 0.86 0.64 0.98 0.77 0.97 

3 1 n/a 0.89 0.9 0.91 0.91 0.895 0.67 0.895 0.845 

7 0.785 0.89 n/a 0.985 0.81 0.91 0.765 0.935 0.655 0.955 

14 0.92 0.9 0.985 n/a 0.91 0.905 0.9 0.915 0.805 0.68 

21 0.935 0.91 0.81 0.91 n/a 0.89 0.84 0.885 0.875 0.875 

28 0.86 0.91 0.91 0.905 0.89 n/a 0.77 0.865 0.785 0.855 

35 0.64 0.895 0.765 0.9 0.84 0.77 n/a 0.9 0.735 0.91 

42 0.98 0.67 0.935 0.915 0.885 0.865 0.9 n/a 0.87 0.85 

49 0.77 0.895 0.655 0.805 0.875 0.785 0.735 0.87 n/a 0.925 

56 0.97 0.845 0.955 0.68 0.875 0.855 0.91 0.85 0.925 n/a 
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Table 3.3: TPR Matrix for 297 mutant  

 

DAY 0 3 7 14 21 28 35 42 49 56 

0 n/a 0.867 0.902 0.91 0.9 0.835 0.535 0.92 0.97 1 

3 0.867 n/a 1 0.84 0.83 0.91 0.885 0.91 0.945 1 

7 0.902 1 n/a 0.9 0.725 0.92 0.93 0.98 0.955 1 

14 0.91 0.84 0.9 n/a 0.9 0.845 0.875 0.855 0.91 0.94 

21 0.9 0.83 0.725 0.9 n/a 0.94 0.905 0.935 0.96 0.985 

28 0.835 0.91 0.92 0.845 0.94 n/a 0.82 0.91 0.91 0.99 

35 0.535 0.885 0.93 0.875 0.905 0.82 n/a 0.9 0.92 0.965 

42 0.92 0.91 0.98 0.855 0.935 0.91 0.9 n/a 0.8 0.867 

49 0.97 0.945 0.955 0.91 0.96 0.91 0.92 0.8 n/a 0.765 

56 1 1 1 0.94 0.985 0.99 0.965 0.867 0.765 n/a 
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Table 3.4: TPR Matrix for the ∆vIsE mutant  

 

DAY 0 3 7 14 21 28 35 42 49 56 

0 n/a 0.84 0.685 0.81 0.875 0.76 0.925 0.955 0.91 0.84 

3 0.84 n/a 0.775 0.855 0.89 0.895 0.975 0.965 0.96 0.945 

7 0.685 0.775 n/a 0.895 0.765 0.78 0.98 1 0.905 0.97 

14 0.81 0.855 0.895 n/a 0.945 0.8375 0.975 0.92 0.85 0.86 

21 0.875 0.89 0.765 0.945 n/a 0.88 0.985 0.98 0.965 1 

28 0.76 0.895 0.78 0.8375 0.88 n/a 0.98 0.985 0.96 0.985 

35 0.925 0.975 0.98 0.975 0.985 0.98 n/a 0.77 0.906 0.77 

42 0.955 0.965 1 0.92 0.98 0.985 0.77 n/a 0.82 0.7475 

49 0.91 0.96 0.905 0.85 0.965 0.96 0.906 0.82 n/a 0.8 

56 0.84 0.945 0.97 0.86 1 0.985 0.77 0.7475 0.8 n/a 

 

There were two outliers observed at d0/d35, one in the wildtype B31 matrix which was 

0.64 and the other in the mutant 297 which had a TPR of 0.535.  

 

Results from Human Samples  

Raman Spectra 

Since mouse blood and human blood have similar components, it is observed in Figure 

3.4 that similar peaks resurface from the human blood samples. The assignments of peaks to 

different vibrational bands are shown in table 1. However, some differences can be noted to the 

mouse spectra as the peaks 1249 cm-1 and 1277 cm-1 that denoted the meso porphyrin ring in the 
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center of the heme and Lipids (Amide III) respectively, have diminished significantly. Another 

difference is the diminished appearance of the peak that represents the carboxylic acids of Amide 

I (1681 cm-1), the peak that denotes presence of CH2
 and CH3 molecules (1460 cm-1) and the 

peak that denotes the stretching of the carbon-carbon double bond (1516 cm-1). All of these 

peaks appear as the shoulder of other peaks, so we cannot conclude that these molecular 

vibrations are not present in human blood samples, it could also imply that they were lost in the 

background.  

 

Figure 3.4: Averaged Raman spectra of blood samples taken from “confirmed” and “serologically negative” LD 

patients. 

 

When the PLS-DA model compared the “Confirmed” samples to the “Serologically 

negative” samples, the following confusion matrix was obtained. This matrix, shown in Table 
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3.4, describes the number of spectra the model was able to accurately assign as either 

“Confirmed” or “Serologically Negative”. The TPR describes the percentage of accurately 

ascribed spectra, thus showing how accurate the model is at predicting Lyme Disease. The model 

had an 88-90% success rate at correctly predicting the presence of LD in the blood samples. The 

total number of averaged samples in the confirmed group were 151 and the number of averaged 

spectra in the serologically negative group were 122. 

Table 3.5: Confusion Matrix and TPR for the human blood samples that show the percent accuracy of the PLS-DA 

model in diagnosing LD  

 Predicted as 

Confirmed 

Predicted as 

Serologically Negative 

TPR 

Confirmed 134 12 88.742% 

Serologically 

Negative 

17 110 90.164% 
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4. CONCLUSION 

Based on the results, it can be concluded that by using Raman Spectroscopy we can 

determine the presence of Lyme Disease in Blood Samples. For the Mouse Blood samples, the 

differences between the three variants of wildtype B31, isogenic ∆vlsE mutant and 297 mutants 

can be distinguished at an average percent accuracy of 89%, 89% and 86% respectively. It is also 

to be noted that we can observe high percent accuracy rates even in the beginning of the 

inoculation and not just 3 to 4 weeks after the samples had been infected, which is a drawback 

found in most LD testing today. For the human blood samples there was no method to track 

progression of LD, but the PLS-DA models were able to detect differences in the spectra to give 

a percent accuracy of 88 to 90%.  

 

It is also important to note that no bands were found to be associated with the spirochete 

microbial family or the Bb pathogen itself. That implies that the confocal Raman Microscope 

was detecting the metabolic changes that the Bb pathogen causes in blood and not necessarily the 

pathogen itself. However, despite this, one can note the high percent accuracies in the first 7 days 

of the murine samples to observe that LD has a significant effect on the molecular make-up of 

the blood cells, in the early stages. Since mammalian blood is similar in nature, one could 

possibly expect the early stages of LD in humans to exhibit the same results. This form of 

symptomatic detection rather than pathogenic detection, can have drawbacks if other conditions 

have a similar effect on blood molecules as LD does, but to investigate that would require further 

testing. 
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