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Abstract 

Objectives: To compare a large panel of plasma protein inflammatory biomarkers and mid-

infrared (MIR) spectral patterns between patients with confirmed fracture related infections 

(FRIs) and controls without infection.  

Design: Prospective case-control.  

Setting: Academic, level 1 trauma center. 

Patients: Thirteen patients meeting confirmatory FRI criteria were matched to 13 controls based 

on age, time after surgery, and fracture region. 

Intervention: Plasma levels of 49 proteins were measured using enzyme-linked immunosorbent 

assay (ELISA) techniques. Fourier transform infrared (FTIR) spectroscopy of dried films was 

used to obtain MIR spectra of plasma samples. 

Main Outcome Measurements: Plasma protein levels and MIR spectra of samples.  

Results: Multivariate analysis-based predictive model developed utilizing ELISA-based 

biomarkers had sensitivity, specificity, and accuracy of 69.2±0.0%, 99.9±1.0%, and 84.5±0.6%, 

respectively, with PDGF-AB/BB, CRP, and MIG selected as the minimum number of variables 
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explaining group differences (P<0.05). Sensitivity, specificity, and accuracy of the predictive 

model based on MIR spectra were 69.9±6.2%, 71.9±5.9%, and 70.9±4.8%, respectively, with six 

wavenumbers as explanatory variables (P<0.05).  

Conclusions: This pilot study demonstrates the feasibility of using a select panel of plasma 

proteins and FTIR spectroscopy to diagnose FRI. The preliminary data suggest that measurement 

of these select proteins and MIR spectra may be potential clinical tools to detect FRI. Further 

investigation of these biomarkers in a larger cohort of patients is warranted.  

Running Title: Biomarkers for Fracture Related Infection Diagnosis 

Level of Evidence: Diagnostic Level III. See Instructions for Authors for a complete description 

of levels of evidence. 

Key Words: fracture, infection, biomarker, infrared spectroscopy 

INTRODUCTION 

The incidence of fracture-related infection (FRI) is commonly reported as 5-10%1 with 

treatment costs exceeding $23,000 per infection. Despite the socio-economic impact, the ability 

to diagnose FRIs remains challenging.2 Diagnostic work-up for infection is largely based upon 

history and physical exam, white blood cell (WBC) count, erythrocyte sedimentation rate (ESR), 

C-reactive protein (CRP), and imaging. Unfortunately, these diagnostic tools are of limited

utility.3,4 Quantitative histology and culture from biopsied samples can be useful, but they are 
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invasive, dependent on sample quality, and results are delayed due to need for sample 

processing.5 

Recent studies have shown that WBC, ESR, and CRP are not sufficiently accurate 

predictors of FRI.6,7 Few studies have evaluated other inflammatory biomarkers, such as 

interleukin-6 (IL-6).8-10 Measurements of inflammatory biomarkers commonly utilizes enzyme-

linked immunosorbent assay (ELISA) methodology, and large panels that are disease-specific 

may limit their clinical applicability due to cost and need for specialized laboratory access. 

Fourier transform infrared spectroscopy (FTIR) of biological fluids is a simple, cost effective 

methodology that is a clinically accessible tool previously used in diagnosing a variety of disease 

processes in animals and humans.11-18 FTIR spectroscopy produces a signal that is reflective of 

the sum of all mid-infrared (MIR)-active molecular bonds in a sample.19 The unique spectrum of 

a sample can then be used as a “fingerprint” to discriminate between different samples. The 

purpose of this pilot study was to evaluate a large panel of protein inflammatory biomarkers and 

MIR spectra from plasma samples to discriminate between patients with confirmed FRIs and 

controls without infection. Specifically, the aims were to 1) identify potential plasma proteins 

that might predict presence of FRI and 2) investigate whether MIR spectral patterns of plasma 

samples can identify FRI. 

METHODS 

Patients 

This diagnostic, level III20 study was performed at a single level-one trauma center over 

nine months. Inclusion and exclusion criteria (see Table, Supplemental Digital Content 1, 

http://links.lww.com/JOT/B718) were the same for both the confirmed FRI and control groups. 

The confirmed FRI group had an additional inclusion criterion of a clinically suspected and 
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subsequently confirmed FRI. No patient had rheumatologic disease or other known chronic 

inflammatory condition. Patients who had received antibiotic treatment leading up to their FRI 

diagnosis were not excluded. All FRI confirmed patients were enrolled prior to surgical 

intervention for their infection. ESR, CRP, and WBC, as well as three intraoperative cultures and 

gram stains, were obtained as part of the standard of care for the FRI patients. Patients in the 

control cohort were identified and matched to the FRI patients based on age (±15 years), time 

after surgery (±2 weeks), and fracture region. Fracture regions were categorized as upper 

extremity long bones (humerus, radius/ulna, clavicle), lower extremity long bones (femur and 

tibia), and other lower extremity bones (e.g., patella, ankle, tarsal bones). Controls were patients 

undergoing fracture care follow-up who had to be infection-free for a minimum of six months 

after enrollment based on routine clinic follow-up, chart review, or phone calls. Informed 

consent was obtained from all participants prior to enrollment (IRB#1905884760).  

Blood Collection and Processing 

Blood samples were obtained from the FRI cohort preoperatively on the day of surgical 

intervention to address infection. Blood samples were obtained from the control cohort during 

routine fracture care follow-up visits. Approximately 5ml of peripheral venous blood was 

collected in an EDTA purple top tube (BD Vacutainer®, Becton, USA). The tube was inverted 

4-5 times allowing the blood to mix with the anticoagulant before it was centrifuged at 1500g for 

10 minutes. Plasma was then extracted, aliquoted into 500µL tubes, and stored at -80oC until 

batch analysis.  

Plasma Protein Measurement  

The Human Cytokine/Chemokine/Growth Factor Panel A 48 Plex (EMD Millipore 

Corporation, Burlington, MA) was used for protein multiplex ELISA utilizing the Luminex 
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xMAP technology (Luminex, IL) according to the manufacturer’s protocol. The panel contains 

the proteins listed in Table, Supplemental Digital Content 2, http://links.lww.com/JOT/B719 

and was selected because it contains a substantial number of proteins that have been associated 

with the inflammatory response to infection.21 Additionally, CRP levels were measured on all 

samples using the hospital laboratory (Beckman Coulter, CA). Samples were thawed at room 

temperature (22°C) and then spun at 10,000g for 10 minutes. All samples were run in duplicate. 

For samples with biomarker concentrations that were undetectable, ½*lowest detectable value 

was used for analysis.22 Samples exceeding maximal detectable values were diluted to fall within 

the assay range, re-measured, and corrected for dilution.  

Infrared Spectroscopy  

Thawed plasma samples were diluted with potassium thiocyanate (KSCN, SigmaUltra, 

Sigma-Aldrich Inc., MO) as an internal control in a 2:1 ratio. Using a previously described 

technique, three 8μL replicates of each sample were applied on a 96-welled silicon microplate 

(Silicon Specialists, Inc.) and allowed to dry at room temperature.23,24 Each microplate was 

placed in the multi-sampler (HTS-XT, Bruker Scientific, USA) attachment of an FTIR 

spectrometer (INVENIO S, Bruker Scientific, USA). Mid-IR (MIR) absorbance spectra in the 

wavenumber range of 400 to 4,000cm–1 were recorded using the OPUS software (version 6.5, 

Bruker Optics, Germany). For each sample, 512 interferograms were signal averaged and Fourier 

transformed to produce a nominal resolution of 4cm-1 for the resulting spectrum.23,25-27 

Statistical Analysis  

 Bivariate and multivariate analyses of the protein and spectral data were performed to 

obtain complementary information from each analytical method.28,29 Bivariate analyses were 

performed using two-sided matched t-tests. Although change/paired data are typically normally 
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distributed, plasma protein results can be skewed, so non-parametric signed rank tests were also 

performed to verify the results of the paired t-tests (similar findings, results not shown). The 

adjusted P value for multiple comparison was based on the Bonferroni correction, and statistical 

significance was set a P<0.001. Given the exploratory nature of this study, results with 

unadjusted P value <0.05 were still evaluated for their relative potential as predictive 

biomarkers. To analyze the ability of plasma proteins to accurately predict a sample’s group (FRI 

versus control), logistic regression models were performed, and Receiver Operator 

Characteristics (ROC) curves were generated. The optimal cut-point values for each protein were 

determined using the Youden Index. A cumulative index, ranging from 0 to 4 for any proteins 

with P<0.05 difference, was also calculated by summing the number of proteins that were above 

separate Youden values, and ROC analyses were performed on each category in order to 

determine if this can give a more accurate prediction. Bivariate analyses were performed using 

SAS software (v9.4 SAS Institute, USA). 

For multivariate analysis, both data sets (proteins and MIR spectra) were imported into 

the MATLAB® software (MathWorks-R2015b (8.6.0.267246), USA). In-house written scripts 

were utilized for processing. Initially, spectral data were smoothed using the Savitsky-Golay 

filter30 (2nd degree polynomial functions and 11-point smoothing window).31 Standard normal 

variate transform (SNV)32 and normalization to the KSCN peak were further used. Verification 

of whether an observation was an outlier or not relied on the values of the two statistics, T2 and 

Q, for which both the null hypothesis was tested at a 95% confidence level.33 The average of the 

three replicates for each sample was used for analysis. Statistical significance based on 

permutation tests for the multivariate analysis was set at P<0.05.34-36  
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To allow comparison of the utility of ELISA-based proteins and sample spectral patterns 

as predictors of FRI, both data sets were used to build multivariate classification models to 

discriminate between FRI and control samples, with subsequent validation. Partial least squares 

discriminant analysis (PLS-DA) was used for classification to address the low number of patient 

samples in the training set compared to the number of measured variables for both data sets.37,38 

In order to improve classification accuracy and to identify a minimum set of proteins and 

spectral wavenumbers out of the whole set of variables, PLS-DA classification algorithm was 

coupled with covariance selection (CovSel).39 The CovSel-PLS-DA model was built and 

validated through a repeated double-cross-validation (rDCV) procedure with 13 segments in the 

outer loop and 12 in the inner loop using 50 repetitions.35,40 For each cancelation group in the 

outer loop, predictions were carried out on a model built on the remaining samples. The best 

subset of original variables as inputs and optimal number of latent variables were selected as 

those leading to the minimum classification error in the inner-loop cross-validation procedure. 

Data were auto-scaled prior to the analysis. The selected variables were integrated in a mid-level 

data fusion approach.41 The predictors were autoscaled, and all data were further block-scaled to 

allow equal contributions. For each comparison the accuracy, sensitivity, and specificity of the 

predictive model, as well as the area under the curve (AUC) of the ROC curve, were reported as 

measures of the model’s performance.42 The steps of multivariate analysis are summarized in 

Figure, see Supplemental Digital Content 3, http://links.lww.com/JOT/B720. 

RESULTS 

Eighty-two patients were screened of which 13 FRIS matched with controls met the 

inclusion criteria. Table, Supplemental Digital Content 4, http://links.lww.com/JOT/B721 
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summarizes patient clinical information for both groups. There was a statistically significant 

difference in time post-operative at which samples were obtained (P=0.045), however, the mean 

difference of a week is unlikely clinically significant. Seven patients in the FRI group had 

received antibiotics within two weeks of their blood sampling. 

Bivariate analysis of measured proteins did not reveal statistically significant differences 

(all P>0.001) (Table, Supplemental Digital Content 2, http://links.lww.com/JOT/B718 and 

Figure 1). Exploratory analysis based on unadjusted P value (P<0.05), identified four proteins 

(i.e., IL-6, platelet-derived growth factor AB/BB (PDGF-AB/BB), vascular endothelial growth 

factor-A (VEGF-A), and CRP). These four were carried forward into ROC curve analyses. Cut-

points optimizing the ROC analyses were 7.8, 10,443, 77.5 pg/mL for IL-6, PDGF-AB/BB, and 

VEGF-A, respectively. Cut point was 2.8mg/dL for CRP. Individual AUCs for these cut points 

ranged from 0.654-0.731 showing weak to acceptable performance (see Table, Supplemental 

Digital Content 5, http://links.lww.com/JOT/B722). Examined cumulatively, having all four 

of these biomarkers below their respective cut-points had a specificity of 100% (see Table, 

Supplemental Digital Content 6, http://links.lww.com/JOT/B723). Alternatively, having at 

least one of these markers above the cut-point may also be diagnostically useful (sensitivity of 

84.6%). 

Multivariate analysis using plasma protein levels as predictors resulted in PDGF-AB/BB, 

CRP, and MIG (Monokine induced by gamma interferon, also known as CXCL9) being retained 

to build the classification model. The overall classification accuracy on the external loop samples 

was 84.5±0.6%, with 69.2±0.0% sensitivity and 99.9±1.0% specificity (Figure 2A). The AUC 

for this model was 0.826±0.018, demonstrating an excellent discriminant ability. The visual 

interpretation of the results is presented in Figure 3. 
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Analysis of the spectral data, during the model-building phase, resulted in six latent 

variables as optimal complexity (Figure 4A). The overall classification accuracy on the external 

loop samples was 70.9±4.8%, with 69.9±6.2% sensitivity and 71.9±5.9% specificity (Figure 

2B). The AUC for this model was 0.761±0.041 indicating an acceptable discriminant ability. 

Permutation test confirmed that the observed figures of merit were all P<0.05. The visual 

interpretation of the results is presented in Figure 4B. The scores plot indicated that FRI patients 

have predominantly negative values, whereas the majority of controls have positive scores. 

Comparison with the weight values suggests that FRI patients are characterized by higher 

absorbance at 1624.3 and 1188.2cm-1 and lower absorbance at 610.6, 1592.9, 1648.6 and 

3288.7cm-1 (Figure 4C). 

Lastly, the predictive variables from the previous two steps were autoscaled, and the 

blocks of data (proteins and MIR spectra) were further block-scaled to allow equal contributions. 

The model consistently included four variables (i.e., PDGF-AB/BB, CRP, MIG, and 610.6cm-1) 

that contributed significantly to the model (Figure 5) and provided an overall classification 

accuracy on the external loop samples of 75.2±4.5%, with 61.5±6.3% sensitivity and 88.9±6.6% 

specificity (Figure 2C). The area under the curve was 0.795±0.054, indicating near excellent 

discriminant ability. 

DISCUSSION 

This is the first study demonstrating differences between FRI and control patients based 

on measured values of CRP, PDGF-AB/BB, and MIG. Exploratory bivariate analysis of the 49 

measured proteins also demonstrated the potential for VEGF-A, IL6, and CRP. These results 

confirm that CRP may be useful in the diagnostic work up of FRI. Platelet-derived growth 
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factors are released from platelets and, upon binding with specific receptors, are proponents of 

inflammatory responses.43 MIG is an interferon-induced chemokine with involvement in the 

innate immune response and has been investigated with regards to its bactericidal effects in 

various infections.44 The specific role of PDGF-AB/BB and MIG in FRI warrants further 

investigation. Although IL-6, and VEGF-A were not identified as predictive markers based on 

multivariate analysis, they showed potential in the exploratory bivariate analysis. IL-6 and 

VEGF-A have been previously reported as elevated in patients with FRI and periprosthetic joint 

infection,8-10,21 and VEFG-A has been utilized as a therapeutic target for anti-inflammatory 

therapy.45 Therefore, the lack of statistically significant differences in this study is likely due to 

type II error. It is noteworthy that the results of this study are associative and do not imply any 

causality of these markers with the local or systemic response to FRI.  

In this study, we used complementary approaches of bivariate and multivariate analytical 

methods to explore biomarker differences from a large panel of inflammatory proteins and MIR 

spectral signal in plasma from FRI patients and controls. Both analytical approaches have 

identified PDGF-AB/BB and CRP as candidate biomarkers with discriminatory abilities. The 

multivariate method showed MIG combined with PDGF-AB/BB and CRP to be the minimum 

number of non-redundant variables that contributed to the final predictive model. On the other 

hand, only exploratory bivariate analysis (based on unadjusted P value) identified IL-6 and 

VEGF-A to be potential biomarkers that may be different between groups. Such discrepancy in 

results of bivariate and multivariate analytical approaches has been previously identified in other 

metabolomics studies where high number of variables with small sample sizes are 

encountered.28,29 However, as a pilot study, the number of patients in this study is in-line with 

recommendations for the discovery phase of diagnostic or prognostic biomarkers.46 The 
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combination of these two analytical methods provides complementary results that reduces loss of 

information encountered from either approach.28 Therefore, the results of each analytical 

approach also requires individual interpretation rather than an attempt to validate the results of 

one method against the other. Lack of significance for MIG in the exploratory bivariate approach 

may be due to an existing covariance of this plasma protein with PDGF-AB/BB and CRP that is 

identifiable through the multivariate approach. On the other hand, lack of IL-6 and VEGF-A 

being selected in the multivariate analysis may be due to less correlation/covariance between 

these and other selected biomarkers. However, this does not imply that these two biomarkers do 

not have significant differences between the two groups, but that the combination of PDGF-

AB/BB, CRP, MIG variables was the minimum number of non-redundant variables that was able 

to best demonstrate the group differences in the multivariate approach.  

There is limited literature on novel methods for diagnosis of FRIs.4 Historically, the 

standard inflammatory markers used to aide in the diagnosis of FRI have been peripheral WBC, 

CRP, and ESR. A systematic review of diagnostic accuracy of these “classic” plasma 

inflammatory markers determined that they are insufficient.7 In that review, sensitivity and 

specificity based on CRP ranged from 60-100% and 34-86%, respectively. The ability to predict 

FRI based on PDGF-AB/BB, CRP, MIG in this study was comparable in sensitivity to previous 

reports based on CRP alone but significantly improved for specificity and accuracy. The 

predictive model based on MIR spectra alone showed similar sensitivity to that of select protein 

biomarkers. However, despite having an acceptable discriminatory ability, the specificity and 

accuracy were lower than those based on protein biomarkers. Another interesting finding in this 

study was that combining the selected protein biomarkers and spectral variables improved the 

discriminatory ability of the final predictive model compared to spectral data alone, but it did not 
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surpass the performance of the model based on protein biomarkers alone. These results suggest 

that, in this cohort of patients, the predictive model based on this select panel of protein 

biomarkers is the more accurate and specific discriminatory tool, with similar sensitivity 

compared to spectral fingerprint alone. These results must be interpreted with caution, as the 

sample size for development of the models are small and cannot be generalized to larger 

populations. However, the comparable results based on MIR spectral data demonstrate the 

potential ability of this FTIR spectroscopy method to be used as a surrogate for this protein panel 

as a potential point of care diagnostic screening tool. Advantages of using FTIR spectroscopy 

compared to ELISA-based biomarkers include lack of need for adjuvants and cost effectiveness 

(~5% the cost of ELISA methods). The spectroscopy technique used here relies on spectral 

patterns of the sample as a “fingerprint” to identify differences between samples rather than 

identification of unique molecules responsible for the observed changes. Future studies looking 

to identify the molecules responsible for the observed spectral differences will require “omics” 

techniques (e.g., metabolomics, proteomics) such as mass spectroscopy. 

The main limitations of this pilot study include small sample size and the exploratory 

nature of the bivariate analysis. It is important to point out that the bivariate analysis with 

adjusted P value for multiple comparisons did not reveal any of the measured proteins to be 

different between the two groups. The multivariate analytical approach, however, is more 

effective in handling the problem of small sample size (i.e., number of patients) compared to the 

large number of measured variables (i.e., spectral data and protein measurements), particularly 

with the repeated double cross validation scheme with the use of permutation tests.34-36,47 

However, the predictive models based on this pilot study require validation in larger populations. 

Several potential confounders may have also resulted in elevated inflammatory biomarkers in the 
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FRI group despite strict inclusion criteria and matching for age, time after initial surgery, and 

fracture region. It is well known that inflammatory biomarkers, such as CRP, increase with 

surgery with a subsequent time-dependent return to normal post-operatively.48,49 The temporal 

change following surgery of other protein biomarkers investigated in the present study is 

unknown. Additionally, acute inflammatory phases during trauma, fracture healing, and the 

number of broken can affect systemic measures of inflammation.50-52 These factors may have 

affected our results as cases were not matched for these variables. Finally, seven of the FRI 

patients had received antibiotics, which may have blunted measured protein levels. Therefore, 

we recommend caution in interpretation of these results before larger confirmatory studies have 

been completed. 

In conclusion, this is a first step towards evaluation of plasma protein profiling and MIR 

spectral pattern analysis as potential methods to diagnose FRI. Preliminary results of this pilot 

study are promising for acceptable to good diagnostic accuracy and predictive ability based on 

multivariate analytical methods. Developing validated diagnostic biomarkers can prove 

beneficial for clinical use, as well as a trial enrichment strategy in interventional studies.53 

Validation and testing of plasma protein profiling and MIR spectral pattern analysis requires 

future studies with increased sample size. 

References 

1. Cook GE, Markel DC, Ren W, Webb LX, McKee MD, Schemitsch EH. Infection in

Orthopaedics. J Orthop Trauma. 2015;29 Suppl 12:S19-23.

ACCEPTED

Copyright � 20 Wolters Kluwer Health, Inc. Unauthorized reproduction of this article is prohibited.22



15

2. Levy JC, RC; Tischler, E; Huang, Y; O’Hara, NN. The Cost of Postoperative Infection

Following Orthopaedic Fracture Surgery. Techiques in Orthopaedics. 2020;35(2):124-

128.

3. Govaert GA, FF IJ, McNally M, McNally E, Reininga IH, Glaudemans AW. Accuracy of

diagnostic imaging modalities for peripheral post-traumatic osteomyelitis - a systematic

review of the recent literature. European journal of nuclear medicine and molecular

imaging. 2017;44(8):1393-1407.

4. Natoli RH, J; Shirtliff, M. Non–culture-based Methods to Aide in the Diagnosis of

Implant-associated Infection After Fracture Surgery. Techiques in Orthopaedics.

2020;35(2):91-99.

5. Metsemakers WJ, Morgenstern M, McNally MA, et al. Fracture-related infection: A

consensus on definition from an international expert group. Injury. 2018;49(3):505-510.

6. Brinker MR, Macek J, Laughlin M, Dunn WR. Utility of Common Biomarkers for

Diagnosing Infection in Nonunion. J Orthop Trauma. 2021;35(3):121-127.

7. van den Kieboom J, Bosch P, Plate JDJ, et al. Diagnostic accuracy of serum

inflammatory markers in late fracture-related infection: a systematic review and meta-

analysis. The bone & joint journal. 2018;100-b(12):1542-1550.

8. Douraiswami B, Dilip PK, Harish BN, Jagdish M. C-reactive protein and interleukin-6

levels in the early detection of infection after open fractures. Journal of orthopaedic

surgery (Hong Kong). 2012;20(3):381-385.

9. Klosterhalfen B, Peters KM, Tons C, Hauptmann S, Klein CL, Kirkpatrick CJ. Local and

systemic inflammatory mediator release in patients with acute and chronic posttraumatic

osteomyelitis. J Trauma. 1996;40(3):372-378.

ACCEPTED

Copyright � 20 Wolters Kluwer Health, Inc. Unauthorized reproduction of this article is prohibited.22



 16

10. Wang S, Yin P, Quan C, et al. Evaluating the Use of Serum Inflammatory Markers for 

Preoperative Diagnosis of Infection in Patients with Nonunions. BioMed research 

international. 2017;2017:9146317. 

11. Elmi F, Movaghar AF, Elmi MM, Alinezhad H, Nikbakhsh N. Application of FT-IR 

spectroscopy on breast cancer serum analysis. Spectrochim Acta A Mol Biomol Spectrosc. 

2017;187:87-91. 

12. Elsohaby I, McClure JT, Riley CB, Bryanton J, Bigsby K, Shaw RA. Transmission 

infrared spectroscopy for rapid quantification of fat, protein, and lactose concentrations in 

human milk. J Perinatol. 2018;38(12):1685-1693. 

13. Hou S, McClure JT, Shaw RA, Riley CB. Immunoglobulin G measurement in blood 

plasma using infrared spectroscopy. Appl Spectrosc. 2014;68(4):466-474. 

14. Hou S, Riley CB, Mitchell CA, et al. Exploration of attenuated total reflectance mid-

infrared spectroscopy and multivariate calibration to measure immunoglobulin G in 

human sera. Talanta. 2015;142:110-119. 

15. Rodrigues RP, Aguiar EM, Cardoso-Sousa L, et al. Differential Molecular Signature of 

Human Saliva Using ATR-FTIR Spectroscopy for Chronic Kidney Disease Diagnosis. 

Braz Dent J. 2019;30(5):437-445. 

16. Depciuch J, Zawlik I, Skrzypa M, et al. FTIR Spectroscopy of Cerebrospinal Fluid 

Reveals Variations in the Lipid: Protein Ratio at Different Stages of Alzheimer's Disease. 

Journal of Alzheimers Disease. 2019;68(1):281-293. 

17. Roy S, Perez-Guaita D, Bowden S, Heraud P, Wood BR. Spectroscopy goes viral: 

Diagnosis of hepatitis B and C virus infection from human sera using ATR-FTIR 

spectroscopy. Clinical Spectroscopy. 2019;1:100001. 

ACCEPTED

Copyright � 20 Wolters Kluwer Health, Inc. Unauthorized reproduction of this article is prohibited. 22



 17

18. Silva LG, Peres AFS, Freitas DLD, et al. ATR-FTIR spectroscopy in blood plasma 

combined with multivariate analysis to detect HIV infection in pregnant women. Sci Rep. 

2020;10(1):20156. 

19. Smith BC. Fundamentals of Fourier Transform Infrared Spectroscopy. 2 ed: CRC Press; 

2011. 

20. Slobogean GP. Where's the Evidence? EBO V.2. Journal of Orthopaedic Trauma. 

2016;30(3):101-103. 

21. Jacovides CL, Parvizi J, Adeli B, Jung KA. Molecular markers for diagnosis of 

periprosthetic joint infection. The Journal of arthroplasty. 2011;26(6 Suppl):99-

103.e101. 

22. Wood MB, NA; Copplestone D. Limit of detection values in data analysis: Do they 

matter? Radioprotection. 2011;46(6):S85-90. 

23. Malek S, Sun H, Rochat MC, et al. Infrared spectroscopy of serum as a potential 

diagnostic screening approach for naturally occurring canine osteoarthritis associated 

with cranial cruciate ligament rupture. Osteoarthritis and cartilage / OARS, 

Osteoarthritis Research Society. 2020;28(2):231-238. 

24. Shaw RA, Mantsch, H.H. Multianalyte Serum Assays from Mid-IR Spectra of Dry Films 

on Glass Slides. Appl Spectrosc. 2000;54(6):885-889. 

25. Vijarnsorn M, Riley CB, Ryan DA, Rose PL, Shaw RA. Identification of infrared 

absorption spectral characteristics of synovial fluid of horses with osteochondrosis of the 

tarsocrural joint. Am J Vet Res. 2007;68(5):517-523. 

26. Vijarnsorn M, Riley CB, Shaw RA, et al. Use of infrared spectroscopy for diagnosis of 

traumatic arthritis in horses. Am J Vet Res. 2006;67(8):1286-1292. 

ACCEPTED

Copyright � 20 Wolters Kluwer Health, Inc. Unauthorized reproduction of this article is prohibited. 22



 18

27. Malek S, Marini F, Rochat MC, Béraud R, Wright GM, Riley CB. Infrared spectroscopy 

of synovial fluid as a potential screening approach for the diagnosis of naturally 

occurring canine osteoarthritis associated with cranial cruciate ligament rupture. 

Osteoarthritis and Cartilage Open. 2020;2(4):100120. 

28. Saccenti E, Hoefsloot HCJ, Smilde AK, Westerhuis JA, Hendriks MMWB. Reflections 

on univariate and multivariate analysis of metabolomics data. Metabolomics. 

2014;10(3):361-374. 

29. Grove H, Jorgensen BM, Jessen F, et al. Combination of statistical approaches for 

analysis of 2-DE data gives complementary results. J Proteome Res. 2008;7(12):5119-

5124. 

30. Savitzky A, Golay MJE. Smoothing and Differentiation of Data by Simplified Least 

Squares Procedures. Anal Chem. 1964;36(8):1627-1639. 

31. Elsohaby I, Riley CB, Hou S, McClure T, Shaw RA, Keefe GP. Measurement of serum 

immunoglobulin G in dairy cattle using Fourier-transform infrared spectroscopy: A 

reagent free approach. Vet J. 2014;202(3):510-515. 

32. Barnes RJ, Dhanoa MS, Lister SJ. Standard Normal Variate Transformation and De-

trending of Near-Infrared Diffuse Reflectance Spectra. Appl Spectrosc. 1989;43(5):772-

777. 

33. Jackson JE. A User's Guide to Principal Components.: John Wiley & Sons, Inc.; 1991. 

34. Smit S, van Breemen MJ, Hoefsloot HC, Smilde AK, Aerts JM, de Koster CG. Assessing 

the statistical validity of proteomics based biomarkers. Anal Chim Acta. 

2007;592(2):210-217. 

ACCEPTED

Copyright � 20 Wolters Kluwer Health, Inc. Unauthorized reproduction of this article is prohibited. 22



19

35. Szymanska E, Saccenti E, Smilde AK, Westerhuis JA. Double-check: validation of

diagnostic statistics for PLS-DA models in metabolomics studies. Metabolomics.

2012;8(Suppl 1):3-16.

36. Westerhuis JA HH, Smit S, Vis DJ, Smilde AK, van Velzen EJ, van DuijnhovenJP, van

Dorsten FA Assessment of PLSDA cross validation. Metabolomics. 2008;4:81-89.

37. Sjöström M, Wold S, Söderström S. PLS discriminant plots. In: E.S. Gelsema LNK, ed.

Pattern Recognition in Practice II. Amsterdam, The Netherlands: Elsevier; 1986:461-

470.

38. Wold SS, M.; Eriksson, L. PLS-regeression: a basic tool of chemometrics. Chemometrics

and Intelligent Laboratory Systems. 2001;58:109-130.

39. Roger JM, Palagos B, Bertrand D, Fernandez-Ahumada E. CovSel: Variable selection for

highly multivariate and multi-response calibration: Application to IR spectroscopy.

Chemometrics and Intelligent Laboratory Systems. 2011;106(2):216-223.

40. Westerhuis JA, Hoefsloot CJ, Smit S, et al. Assessment of PLSDA cross validation.

Metabolomics. 2008;4:81-89.

41. Hall DL, Llinas J. An introduction to multisensor data fusion. P Ieee. 1997;85(1):6-23.

42. Hosmer DWL, S. Area under the ROC curve. In: Applied Logistic Regression. 2 ed. New

York, NY: John Wiley and Sons; 2000:160-164.

43. Mannaioni PF, Di Bello MG, Masini E. Platelets and inflammation: role of platelet-

derived growth factor, adhesion molecules and histamine. Inflamm Res. 1997;46(1):4-18.

44. Cole AM, Ganz T, Liese AM, Burdick MD, Liu L, Strieter RM. Cutting edge: IFN-

inducible ELR- CXC chemokines display defensin-like antimicrobial activity. J Immunol.

2001;167(2):623-627.

ACCEPTED

Copyright � 20 Wolters Kluwer Health, Inc. Unauthorized reproduction of this article is prohibited.22



20

45. Lee YC. The involvement of VEGF in endothelial permeability: a target for anti-

inflammatory therapy. Curr Opin Investig Drugs. 2005;6(11):1124-1130.

46. Ziegler A, Koch A, Krockenberger K, Grosshennig A. Personalized medicine using DNA

biomarkers: a review. Hum Genet. 2012;131(10):1627-1638.

47. Saccenti E HH, Smilde AK, et al. Reflections on univariate and multivariate analysis of

metabolomics data. Metabolomics. 2014;10:361-374.

48. Beloosesky Y, Grinblat J, Pirotsky A, Weiss A, Hendel D. Different C-reactive protein

kinetics in post-operative hip-fractured geriatric patients with and without complications.

Gerontology. 2004;50(4):216-222.

49. Santonocito C, De Loecker I, Donadello K, et al. C-reactive protein kinetics after major

surgery. Anesth Analg. 2014;119(3):624-629.

50. Gaski GE, Metzger C, McCarroll T, et al. Early Immunologic Response in Multiply

Injured Patients With Orthopaedic Injuries Is Associated With Organ Dysfunction. J

Orthop Trauma. 2019;33(5):220-228.

51. Loi F, Cordova LA, Pajarinen J, Lin TH, Yao Z, Goodman SB. Inflammation, fracture

and bone repair. Bone. 2016;86:119-130.

52. Binder H, Eipeldauer S, Gregori M, et al. The Difference between Growth Factor

Expression after Single and Multiple Fractures: Preliminary Results in Human Fracture

Healing. Dis Markers. 2015;2015:203136.

53. Freidlin B, Korn EL. Biomarker enrichment strategies: matching trial design to

biomarker credentials. Nat Rev Clin Oncol. 2014;11(2):81-90.

ACCEPTED

Copyright � 20 Wolters Kluwer Health, Inc. Unauthorized reproduction of this article is prohibited.22



 21

 

Figure Legends 

Figure 1: Box and Whisker Plots for CRP, IL-6, PDGF-AB/BB, and VEGF-A. CRP, C-

reactive protein; IL-6, Interleukin 6; PDGF-AB/BB, platelet derived growth factor AB/BB; 

VEGF, vascular endothelial growth factor.  

 

 

Figure 2: Receiver operator characteristic (ROC) curves for A) ELISA-based biomarkers, 

B) FTIR spectral data, and C) Data fusion of ELISA-based biomarker and spectral data 

variables. ROC curves calculated based on predictions from the repeated (x50) double-cross-

validation (rDCV) outer loops are reported (both the ones corresponding to the individual DCV 

runs, blue lines, and their average, thick dark red line). X axis is 1-specificity (false positive 

rate), and Y axis is sensitivity (false negative rate).  

 

Figure 3: Results of CovSel-PLS-DA modeling on ELISA-based protein biomarker data. A) 

Double-cross-validated projections of the outer loop samples onto the only canonical variate of 

the classification model showing the difference in the values of the scores (bars indicate mean 

and whiskers the corresponding 95% confidence intervals) between FRI and control patients’ 

samples and B) Weights of the selected markers for the construction of that projection direction 

(canonical variate). FRI, fracture related infection group; Ctrl, control group; PDGF-AB/BB, 

platelet derived growth factor AB/BB; CRP, C-reactive protein; MIG, Monokine induced by 

gamma interferon. 
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Figure 4: Results of CovSel-PLS-DA modeling on IR spectroscopic data. A) Identification of 

the six variables (wavenumbers) selected as relevant by the CovSel algorithm (3288.7, 1648.6, 

1624.3, 1592.9, 1188.2 and 610.6 cm-1; red vertical bars) over the mean IR spectrum of the 

samples. B) double-cross-validated projections of the outer loop samples onto the only canonical 

variate of the classification model showing the difference in the values of the scores (bars 

indicate mean and whiskers the corresponding 95% confidence intervals) between FRI and 

control patient samples and C) Weights of the selected markers for the construction of that 

projection direction (canonical variate). FRI, fracture related infection group; Ctrl, control group. 

Figure 5: Results of PLS-DA data fusion of selected ELISA-based biomarkers and FTIR 

spectral variables. A) Double-cross-validated projections of the outer loop samples onto the 

only canonical variate of the classification model showing the difference in the values of the 

scores (bars indicate mean and whiskers the corresponding 95% confidence intervals) between 

FRI and control patients’ samples and B) Weights of the selected markers for the construction of 

that projection direction (canonical variate). FRI, fracture related infection group; Ctrl, control 

group; CV, coefficient variable; PDGF-AB/BB, platelet derived growth factor AB/BB; CRP, C-

reactive protein; MIG, Monokine induced by gamma interferon.  ACCEPTED
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