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Abstract 

Lactate is a key metabolite of glycolytic activity and as such, can be used as 

an indicator of the energy production of the whole organism, for the assessment of 

tissue perfusion and oxidative eapacity. Estimating lactate levels in biologie al fluids 

allows the detennination of anaerobic threshold during physical exercise. Likewise, 

lactate is of significant importance in several clinical situations, where a rapid and 

easy method is needed for diagnostic assessment and survival rate increase of the 

patient. 

To achieve this objective, the potential of Near Infrared Spectroscopy (NIRS) 

to quantify lactate in biological fluids and tissues was evaluated. Initially, the project 

focused on quantifying of lactate in plasma samples taken from exercising humans. 

Using Partial Least Squares (PLS) and a leave-N-out cross validation routine, it was 

found that lactate concentration in human plasma could be estimated with a standard 

error of cross validation of 0.51 mmollL. 

To minimize sample preparation and reduce the time of analysis, NIRS was 

evaluated as a technique for rapid analysis of lactate in whole blood from 

exercising rats and humans. Furthennore, standard addition method was used to 

exp and the lactate concentration range and therefore coyer a greater part of the 

physiological lactate concentration range. Regression analysis provided standard 
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errors of cross validation of 0.29 mmoliL and 0.65 mmoliL for rats and humans 

respectively. 

To improve precision, referenced lactate measurements were ca1culated. In 

this method, baseline spectra of subjects were subtracted from an collected spectra 

before chemometric routines were used. An improvement of the standard error of 

cross validation to 0.21 mmol/L was found by applying this procedure. 

In vivo measurement of lactate during exercise in humans by NIRS was also 

evaluated. Using diffuse reflectance and 2D correlation spectroscopy, lactate was 

identified as the primary constituent monitored by in vivo measurements. Regression 

analysis resulted in a substantial error of 2.21 mmollL for absolute measurements. 

However, results for referenced lactate measurements provided a significant 

improvement of the standard error of cross validation to 0.76 mmollL. This finding 

suggests that NIRS may provide a valuable to01 to assess in vivo physiological status 

for both research and clinical needs. 



IV 

Résumé 

Le lactate est un métabolite clé de l'activité glycolytique et peut donc être 

utilisé comme indicateur de la production d'énergie d'un organisme vivant, 

l'évaluation de la perfusion d'un tissu ou la capacité oxydante de l'organisme. La 

capacité d'estimer la concentration de lactate dans les fluides biologiques permet la 

détermination du seuil anaérobique lors d'exercice physique. De plus, la 

concentration de lactate est souvent critique dans plusieurs situations cliniques, où 

une méthode d'analyse rapide et simple est nécessaire pour poser rapidement un 

diagnostique et ainsi accroître les chances de survie du patient. 

Pour atteindre cet objectif, la possibilité d'utiliser la spectroscopie proche 

infrarouge (SPIR) pour quantifier le lactate a été évaluée. Initialement, le projet se 

penchait sur la quantification du lactate dans des échantillons de plasma humain après 

un exercice physique. En utilisant la méthode de Partial Least Squares et une routine 

de validation croisée, il a été démontré que la concentration de lactate pouvait être 

estimée avec une erreur de 0.51 mmol/L. 

Afin de minimiser la préparation des échantillons et de réduire le temps 

d'analyse, SPIR a été évalué pour l'analyse du lactate dans des échantillons de sang 

provenant de rats et d'humains après exercice. De plus, afin d'étendre la plage de 

concentration du lactate et couvrir une plus large portion de la plage physiologique. 

des ajouts dosés ont été utilisés. L'erreur standard obtenue a été de 0.29 mmoVL et 

0.65 mmol/L chez les rats et les humains respectivement. 
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Afin d'améliorer la précision de l'analyse, une méthode de mesure du lactate 

par référencement a été élaborée. Cette méthode consiste à soustraire le spectre au 

repos de chaque individu à chacun des autres spectres. En utilisant cette méthode, 

l'erreur standard a été ramenée à 0.21 mmol/L. 

Finalement, le potentiel de SPIR a été évalué pour des mesures in vivo du 

lactate durant un exercice chez l'humain. En utilisant la réflectance diffuse et la 

spectroscopie de corrélation 2D, il a été démontré que le lactate était le principal 

constituant du sang mesuré par les analyses in vivo. L'analyse procure une erreur 

standard de 2.21 mmol/L. Par contre, la méthode par référencement permet 

d'atteindre une erreur standard de 0.76 mmol/L. Ce résultat suggère que SPIR puisse 

permettre d'évaluer l'état physiologique in vivo d'un patient et ainsi répondre aux 

besoins de la recherche et des situations cliniques. 
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(Reprints of published papers can be included in the appendices ai the end of the 

thesis.) 

The the sis must be more than a collection of manuscripts. AH components 

must be integrated into a cohesive unit with a logical progression from one chapter to 

the next. In order to ensure that the thesis has continuity, connecting texts that provide 

logical bridges between the different papers are mandatory. 

The thesis must confonn to aH other requirements of the "Guidelines for 

Thesis Preparation" in addition to the manuscripts. The thesis must incIude the 
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following: (a) a table of contents; (b) an abstract in English and French; (c) an 

introduction which clearly states the rational and objectives of the research; (d) a 

comprehensive review of the literature (in addition to that covered in the introduction 

to each paper); (e) a final conclusion and summary; 

As manuscripts for publication are frequently very concise documents, where 

appropriate, additional material must be provided (e.g., in appendices) in sufficient 

detail to allow a clear and precise judgement to be made of the importance and 

originality of the research reported in the thesis. 

In general, when co-authored papers are included in a thesis the candidate 

must have made a substantial contribution to an papers included in the thesis. In 

addition, the candidate 1S required to make an explicit statement in the thesis as to 

who contributed to such work and to what extent. This statement should appear in a 

single section entitled "Contributions of Authors" as a preface to the thesis. The 

supervisor must attest to the accuracy of this statement at the doctoral oral defense. 

Since the task of the examiners is made more difficult in these cases, it is in the 

candidate's interest to clearly specify the responsibilities of an the authors of the co

authored papers. 

When previously published copyright material is presented in a thesis, the 

candidate must include signed waivers from the co-authors and publishers and submit 

these to the Thesis Office with the final deposition, ifnot submitted previously." 
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Chapter 1 Introduction 

1. 0 Project Overview and Research Objectives 

The goal of this research was to investigate and develop a method for non-

invasive in vivo quantification of lactate. Continuous monitoring of lactate is of 

significant importance, because lactate is a marker for the assessment of tissue 

perfusion and oxidative capacity. However, most of the standard clinical methods for 

lactate analysis are not adapted for continuous lactate monitoring. CUITent techniques 

are often time-consuming, since there are many steps involved in the analysis. 

Samples have to be prepared, which lead to cost-inefficiency and often biased results. 

Near infrared spectroscopy (NIRS) represents an interesting alternative to 

conventional techniques for in vivo measurements (1-5), since it is non-invasive and 

requires httle or no sample preparation. 

The potential ofNIRS as a rapid method to quantify lactate in biological fluids 

and tissues was investigated. Towards this goal, the research was divided in three 

phases, each representing increased complexity in the sample systems. In the first 

phase, lactate is quantified in plasma from exercising humans, to cover a larger part 

of the physiological range of lactate concentration. This medium represents a 

relatively low scattering media, but a very complex matrix. Estimates of lactate are 

made using Partial Least Squares and are compared to a clinical method based on an 

electrochemical enzymatic reaction. Moreover, to avoid wasting data when building 

traditional calibration, prediction and validation sets, a special leave-one out 
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calibration routine 1S used to correlate lactate concentration with spectral changes in 

plasma. In this routine, aH data related to one individual, rather than just one at a 

time, are removed from the data set and used as the prediction set in Iteration. This is 

an extension of previous studies where simulated biological matrices were used to 

estimate lactate. (6-9) 

In the second phase of the research, lactate was estimated in whole blood. 

Blood represents a much more complex matrix, since red ceUs induce scartering of 

the light. Blood samples from exercising rats and PLS, with a leave-N out cross 

validation routine, are first used to estimate lactate in this scartering medium. With 

this knowledge gained, standard additions to human whole blood samples are used to 

extend the lactate concentration range. This was done to cover a broader part of the 

human physiological range and increase the data set, while minimizing possible 

covariance with other blood constituents. In addition, the significance of parameters 

that may impact the spectra baseline and the correlation between the calculated model 

and the data 1S studied using referenced measurements of lactate against a baseline 

spectrum. 

In the final phase, in vivo measurement of lactate during exercise in humans is 

investigated by NIRS. To determine the primary constituent that is monitored by the 

in vivo measurements, 2D correlation spectroscopy is used. Furthermore, to improve 

the precision of the method, referenced measurements of lactate concentration are 

calculated. The work presented in this section demonstrates the feasibility of in vivo 
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lactate measurements for physiological or clinical use and represents a faster and 

nondestructive alternative to current enzymatic methods. 

This dissertation is presented in seven chapters, which develop the three phases of 

the research. A brief overview of the project is given in Chapter 1. Chapter 2 

provides an introduction to Near Infrared Spectroscopy and a review on the 

application ofNear Infrared Spectroscopy for metabolic measurements. In Chapter 3, 

the quantification of lactate in human plasma is investigated using PLS which is 

described in Appendix A. The quantification of lactate in rat whole blood is 

investigated in Chapter 4, followed by the determination of lactate from human whole 

blood and the introduction of the referenced measurement method in Chapter 5. The 

determination of lactate from in vivo tissue measurements using diffuse reflectance 

spectroscopy is described in Chapter 6. In this chapter, the concept of 2D correlation 

spectroscopy is introduced and described in Appendix B. Finally, Chapter 7 is a 

summary of the thesis and presents directions for future work related to in vivo lactate 

measurements. 
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Background to Near Infrared 
Spectroscopy of Metabolism 

In this chapter, the application of Near Infrared Spectroscopy to the field of 

metabolic measurements is reviewed. This review article was written as a 

contribution to "Useful and advance information in the field of NIR spectroscopy". 

Before tbis review, a brief introduction to the field of Near Infrared Spectroscopy is 

provided for a better understanding of the technique involved. 

2.0 Introduction to Near Infrared Spectroscopy 

The astronomer William Hershel was the first to identify in 1800 the infrared 

region of the electromagnetic spectrum, when he was conducting an experiment to 

determine which color of the visible spectrum was responsible for the heat in 

sunlight. By positioning a thermometer at each color coming from the decomposition 

of sun's white light using a glass prism, he noticed that not much happened. It was 

only after the thermometer was positioned below the red end of the spectrum that a 

temperature change was noticed. (1) This invisible light was narned infrared, which 

means "below red". 

For many years, the infrared spectrum remained a curiosity, mostly because it 

was more difficult to extract information from this region than from the visible 

region, where hnes and bands could be seen. Furthermore, the invention of the 

photographie plate made it even easier to study visible and also ultraviolet. It took 
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the development of radiation dispersion and detection methods and later the 

development of the first infrared spectrometer in 1900 by Coblentz (2) to see the first 

recordings of infrared spectra of sorne organic compounds. However, the first 

commercial infrared instruments for routine analysis were not available until World 

War II and were based on the design ofthose used in the synthetic rubber pro gram in 

the United States.(3) 

Although instrumentation was now available to record near-infrared spectra, 

only a few spectroscopists were ready to explore this region. Most of them preferred 

mid-infrared, since it was found that many compounds exhibited a unique spectrum 

or "fingerprint" in this region.(4) In the infrared region, the absorption of radiation 

causes the molecules to vibrate according to a model similar to an anharmonic 

oscillator. The energy levels between vibration al transitions in this model can be 

approximated by: 

Ev = (v + Yz) hw - (v + Y2)2 xehw + (v + YZ)3 Yehw ... (v = 0,1,2, ... ) 1.1 

where Xe and Ye are the anharmonicity constants and h=h/21r. For polyatomic 

molecules, the equation can be generalized as: (5) 

3N-6 

E(vl, v2, v3, ... ) = l (vi + Yz)hwi... (vI, v2, v3, ... = 0, 1,2, ... ) 1.2 
i~l 

where the transition of energy state 1S from 0 to 1 in any vibrational states (vI, v2. 

v3,oo .), the transition is called a fundamental. Because anharmonicity allows 

infringement to the selection ruie (where ~v = ± 1, as predicted by quantum 
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mechanics assuming harmonie motion), transitions from ground state to vi = 2, 3, ... 

are allowed and are called overtones. Finally, transitions from ground state to astate 

for which vi=l and vj=l simultaneously are known as combinations. Results ofthese 

"forbidden" transitions can be seen in the Near-Infrared region, which exhibits 

overlapping and shoulder peaks originating from overtones and combination bands of 

C-H, N-H and O-H stretching and bending vibrational modes. There are no sharp 

peaks, often 10ss ofbaseline resolution and routinely peaks are between 100 and 1000 

weaker than the fundamentals seen in the mid-infrared region. For this reason, the 

development of Near-Infrared spectroscopy only happened at the end of the 1960s 

with the work of Karl Norris who was the first to demonstrate that diffuse reflectance 

spectra of eomplex biologie al samples could be obtained.(6) He was also the first to 

apply multivariate analysis for making quantitative measurements from complex 

near-infrared spectra. The four principal advantages offered by tms technique are 

speed, ease of sample preparation, multiplicity of analyses from a single spectrum and 

the intrinsic non-eonsumption of the sample.(7) Following the important findings by 

Norris and the advantages of the technique, a revived interest in Near-Infrared 

spectroscopy led to the foundation of a technique that is now used as an analytieal 

tool in a wide variety of fields from agriculture to medicine. Indeed, the result of 

technieal progress and increasing demands for medical treatment and non-invasive 

diagnostic methods has led to a rapid increase in the use of NIR speetroscopy for 

biomedical applications. Some ofthese applications are described in the next section. 



2.1 Near Infrared Spectroscopy for Metabolic Measurements 

2.1.1 Overview 
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The tenu metabolism generally refers to the chemical changes in living cells 

by which energy is provided for vital processes. Substances, both endogenous 'and 

exogenous, that intervene or are by-products of the metabolic processes are called 

metabolites. 

Ability to continuously monitor metabolic activities or metabolites is of 

importance in critical care or in physiological assessment studies, where 

measurements are of prognostic significance. Analyses have to be perfonued by 

rapid and robust methods to pro vide real time information to the clinician and, as 

such, improve diagnosis in critical situations. However, most of the standard clinical 

methods for metabolite analysis are based on enzymatic assays using photometrie or 

electrochemical detection and not easily adapted for continuous monitoring. 

Among the many methods which have been used for clinical measurements, 

the Near Infrared (NIR) region, which was long thought to be too complex to be 

useful for analyses, has been found to be useful for monitoring the brain, muscles, the 

liver and other organs. Furthenuore, important advantages such as simplicity and the 

low cost of instrumentation have made NIR spectroscopy an accepted method for 

routine monitoring at the patient's bedside. 
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2.1.2 Metabolic Measuremenis 

Oxygenation and anaerobic metabolites are key parameters of metabolism 

under various conditions. Nomnvasively, NIR spectroscopy is useful to monitor 

several steps in the metabolic processes of the living organisms (Figure 2.1). Intrinsic 

indicators such as hemoglobin, myoglobin, cytochrome c oxidase, glucose and lactate 

have spectral properties that can be observed between 700 and 2500 nm and allow the 

O2 supply and consumption to be measured. Likewise, since these molecules are 

found in various location of the organism, assessment of the respiration can be 

provided at a system level where organ, tissue and cellular function are monitored 

simultaneously. 

2.1.2.1 Oxygenation 

2.1.2.1.1 Hemoglobin/Myoglobin 

To monitor metabolic oxygenation by Near Infrared Spectroscopy, both 

hemoglobin and myoglobin measurements can be used. While hemoglobin is the 

most abundant and readily detected oxygen-carrying molecule in tissue, myoglobin is 

present in aH skeletal and heart muscle as both an oxygen reservoir and oxygen 

carrier between hemoglobin and mitochondria. (8) 

Oxyhemoglobin (Hb02) and deoxyhemoglobin (Hb) are the main forms of 

hemoglobin present in living systems. When the hemes are oxidized to Fe3
+, the 

molecule does not bind oxygen and is termed methemoglobin (metHb). As with 

hemoglobin, myoglobin can be present in living organisms in three distinct forms: 

oxymyoglobin (Mb02), deoxymyoglobin (Mb) and metmyoglobin (metMb). 
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However, as in methemoglobin, this last form of myoglobin is usually low in living 

systems due to the presence ofreducing enzymes. 

The near infrared spectra of oxy and deoxyhemoglobin are dominated by the 

electronic transitions of the hemes (Figure 2.2). Deoxyhemoglobin has an absorption 

at 750 nm and oxyhemoglobin is characterized by a broad absorption between 800 

and 1000 nm.(8) In solution, the oxy and deoxy forms of hemoglobin have an 

isosbestic point at 810 nm. The absorption bands due to electronic transitions in Mb 

and Mb02 are different than those obtained from hemoglobin. Deoxymyoglobin has 

a similar absorption to deoxyhemoglobin but is shifted to 760 nm, whereas Mb02 is 

less distinct from the Hb02 at 900 nm.<8, 10) 

2.1.2.1.1.1 Oxygen Saturation Measurement Techniques 

Oxygen saturation, which is related to the oxygen concentration in a sample, 

can be determined by the ratio of the oxyhemoglobin to the total hemoglobin. The 

development of the first oximeters was made in the early 1940's, based on dual 

wavelength measurements.(II-13) The technique had however sorne important 

drawbacks. Transferring techniques from isolated fluids directly to tissues was 

challenging. Background from other constituents in tissue was difficult to eliminate 

and limited the accuracy of quantification. 
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To minimize sorne of these limitations, pulse oximetry was developed for 

arterial oxygen saturation measurements. With this technique, the pulsatile portion of 

the signal is used to isolate the contribution caused by the blood volume increase of 

the arterial component during the cardiac cycle.(14) Because venous blood and tissue 

absorption do not change as significantly during a pulse, their contributions can be 

subtracted when measurements are synchronized. Pulse oximetry is based on 

continuo us wave spectroscopy (CWS) in which a certain intensity light is given to the 

system and an attenuated output is measured. Among various near-infrared methods, 

it is the simplest and is especially suitable for real-time measurement. However, 

there are certain limitations that should be considered.(ls-17) Low signal-to-noise 

ratio (SNR), motion artifacts, interference by ambient light, application of probes and 

changes in scattering can influence the oxygen saturation measurement. To minimize 

these limitations sorne technical improvements have been proposed.(18-25) It has been 

shown that the probe geometry has a great influence on the sensitivity of the 

measurement,(l8) By increasing the separation between the light source and detector, 

improvement of sensitivity is achieved. However this improvement is limited by the 

decrease of the signal-to-noise ratio.o 8
) Technical improvements have aiso been 

proposed by scanning a wide spectral range from 700 nm to 1000 nm rather that just 

the conventional 2-wavelengths.o 9
-
20) Likewise, other alternatives using a higher 

sampling rate (21-22), new probe designs (23) or more intense light source have been 

developed to allow deeper probing oftissue.(25) 



Besides technical modifications, new algorithms to analyze data and improve 

overall results have been proposed.(26-33) However, most of the quantification 

algorithms for CWS are inaccurate due to inhomogeneous tissue structure which 

affects measurements sensitivity and because almost aH algorithms were 

experimentally determined.(28) To circumvent these problems, !inear and nonlinear 

algorithms have been developed using mean optical pathlengths (26,29) where fat layers 

were taken into account.(28,30) Likewise, the feasibility of using partial least-squares 

analysis of near-infrared spectra to optically separate Hb and Mb and determine Mb 

saturation in a blood-perfused beating heart has been demonstrated. (34-35) 

To overcome the CWS limitations such as SNR, other techniques have been 

developed to evaluate oxygenation. Phase modulation spectroscopy (PMS) 

introduces a sinusoïdal wave into the system, and the magnitude and the phase shift at 

the nanosecond delay of the output, compared to the input, are measured and 

analyzed for system characterization.(36-39) Although this technique has many 

improvements as compared to CWS, sorne factors still introduce inaccuracies in the 

data analysis and the measurements. If only a limited number of wavelengths are 

monitored, PMS techniques are not capable of accounting for absorption of 

chromophores besides oxy- and deoxy hemoglobin, such as water.(36) Likewise. 

approximations made in the derivation of light propagation diffusion model, voltage 

to phase conversion and initial phase calibration can result in inconsistent and 

unreliable calculations. (36) 
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Time-resolved spectroscopy (TRS) is another technique that can be used to 

monitor tissue oxygenation.(40-43) A sharp pulse of light input to the system is used, 

and an attenuated and broadened output time response 1S measured and analyzed. (36) 

Time of flight or photon counts are the usuai way of analyzing a lime domain TRS 

spectrum. One of the main advantages of TRS spectroscopy 1S the capability to 

measure the absorption ().la) and scattering ().ls') coefficients of tissues, thus providing 

the potential absolute measurements of tissue oxy- deoxy and total hemoglobin rather 

than qualitative ones. 

2.1.2.1.1.2 JJatents 

Because oxygen saturation measurement has clinical applications for 

diagnostics, several patents were granted between 1980 and 2001 for hemoglobin 

myoglobin measurements based on NIR techniques. One patent was granted for an 

algorithmY3) The constituents of cerebral tissues that mostly contribute to light 

absorbency and a component for characterizing light 10ss due to scattering were used 

to construct a model that emulates cerebral tissue reflectance spectra in various 

conditions. Using the model system in a reverse mode, the spectra collected from 

brain tissue were decomposed into individual spectra features and the values for 

features attributable to oxy- and deoxy- Hb were used to calculated a ratio that 

corresponds to the percentage of total Hb that contained oxygen.(33) Likewise, four 

patents were granted for instruments based on near-infrared spectroscopy to non

invasively measure tissue oxygenation.(44-47) While one measured the reflectance of a 

blood sample at a wavelength at which the absorbance of oxyHb was not altered/46) 
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the three others used two wavelengths for their measurements. One used a reference 

and measuring wavelengths at 815 nm and 760 nm respectively,<47) while the other 

one used a ratio of the reflectance of red light and near-infrared light.(45) Another 

patent has reported to measure changes in absorbance at two different wavelengths 

that were both specified to be > 700 nm.(44) Finally, one patent was granted for a 

method to determine myoglobin oxygen fractional saturation in vivo in muscle tissue 

and intracellular oxygen tension p02 in the presence of hemoglobin using second 

derivative spectra and Partial Least Squares (PLS) algorithm.(48) 

2.1.2.1.1.3 Physiological Studies 

Oximetry techniques have been largely used to gain crucial knowledge of 

cerebral tissue metabolism and major advances in the understanding of brain 

function.(49-62) A review was made on noninvasive optical spectroscopy and imaging 

of hum an brain function. (63) The technique was useful by providing information non

invasively on cerebral oxidative metabolism and hemodynamics.(49-50,52,54) Near 

infrared spectroscopy was found to be a sensitive indicator of hemoglobin 

oxygenation changes in the absence of hypoxia or with extreme hypoxia followed by 

recovery.(60) Likewise, based on cerebral hemoglobin oxygenation state and blood 

volume measured during various mental tasks, it was possible to show that there are 

regional variations of the oxygen delivery and oxygen utilization during activation 0 f 

the brain.(59) Furthermore, several studies used oximetry to measure hemoglobin 
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oxygenation changes in cerebral tissue on patients with a disease,(53,56-58,61) with 

mitochondrial dysfunction,(55) or with depression.(Sl) 

Oximetry has found some application in monitoring cerebral tissue 

oxygenation after drug delivery (64-72) and blood flow changes under various 

conditions assuming scattering does not change during the course of the study.(64,73-75) 

Studies suggested that NIRS is capable of detecting the relative changes in cerebral 

hemodynamics induced by acetazolamide(64\ caffeine and aminophylline(76), 

surfactant administrated by bolus administration to very low birth weight infants(67), 

ibuprofen(58), kainic acid-induced seizures(69), normovolemic hemodilution(7l), but 

aiso net effects of rutric oxide on cerebral metabolic recovery after deep hypothermie 

circulatory arrest. (65,69) The role of opioids during brain injury was aiso studied. (70) It 

was found that NIR measurements of cerebral blood flow and cerebral oxygenation 

were useful in ascertaining the contribution of cerebral opioids to arteriolar 

constriction which may play a role in causing ischemia after brain injury.(70) 

Cerebral circulation and oxygen metabolism were aiso studied by NIR 

spectroscopy during surgery (75-8;: or birth procedures (74,77,84-88\ two situations where 

the information provided by this technique can contribute to prevent brain 

damage.(84-85) Ii was shown that changes oxyhemoglobin levels monitored by 

NIRS reflected cerebral oxygen metabolism during cardiopulmonary bypass without 

the effect of variability of hemoglobin concentration due to hemodilution.(76) NIRS 

indicated that dynamic changes oœur in cerebral circulation and oxygenation as part 
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of the physiological changes taking place soon after birth.(83) Likewise, uterine 

contractions were associated with detectable changes from baseline in cerebral oxy

deoxy- hemoglobin and in cerebral blood volume.(88) 

Muscle/Tissues 

The spectral overlap between hemoglobin and myoglobin has resulted in 

monitoring a combined signal for most muscle oxygenation studies. Monitoring Hb 

and Mb simultaneously has been used to follow oxygenation during both exercise and 

ischemia.<87-111) The analysis of oxidative phosphorylation and utilization of oxygen 

at rest, during exercise and post exercise by near infrared spectroscopy were valuable 

in diagnosis ofmitochondrial disorders (94,97) and development of edema.(93) Likewise, 

the study of the effect of alcohol on muscle energy metabolism in chronic alcoholics 

has led to the conclusion that abnormality of aerobic metabolism exist for chronic 

alcoholics with neurological signs owing to muscle mitochondrial dysfunction.(92) 

Measurement of dynamic changes in blood oxygenation by NIR was found to 

be a valuable to01 for tumor prognosis (l13-118) and provided insight into tumor 

vascular development,(ll3,115) NIR was used to monitor hemoglobin oxygen state 

during surgery (119-120,125) and organ transplantaüon.(12l-124) n was shown that 

nitrosyl-Hb, an end-product of nitric oxide (NO), showed good correlation with 

recipient survival time(i22-123) and that NIRS was able to provide sorne information on 

the kinetics of reperfusion in the transplanted organs.(l24) Furthermore, tissue pH has 

been estimated based on shifts of the oxygen saturation calculated by NIR. This 
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information provided a noninvasive measure of ischemia during he art and plastic 

surgery which is useful as an earl y indicator of shock in leU patients. (125) 

Oxygen consumption was monitored in non-exercising skeletal muscle after 

aerobic exercise. Ii was found that a significant correlation existed between the 

increase in V02nonex and the increase in lactate concentration. This suggested that 

lactate concentration was an important stimulant factor of V02nonex.CI26) Finally, 

muscle deoxygenation during submaximal workload was found to significantly 

correlate with blood lactate concentrationY04,127) Building on this fact, an attempt 

was made to use NIR spectroscopy to determine lactate threshold by identifying 

particular trends in the rate of muscle deoxygenation. (! 27) 

Fatigue felt during illness was examined by companng the Rb+Mb 

oxygenation in leg muscle of healthy subjects to patients suffering from cardiac 

disease.clIO-lll) ~(Hb+Mb) was used to determine the diagnosis of chronic 

compartment syndrome. (1 12) Although trends in the data coHected by this method are 

observed when Rb and Mb are measured together, it is not possible to measure the 

intracellular oxygenation component as indicated by myoglobin. To address this 

limitation, methods to optically separate Mb and Hb the NIR have been 

proposedJ34) Spectra taken on beating living dog hearts were examined by second 

differential processing and partialleast squares analysis in the 660 to 840 nm range. 

Using in vitro calibration spectral data, in vivo myoglobin oxygen saturation could be 
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estimated with an accuracy of 6%,(34) Useful information on oxygen limitation in 

clinical investigations could be provided by the application of this technique. 

2.1.2.1.2 Cytochrome mddase 

Cytochrome oxidase (Cyt) lS the terminal electron acceptor of the 

mitochondrial chain (see Figure 2.1), responsible for the rnajority of oxygen 

consumption in the body and essential for the efficient generation of cellular ATP.(128) 

Cytochrorne c oxidase is cornposed of four redox active rnetal centers: CUA, heme a, 

herne a3 and CUB,(129) Only the first three have absorption bands in the NIR region of 

the spectrurn. The oxidized binuclear copper center CUA has the strongest absorption 

in the near infrared region centered at around 820-840 nm,(130) whereas oxidized 

herne a and a3 absorb weakly with a broad band at approximately 780 nm (131) as 

shown in Figure 2.3. These spectral features are not present in the reduced form of the 

enzyme. 

2.1.2.1.2.1 Cytochrome Measurement Techniques 

Because the cytochrorne concentration is less than 10% ofthat ofHb in tissue, 

detection i8 not straightforward. To isolate the absorption due to cytochrorne oxidase, 

algorithms using four wavelengths (132-133) or the entire spectrurn between 500 and 

900 nm have been ernployed.(49,60,!34-139) Likewise, to avoid the interference from 

the spectral overlap of cytochrorne with hernoglobin, a fluorocarbon oxygen carrier 

has been used to replace blood,C137,140) Furthermore, because the oxidative state is 

dependent on the arnount of oxygen present, the intracellular oxygenation state of 
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Figure 2.3: Near Infrared Spectra of Cytochrome aa3 in its oxidized (-) and redox 
(--) states between 700 and 950 nID. 
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mitochondria-rich tissue can then be examined usmg the cytochrome 

signal.C49, 138, 141) For this reason, cytochrome oxidase may be a more use fuI marker 

than Rb for lack of oxygen.(80,128) 

2.1.2.1.2.2 JJatents 

One patent was granted between 1980 and 2001 for monitoring cellular metabolism 

by noninvasive, in situ measurement of redox state of cytochrome aa3 using NIR 

spectroscopy. The instrument reference and measuring wavelengths are at 815 nm 

and 840 nm respectively. (47) 

2.1.2.1.2.3 JJhysiological Studies 

Redox changes monitoring of cytochrome oxidase have been used as an 

indicator of the mitochondrial energetics breakdown(49), which is known to be directly 

responsible for brain damage.(80,143) Changes in Cyt has been used as an indicator of 

changes in brain perfusion and oxygenation during neonatal hypoxia (73,145-146) and 

heart surgery (147) to prevent neurological dysfunction. Furthennore, it has been 

found that Cyt may be an indicator of critical neuronal hypoxia prior to a significant 

impainnent of the cellular energy state caused by cerebral ischemia,042) or 

mitochondrial dysfunction,(55,97,I44l and could indicate hypoxic-ischaemic damage to 

the brain if the oxidation state does not return to initial leveL(73) Near Infrared 

spectroscopy can a1so detect recovery of oxidative phosphorylation during 
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recirculation, which can not be observed by electro-encephalograrns(142) or 31p 

NMR(137) and oxygen consumption in tumorsy4) 

In clinical practice, cytochrome measurements have only been partially 

successful for patient management. Results obtained for studies on Cyt often show 

discrepancies (138) that arise either from differences or errors in the algorithm 

employed. (J 48) In many cases, the reason for this is that the photon pathlengths are 

unknown since ischemia causes a change in the tissue scattering properties. (55) Nitric 

oxide, sometimes present in tissue, will aiso affect cytochrome oxidase state by 

impacting pH,(146) Overall, the reliability of monitoring the redox state of 

cytochrome c oxidase by NIRS is promising, though not conclusive,(73) 

2.1.2.2 Anaerobie Metabolites 
Glucose and lactate are two molecules that play an essential role in cell 

metabolism and are linked to the respiration. Because of the importance in anaerobic 

conditions, both are routinely measured in critical care units. Likewise, ~he control of 

diabetes mellitus and the potential of measuring glucose non-invasively by NIR 

spectroscopy have lead to intense efforts towards the development of glucose 

monitoring systems. Several recent reviews are available.(l49.152) 

2.1.2.2.1 Glucose 
There are several wavelength regions that have been exarnined for sensitivity to 

glucose. The three absorption bands seen in Figure 2.4a at 1613, 1689, and 
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1732 nm,(153) have been associated with overtone bands ofO-H and C-H stretching in 

glucose,(154) The waveiength range from 2000 nm to 2400 nm has been aiso studied, 

since this range provides more intense signal from glucose.(i55) Three absorption 

bands seen in Figure 2.4b at 2105, 2273 and 2326 nm are assigned to glucose in this 

spectral range. However, the low signal-to-noise ratio (SNR) and large spectral 

overlap from water associated with glucose measurement in either range 1S a major 

obstacle to spectral determination. Since glucose concentration in tissue is almost 

1000 time lower than that ofwater in tissue (3.5 to 6.1 mmollL)Cl55), the weak signal 

of glucose 1S hidden by stronger, spectrally overlapping water absorption bands. 

Furthermore, background signal resulting from water absorption is known to vary 

with changes in pH and temperature, complicating analyses. Likewise, protein and 

fat, being at higher concentration levels, aiso Interfere with glucose measurements to 

sorne extent. To minimize background signal impact on spectral determination, 

multi-wavelengths analyses and multivariate calibrations have been used. Dual beam 

systems have also been suggested as a means of reducing the sensitivity to 

background variations.(I58) However, as the properties of the "sample" vary over 

time, a possible bias may be introduced to the data. For robust models, integration of 

this bias lnto the calibration is needed to achieve accurate results. However, because 

they are based only on few replicates, most of the data models pub li shed have 

notshown long term stability.(J54) Collecting data with a good Sl'."R and constructing a 

robust analysis model is the limitation ofthe current methods.(l51) 
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2.1.2.2.1.1 Glucose Measurement Techniques 

Noninvasive determination of blood glucose is of importance for diabetic 

patients, in intensive care or during surgery. To examine the feasibility of glucose in 

vivo measurements, several attempts have been made using different in vitro and ex 

vivo assaysY59-183) Reported studies for in vitro glucose measurements were made on 

progressively more complex simulated matrices ranging from buffered glucose 

solutions,055,159-168) to prote in solutionsY65,169-172) tissue-like phantomsY 56, 173) 

plasma,c174-178) urine(179) and who le blood.(175,177,180-181) Likewise, ex vivo studies on 

glucose were done using microdialysis and ATR spectroscopy for continuous on-tine 

monitoring. (159) 

Since blood serves as the main metabolic transport system in the body, several 

capillary-rich locations are the preferred choice for in vivo glucose analysis by NIR. 

Transmission measurements through the skin,(I53,157,187,189) tongue,(153,185) lower and 

upper lips, cheek, nasal septum, the eye and webbing tissue between the thumb and 

the forefinger (153) have aH been proposed as useful measurement sites. It was found 

that from aH proposed sampling sites, the ton gue provided spectra with the highest 

SNR.(l53) The small concentration of fat in the tongue, which leads to a relatively low 

scattering and spectral interference, is suggested as the reason for the improved 

estimations. A model built from a series of transmission spectra coHected through the 

tongues of five human subjects with type 1 diabetes achieved a standard error 0 f 

prediction for glucose of 3.4mmol/L.(185) The magnitude of the prediction error was 

related to spectral quality and reproducibility of the tongue-to-spectrometer interface. 

spectral SNR and sample thickness. 
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To evaluate more convenient systems for patients, measurements through the 

skin have aiso been proposed. To minimize variations resulting from sensor 

positioning and when applicable skin pigment, reflectance methods rather than 

transmission approach have been suggested.(153,185,190-191) NIR spectra of the inner lip 

between 9000 cm- I and 5450 cm- I (1100 nm - 1800 nm) measured by diffuse 

reflectance were used to construct a PLS model.(153) The error in glucose estimation 

was in the range of 2.6 to 3.2 mmol/L, the major contribution to the prediction 

uncertainty being the variations in Hp position and contact pressure.(l54) NIR pulsed 

photoacoustic technique have aiso been used to measure glucose concentration(l86,188) 

and a prediction error of 4.0mmol/L was achieved. However, this is slightly too high 

for a continuously working sensor in a clinical environment.(188) 

Care must be taken when considering results on in vivo glucose measurements 

reported in the literature. Indeed, published reports on in vivo measurements of 

glucose appeared to be mostly correlated with time.(155) The study suggested that 

calibration models built from phantom glucose spectra are not capable of estimating 

glucose values when glucose assignments to phantom spectra are made randomly. 

However, errors of the calibration models, when glucose assignments are made in a 

non-random, time-dependent manner, are close to those published as evidence of 

successful non-invasive blood glucose measurements. This time-dependent bias of 

the data explains why, although promising, NIR technique is still not the reference 

method for clinical measurement of glucose. 
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2.1.2.2.1.2 JJatents 

The potential of non-invasive measurement by NIR has led to an important 

commercial effort in development of glucose monitors. Twenty-two patents have 

been granted between 1989 and 2001 for non-invasive monitoring of glucose by 

NIR.(192-212) The instruments described have used mostly fingers as the sampling 

siteY 93-203) but also eyes (204-205) and skin surface,o 92) using a NIR light source. 

Likewise, methods using pulse light (211) or photoacoustic (210) to measure blood 

glucose have aiso been proposed. Sorne algorithrns are aiso presented where two 

wavelengths calibration with one wavelength being taken as reference, (209) three 

wavelengths calibration corrected for temperature and using second derivative 

spectra(206-207) and multi waveiengths calibration.(208) Spectral clusters(198,212) was 

another algorithrn used to deterrnine blood glucose concentration. Likewise, most of 

the instruments described used transmission spectra to deterrnined blood glucose, 

while sorne claimed to work using diffuse reflectance (204-205) or a combination ofboth 

transmission and reflectance dataY 95,203) 

2.1.2.2.1.3 JJhysiological Studies 

A review of new developments in the treatment of type 1 diabetes meUitus has 

discussed systems that measure blood glucose by NIR spectroscopy.(213) It was 

shown that glucose in the aqueous humor correlated linearly with plasma glucose in 

rab bits when blood glucose rose above Il mM, ev en though aqueous humor glucose 

concentration exceeded blood glucose concentration at norrnoglycemic levels.(214) 
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Likewise, glucose was measured in serum collected during hemodialysis treatments 

with a SNR high enough to distinguish glucose spectral features from those of other 

matrix components.(215) The effects of physiological factors like temperature 

fluctuations, tissue water content and other analytes concentration in the 

determination of glucose concentration was compared to Monte Carlo computer 

simulation.(216) It was found that interference from tissue parameters in the glucose 

measurements were significant and contribute to the difficulty to achieve accurate 

glucose measurements. 

Near Infrared Spectroscopy was also identified as a good technique for 

noninvasive measurement of concentration of important nutrients and metabolic 

byproducts in ceU cultures.(217-228) The ultimate goal was to minimize human 

intervention by using computer system to control the growth process and improve 

efficiency and repeatability of experiments. The non-invasive measurements by NIR 

were attractive because it reduces the risk of contamination of culture environment 

while monitoring important parameters as compared to conventional methods. 

Furthermore, the optimization of ceU culture growth in bioreactors require continuo us 

monitoring of the process.(219) To develop the data model, several systems were 

studies in the 2000-2500 nm range. Conditions similar to œIl culture were first used 

to determine the potential of the technique (220-221,224-228) and glucose could be 

measured with a standard error of prediction of 1.3mmollL using PLS regression. (222) 

This level of error is encouragingly low considering the chang~s of the growth media 
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due to shifting levels of ami no acids, carbohydrates, yeastolate, pro teins and ceU 

debris. (222) 

2.1.2.2.2 Lactate 
Lactate is another important component of glycolytic activity in tissue, where 

it is used as a marker for the assessment of tissue perfusion and oxidative capacity 

during surgery or in emergency trauma situations. Lactate measurements can aiso be 

used to determine the anaerobic threshold during physical exercise.(229) While the 

human physiologie al range of lactate extends from 0.3 to 25 mmol/L, a lactate 

concentration of less than 2 mmol/L is eonsidered as normal. However, 

concentrations higher than 4 mmollL are often found in association with general 

cireulatory failure. Likewise, the change in pattern or the trend towards an increase 

of blood lactate is a good indicator of survivaL(230-231) In aH these cases, 

measurements of lactate levels are of prognostic significance. 

2.1.2.2.2.1 Lactate Measurement Techniques 

Lactate has three broad absorption bands in the 2000-2500 nm wavelength 

range at 2166 nm, 2254 nm and 2300 nm, as shown in Figure 2.5bJ226-227) Three 

absorption bands can aiso be seen in the 1500-1750 nm wavelength range at 1675, 

1690 and 1730 nm, as shown in Figure 2.5a. This wavelength range has not yet been 

used for lactate studies, despite the fact that scattering 1S reduced for in vivo lactate 

determination. 
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The first absorptions (2000-2500 nm) have been associated with combinations of C-H 

vibrational transitions, the second ones (1500-1750) were associated with 1 st overtone 

of C-H vibrational transitions. In both cases, they overlap with other species such as 

glucose, glutamate and glutamine. Because of the severe overlap with other 

constituents, multivariate analysis has been required to estimate lactate in an of the 

studies. 

Like for glucose determination, reported studies for in vitro lactate 

measurements were made on progressively more complex simulated matrices ranging 

from buffered lactate solutions (166,223,228,234) to protein solution (170) cell culture , , 

media,(218,220-221,223-225,227) plasma,(178,233) and whole blood.(232) Lactate was monitored 

with a standard error of 0.5 mmol/L in cell culture media (227) and human 

plasma, (178,233) although the error was too significant to measure lactate at rest.C l78) 

However, measurements on a wider human physiological range of lactate 

concentrations induced by exercise were successful,(233) Likewise, good correlation 

between estimated and reference lactate concentrations were found in rat blood 

samples.(232) The reported standard error of 0.29 mmol/L is weH within the range 

needed for real-time monitoring of lactate in blood for exercising studies. This 

approach, which could have significant impact in clinical situations or exercise 

physiological studies, represents a faster and nondestructive alternative to current 

enzymatic methods. 
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2.1.2.2.2.2 JJatents 

Since the beginning of my research work, one patent was granted for 

monitoring lactate in an organism using NIR spectroscopy. The proposed instrument 

used a probe that cornes in contact with a finger or an arm and brought light to the 

tissue. The selected wavelengths for the measurements were the ones in the 1580 to 

1850 nm and 2080 to 2380 nm ranges with a correlation coefficient of at least 0.8 

between lactate concentration and absorbance in an aqueous lactate solutionY35) 

However, no results were presented in the patent as to the accuracy of the proposed 

instrument. Indeed, the multivariate methods proposed used a calibration curve made 

from aqueous lactate solution with concentration levels ranging from 100mM to 

400mM. The human physiological range is 0.3 to 25mM. It is then unlikely that the 

statistical model built using the proposed calibration curve led to an accurate 

quantification of in vivo lactate concentration. The aqueous lactate solution samples 

used to build the calibration curve are too different from tissue and the concentration 

range too far apart to allow an extrapolation of that magnitude. 

2.1.2.2.2.3 JJhysiological Studies 

As previously discussed for glucose, NIR Spectroscopy was identified as a 

good technique for noninvasive measurement of lactate in cell cultures.(218,220-221,233-

234,227) To develop the data model, several systems were studies in the 2000-2500 nm 

range. Conditions similar to œIl culture were first used to determine the potential of 

the technique.(220-22 1,223-225) However, to reduce the development time of the 
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calibration set, simulated spectra of multi-component system were proposed as 

calibration set to quantify analytes in experimentally collected spectraY21) By this 

technique, the prediction error for lactate was 0.45 mmol/L, which is similar to the 

error obtained with full experimental calibration at 0.35mmol/L, both using PLS 

regression. The main advantage of simulated spectra is the signifieant reduction in 

time required to generate an aeeurate calibration. Since time is one of the limiting 

factors in the application of NIR spectroseopy to monitor biologie al processes, this 

improvement may lead to a wider use of the technique. 

Lactate is a byproduct of the respiratory chain process. For this reason, it can 

be used as a marker to assess tissue perfusion and oxidative capacity. The potential 

that NIR spectroscopy may provide a noninvasive method to measure continuo us 

changes in tissues could allow insights into controversial issues related to blood 

lactate concentration. 

2.1.3 Conclusion 

Near infrared analysls has yielded a number of useful methods for metabolic 

measurements. Noninvasively, this technique allows the monitoring of living 

systems, which in sorne case can lead to the assessment of the tissue oxidative 

capacity, tissue damage prognostic and the diagnosis of a disease. If sorne 

applications such as monitoring hemoglobin oxygenation by pulse oximetry are well 

established and used routinely for clinical purposes, others applications such as 

quantification of glucose and lactate still need development work mainly to improve 
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accuracy of the measurements between patients and over time. What is currently 

identified, as the main obstacle to metabolic measurements 1S the very nature of 

tissue. Because tissue is not a homogeneous material, uncertainty in the light path 

length exists, which makes absolute concentrations difficult to obtain. Furthermore, 

near infrared absorption bands are broad and overlapped, where it is sometimes 

difficult to distinguish between the spectra arising from the different chromophores 

present in tissue. However, advances in time-of-flight and multivariate statistical 

analysis methods have brought solutions to the difficulties described above, making 

metabolic measurements by near infrared spectroscopy a growing field for tissue 

assessment and clinical monitoring. 
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Chapter 3 

5i 

Near Infrared Spectroscopie 
Measurement 
Ruman Plasma .. 

of Lactate in 

As a marker of the glycolytic activity, quantitative analysis of lactate is of 

significance during clinical situations when diagnosis is rapidly needed. 

Measurements of lactate levels have then to be performed by a rapid and robust 

method. Sorne studies, which have reported lactate measurements in either simulated 

or biological matrices and undiluted human plasma using NIRS, suggested the 

technique could hold significant promise for noninvasive analysis. However, none of 

these studies were able to quantify lactate accurately enough for clinical purposes. As 

example, the PLS model was developed from the undiluted human plasma of healthy 

volunteer at rest. For this reason the model was unable to achieve a precision good 

enough to be used for real-time monitoring of lactate in clinical situations. Indeed, 

lactate concentrations were too low in the samples and almost at the detection limit of 

the technique. 

To overcome this limitation, a new approach is proposed. While the lactate 

concentration in healthy human is usually maintained to O.i-l mmol/L, exercise or 

illness can make lactate level to reach concentration as high as 25 mmol/L. 

Furthermore, it is aiso recognized and weB accepted that a lactate concentration of 

less than 2 mmol/L 1S considered as normal. Techniques that allow rapid and robust 

measurements of lactate concentration changes above 2 mmol/L are what should be 

specifically targetted. 
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To me et this objective, the first step of the approach proposed is to extend ta a 

larger physiological range the lactate concentrations in human plasma. This was 

accomplished by collecting spectra from different exercising human subjects. 

Furthermore, because red blood ceUs were removed from plasma, interference related 

to scattering was minimized. 

However, direct quantitative measurements by NIRS are often useless because 

of the lack of specificity of NIR bands. Quantification of lactate in biological fluids 

using NIRS is then only made possible by using multivariate data analytical 

techniques. Among these techniques, Partial Least Squares (PLS) has shown 

significant success in the determination of correlation between analyte concentrations 

and spectral responses in complex media. A more complete description of the 

method is provided in Appendix A. 

3.1 Abstract 

A method based on near-infrared spectroscopy (NIRS) is presented, which 

provides a rapid analysis of lactate in plasma. In order to test the technique, NIRS 

analysis and enzymatic measurements were made on plasma samples taken from 

exercising humans. A correlation coefficient of 0.995 and a standard error of 

0.51 mmol/L were found between the enzymatic and the NIR results. This standard 

error is within the range needed for real-time monitoring of lactate plasma for 

exercise studies. In the future, this tech..l1ique may provide a valuable tool to assess 

physiological status for research and clinical use. 
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3.2 Introduction 

Elevations in either blood or plasma concentrations of lactate provide 

evidence of increased glycolytic activity. Therefore, lactate measurements are used 

for both clinical and research purposes in the assessment of tissue perfusion and 

oxidative capacity. For instance, aerobic exercise training results in higher exercise 

capacities and lower lactate levels at similar workloads. The determination of lactate 

is aIso important in other clinical situations, during surgery or in emergency trauma 

situations, where a rapid and easy measurement method i8 important.(!) 

Most of the CUITent techniques for clinical lactate measurements are based on 

electrochemical enzymatic sensors (2-4), due to the fast time response possible. 

However, because these methods are invasive and often require substantial sample 

preparations, they do not offer the possibility to the clinician of in vivo monitoring of 

lactate level in a continuous manner. 

From the clinical spectroscopie methods that exist for lactate 

determination (5-8), near-infrared spectroscopy (NIRS) holds significant promise to 

achieve noninvasive measurement of lactate in biological fluids. This technique has 

already shown potential for monitoring other in vivo metabolites in biomedical 

analysis.(9-15) These successes have made NIRS acceptable as alternative method for 

clinical measurements. 
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Few studies report lactate measurements in either simulated or biological 

matrices using NIRS. Sorne in vitro trials to quantify lactate in simulated biological 

matrices have been attempted.(16, 17) However, in these studies, the system was kept 

simple by controlling parameters such as pH, temperature, and ionic strength using a 

buffered aqueous solution. It is known that these parameters have an important 

contribution to the water spectrum (18, 19) and will normally vary during the 

monitoring of in vivo lactate level. More recently, a study has shown that lactate in 

cell culture media could be determined. (20) A standard error of prediction (SEP) of 

0.40 mmollL with the use of 10 partialleast-squares (PLS) regression analysis factors 

was found for a lactate concentration range varying from 0.08 to Il.00 mmol/L. 

Finally, a recent study reports simultaneous measurements of five different analytes, 

including lactate, with the use of NIRS and PLS, in undiluted human plasma (21) of 

patients at rest. However, due to the variable background between 2000 and 2400 

nm, which is dominated by proteins, the study was not able to quantify lactate 

accurately.(21) 

In this paper, the NIRS approach is extended to a larger human physiological 

range of lactate concentrations in human plasma. To accomplish this, we used NIR 

spectra coHected from different human subjects to generate a calibration model for 

lactate. The normal human physiological range for lactate varies from 0.3 to 

25 mmollL. Care was taken so that the lactate concentration in this study covered a 

large portion of this range. The experimental design was developed to minimize the 

contribution of glucose or other species to the lactate estimation. 
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3.3 Experimental 

3.3.1 Instrumentation 

Plasma samples were assayed in triplicate for lactate with the use of the YS! 

Model 1500 Sport Lactate Analyzer (Yellow Springs Instruments, Yellow Springs, 

OH). This instrument used a proprietary electrochemical enzymatic detection of 

lactate. The mean of the three results was recorded. Plasma lactate analysis with this 

device has a standard prediction error of 0.2 mmol/L based on five replicates of a 

standard. The manufacturer reports that the instrument delivers a linear response for 

lactate in the 0 to 30 mmollL concentration range. 

Spectra were collected with a Nicolet Magna-IR 550 Fourier transform near

infrared (FT -NIR) spectrometer (tungsten-halogen lamp 1 quartz beamsplitter) 

equipped with an InSb detector. The spectral range scanned was from 890 to 

2500 nm (11500-4000 cm"l) and 64 interferogram scans at a spectral resolution of 

2 cm"1 were averaged. Single-beam spectra were computed with a Happ-Genzel 

apodization and Fourier transformation routines available on the system. Background 

spectra of air were taken every hour. Sample absorbance in the 2000 - 2500 nm 

region was optimized with the use of a 1 mm pathlength rectangular Infrasil quartz 

cell from Stama (Atascadero, CA). Sample temperature was controlled with a 

copper-jacketed cel1 holder equipped with a YSI Model 72 temperature controUer to 

25 ± 0.1°C. Temperature was monitored continuously during data collection with a 

copper-constantan thermocouple probe placed into the sample holder. 
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3.3.2 Reagents 

To identify lactate contribution to the plasma spectra, we collected a pure 

lactate spectrum. Sodium lactate was purchased in dry form from Sigma Chemical 

(St. Louis, MO). Standard solution was prepared by weighing suitable amounts of 

sodium lactate and diluting with pH 7.2 O.lM phosphate buffer. Phosphate buffer 

was prepared with reagent-grade water. 

3.3.3 Procedures 

Ten healthy adult subjects (eight males and two females) were tested during 

maximal effort made by a 30s sprint on an isokinetic cycle. The cycle was modified 

to have the pedal speed fixed and effort translated into greater force generation.(22) 

The study was approved by the Ethics Committee of the Montreal Children' s 

Hospital, in accordance with the Helsinki Declaration of 1975. After signed informed 

consent, and prior to exercise, an intravenous line was placed in the antecubital fossa, 

and kept patent with a 0.9% saline solution. Blood was sampled at three time 

intervals: (1) just prior to exercise; (2) at the end of exercise; (3) 10 min following 

exercise. This approach was used in an attempt to cover the largest portion of the 

human physiological lactate concentrations. Blood was drawn into tubes containing 

lithium heparin beads (Sarstedt Inc., St-Laurent, Quebec) and immediately transferred 

to prechiUed 0.75 mL microvette tubes containing l mg/mL of sodium fluoride, to 

arrest glycolysis. Samples were then centrifuged to separate plasma and analyzed by 

the proprietary enzymatic method of the YeHow Springs Instruments. The pH of 
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blood samples was measured prior ta centrifuging with the use of a microProbe pH 

electrode (Fisher Scientific). Plasma was kept on ice between enzymatic and FT-NIR 

experiments to arrest metabolism and avoid degradation of samples. 

Before measurements, samples were put in the thermostated sample holder, 

and 5 min was given for samples to reach 25 ± 0.1°C. Sample data collection was 

randomized to avoid correlation between time and lactate level. 

To selectively extract lactate information from NIR spectra in the presence of 

other chemical interferents, we used PLS regression analysis.(23, 24) The PLS routine 

has been developed previously.(25) The number of significant factors was determined 

from the prediction error sum of squares (PRESS) values calculated for each factor. 

The ratios between PRESS values for each factor and the minimum PRESS value 

were calculated and compared to F-test values. The F-test comparison was used to 

determine the minimum number of statistically significant factors. (26) 

The second derivatives of the 30 absorbance spectra corresponding to unique 

plasma samples were divided into calibration and prediction subsets using a leave 

N-out cross-validation PLS routine. The second-derivative spectra were determined 

by using the method of discrete differencesY7) The leave-N-out procedure uses aH 

the samples but N in the calibration set and estimates the N excluded samples with 

the calibration results. Rather than using the conventional leave-one-out cross

validation method, we used a block of the three samples from the same volunteer. 
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Basically, the procedure uses the spectra from nine volunteers to estimate lactate 

levels in the three samples of the tenth. This procedure has the advantage of allowing 

the determination of inter-individual variations by estimating lactate at three different 

levels of concentration. Programs for the input of spectral data and cross-validation 

were written in Matlab (The Mathworks Inc., South Natick, MA). 

3.4 Results and Discussion 

3.4.1 Spectral Features 

The human plasma spectrum is mostly dominated by water and proteins. 

Water has two absorbance peaks above 1900 nm, centered at 1920 and 2630 nm. The 

spectral region chosen for the lactate determination extended from 2050 to 2400 nm, 

as reported in previous studies.(16, 17, 20, 21) This wavelength range was chosen to 

reduce interferences from water, since the major lactate absorbance peaks are located 

between the two water peaks. In Figure 3.1, a series of human plasma spectra from 

different patients containing lactate concentrations in the normal physiological range 

are shown, after subtraction of a pure water spectrum. A spectrum of lactate in 

buffered aqueous solution is aIso included in Figure 3.1. As illustrated in the figure, 

the three absorbance peaks related to lactate are centered at 2166, 2254, and 2292 nID. 

These wavelengths are in agreement with the ones suggested previously.(16) Besides 

lactate absorbance, Figure 3.1 shows several other peaks. These peaks come from 

other plasma constituents. To enhance the spectral variations of lactate over the 

background, we used second-derivative spectra rather than raw spectra. In Figure 3.2, 
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Figure 3.1: NIR absorbance spectra of human plasma specimens and 10 mmol/L 
lactate standard in aqueous buffered solution after water subtraction. 
Lactate standard spectrum has been offset for clarity. 
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a series of second-derivative spectra from different patients' plasma samples are 

shown. The regions where lactate contributes are consistent with Figure 3.2. 

3.4.2 Experimental Protocol for Minimal Covariance with Plasma Consdtuents 

An acceptable PLS model requîres the absence of covariance between the 

multiple components of the sample matrix. The experimental design chosen allows 

the development of a calibration model that isolates lactate contribution from other 

plasma species, such as glucose, proteins, or pH variation, and minimizes the 

covariance with them. First, the vast majority of energy required for a 30s sprint 

comes from anaerobic metabolism of glycogen and hydrolysis of phosphocreatine 

(PCr).(28,29) In fact, the fan in glycogen is accompanied by increases in muscle and 

blood lactate that amount to > 75% ofthe expected anaerobîc yield of glycogen.(28) In 

other words, almost an the glycogen is metabolized anaerobically. The anaerobic 

metabolism of glycogen accounts for 50-55% of the ATP requirements and PCr 

degradation for 23-28%, with aerobic metabolism accounting for 16_28%.(29) 

Therefore, there is little uptake and breakdown of exogenous glucose during a 30s 

isokinetic sprint, which minimizes the covariance between lactate and glucose. 

Likewise, proteins are major plasma constituents. To develop a robust calibration, 

one must aiso demonstrate the absence of covariance with lactate. Vigorous exertion 

leads to a net flux of water into the tissuesYl) This result will cause protein 

concentration to rise in the plasma. However, this increase in protein concentration 

will be smaH compared to lactate variation, as Httle water is transferred from plasma 

to tissues in the process.(31) Together with proteins, water 1S the main constituent of 
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plasma. The absence of covariance between water content variation during exercÏse 

and lactate level is also shown by the smaU random baseline shift of the raw human 

plasma spectra. In addition, the leave-three-out cross-validation routine used includes 

water variation between individuals to estimate lactate concentration. Finally, since 

pH variations during exercise have an effect on the water spectrum (18, 19), blood pH 

was also monitored for aH samples. Some acidosis is observed immediately after 

exercise for an volunteers with an average of 0.07 pH unit change between samples. 

However, no significant change was noticed for the samples taken 10 min after 

exercise for aU individuals, although lactate level changes by roughly 50%. 

Therefore, no linear relationship exists between pH change and lactate concentrations. 

3.4.3 Optical Pathlength 

A l mm pathlength was chosen according to previous studies that report 

successful quantification of lactate Y 6, 17, 20) However, the optical throughput is 

limited by the water absorption in the wavelength range picked for the lactate 

measurement. The root-mean-square (rms) noise of the 100% Hnes computed across 

the 2050 - 2400 nm using a linear model is 0.66 mAU The signal-to-noise ratio 

(SNR) at 2160 :nm is approximately 30, which is enough for lactate measurement. 

3.4.4 PLS CaHbratil:m. Models 

While the first factors contribute the most to the PLS model, 10 factors is the 

minimal number of PLS factors as determined by PRESS and shown in Figure 3.3. 

However, an F-test at a 95% confidence level shows that no statistically significant 
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Figure 3.3: PRESS plot for lactate cross-validation model based on the 2050 to 
2400 nm spectral range. 
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difference exists between 6 and 10 PLS factors. Therefore, 6 factors were chosen for 

analysis. The last 4 factors, out of the 10 chosen by PLS, appear to be associated with 

smaller changes between individuals, like matrix differences or pH changes during 

exercise. 

Figure 3.4 shows the regression coefficient vector based on a 6 PLS factors 

mode!. This represents the calibration coefficients at each wavelength, as determined 

by PLS. Upon viewing Figure 3.4, it should be noted that the magnitudes of the 

peaks are the important features, and both positive and negative values are significant. 

In the figure, several features from the plasma matrix, such as water, proteins, and 

other plasma constituents, can be distinguished. The peaks at 2250 and 2300 nm 

contribute to the greatest extent to the calibration mode!. Several calibration models 

were developed with the used of smaller windows within the 2050-2400 nm range, in 

an attempt to achieve a better correlation of the data. However, the best correlation 

was obtained when the entire range, from 2050 to 2400 nm, was used to build the 

model, as previously shown. (17) 

Estimations of lactate concentration in plasma with the used of PLS were 

obtained by the scalar product of the calibration coefficients vector and each spectrum 

of the data set. Results with the used of 6 PLS factors are shown in Figure 3.5. 

Correlation between the data and the hne of identity gives a correlation coefficient 

(r2
) of 0.995. The root-mean-square error of cross-validation (RMSCV) on the !inear 

regression 1S 0.51 mmollL. Furthermore, the figure shows an increased spread in the 
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Figure 3.4: Linear regression coefficient plot using 6 PLS factors for the NIR 
determination of lactate in human plasma. Regions where lactate 
contributes are identified. 
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Figure 3.5: NIRS estimated vs. YSI Lactate Analyzer values for human plasma 
samples for each of the ten subjects. Cross-validation model: 6 PLS 
factors based on 2050-2400 nm spectral segment.; n=30, r2=0.995, 
RMSCV=0.51 mmol/L using a leave-3-out cross-validation procedure. 
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data at low lactate concentrations. This result is confirmed when standard error is 

calculated on the data of each of the three time intervals samples. The spreading of 

the data indicates the limitation of the model to estimate low lactate levels (21) when a 

larger physiological range of lactate concentration is used to build the calibration 

model. However, no particular grouping in the data 1S seen. This consideration 

indicated that possible variation in plasma composition between individuals has little 

impact on the model. Likewise, Figure 3.5 showed similarities between subjects in 

data spreading along the hne of identity. This result seems to indicate that gender has 

!ittle or no impact on the data grouping. 

3.5 Conclusion 

It has been shown that lactate measurement in human plasma 1S possible with 

the used of the NIRS in the 2050-2400nm spectral range. Although sorne spreading 

in the data is seen at low lactate concentrations, the method achieves a standard error 

of 0.51 mmol/L, which is well within the range needed for real-time monitoring of 

lactate in plasma for exercising studies. By extending the work of Hazen et aL(25) to a 

larger human physiological range of lactate concentrations, the results of this work 

represent an important step toward the development of an NIRS method for the 

deterrnination of lactate in blood. This method may provide a faster and 

nondestructive alternative to current enzymatic ones. 
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Lactate Measurement in Whole 
Blood using N ear Infrared 
Spectroscopy" 

The demonstration in the prevlOus chapter of the capability of NIRS to 

quantify lactate in plasma using partial least squares (PLS) regression was an 

important step towards the development of an in vivo method. It showed that lactate 

within the human physiological range could be estimated by this technique, wmch 

minimized the contribution or interference from other plasma constituents. However, 

although plasma represented a more complex medium compared to simulated 

matrices, sorne obstacles still existed that may prevent NIRS to be used for real-time 

monitoring of lactate in clinical situations or physiological studies. 

To determine lactate in plasma by NIRS, there is a need for the samples to be 

centrifuged to separate plasma from red ceUs. Erythrocytes (or red cens) account for 

roughly 44 percent of blood volume and plasma for 55 percent.(I) White ceUs and 

platelets account for the res! of the blood volume. Plasma main constÏtuents after 

water are proteins, which accounts for approximately 7% of the plasma volume and 

can be divided into three categories: Albumins accounting for about 55% of the total 

pro teins in blood, Globulins for about 40% and Fibrinogen for about 5-6% of the total 

proteins. (l) 

As a result of red cens removal, scattering was not significant in the plasma 

samples analyzed in the previous chapter. However, the scattering coefficient in the 
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2000-2400 nm wavelength range was measured at 3.0 mm-1 in tissues. Potential 

impacts of scattering on the ability ta measure lactate by NIRS in blood samples need 

to be evaluated. 

In this chapter, an initial feasibility study was made ta determine the potential 

of NIRS ta measure lactate with a smaU data set of whole blood sarriples using the 

PLS regression approach. Estimates of lactate concentration are made on arteriai and 

venous blood samples from exercising rats. 

4.1 Abstract 

The objective of the study was to evaluate the potential of Near Infrared 

Spectroscopy (NIRS) as a technique for rapid analysis of lactate in whole blood. In 

order to test the NIRS technique, a comparison was made with enzyrnatic 

measurements using whole blood samples taken from exercising rats. Spectra were 

collected over the 2050-2400 nm spectral range with a 1 mm optical path length 

quartz cell. Reference lactate concentrations in the sarnples were deterrnined by 

enzyrnatic measurements. Estimates and calibration of the lactate concentration with 

NIRS were made using Partial Least-Squares (PLS) regression analysis and leave-N

out cross validation on second derivative spectra. Regression analysis provided a 

correlation coefficient of 0.984 and a standard error of 0.29 mmol/L between the 

enzyrnatic assay and the NIRS technique. The results suggest that NIRS may 

provide a valuable tool to assess physiological status for both research and clinical 

use. 
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4.2 Introduction 

As a key metabolite of glycolytic activity, lactate is an indicator of the energy 

production of the who le organism. For this reason, lactate 1S of interest in sports 

medicine. In this discipline, lactate measurements are used for both clinical and 

research purposes in the assessment of tissue perfusion and oxidative capacity. For 

instance, the estimation of lactate levels in biological fluids allows the determination 

of anaerobic threshold during physical exercise. (2) The determination of lactate 1S 

also of importance in several clinical situations, as during surgery or in emergency 

trauma situations, where a rapid and easy method 1S important for diagnostic 

assessment. (3,4) 

To achieve fast lactate measurements in critical circumstances, most of the 

standard clinical methods are based on electrochemical enzymatic sensors.(5.7) 

However, because these methods are invasive and often require substantial sample 

preparations, they do not offer the possibility to the clinician of in vivo monitoring of 

lactate level in a continuous manner. Of the clinical spectroscopic methods that exist 

for lactate determination(8.11), Near-Infrared Spectroscopy (NIRS) holds significant 

promise to achieve non-invasive measurement of lactate in biological fluids. The 

technique has already shown potential to monitor other in vivo metabolites in 

biomedical analysis.(12'17) These successes have made NIRS acceptable as alternative 

method for clinical measurements. 
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Sorne studies report lactate measurements in either simulated or biological 

matrices using NIRS.(18-23) Attempts have been made to quantify lactate in simulated 

biological matrices with sorne success.(l8-20) In these studies, the biosystem used was 

kept simple by controHing parameters such as pH, temperature and ionic strength 

using a buffered aqueous solution. Recently we have shown successful 

measurements of lactate in plasma from exercising humans using NIRS.(23) However, 

no study has reported quantification oflactate in whole blood using NIRS. 

The present study exammes the potential of NIRS to estimate lactate 

concentrations in whole blood. To accomplish tms, Near-Infrared (NIR) spectra of 

whole blood samples coHected from exercising rats are used to generate a calibration 

model for lactate. Acceptable prediction ability is demonstrated for lactate. 

4.3 Materials and Methods 

4.3.1 Instrumentation 

Blood samples were assayed for lactate using the YSI model 1500 Sport 

Lactate Analyzer (Yellow Springs Instruments, Yellow Springs, Ohio). This 

instrument used a proprietary electrochemical enzymatic method of detection for 

lactate. The mean lactate reading of three assays was recorded and used as the lactate 

concentration for the given sample. Blood lactate analysis with this device has a 

standard error of 0.2 mmol/L based on five replicates of a standard. The 
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manufacturer reports that the instrument delivers a linear response for lactate in the 

o to 30 mmol/L concentration range, which is within the range of the samples used. 

Near Infrared spectra were coUected with a Nicolet Magna-IR 550 FTNIR 

spectrometer equipped with a tungsten-halogen lamp, a quartz beamsplitter and a 

cryogenicaUy cooled indium antimonide (InSb) detector. Sixt y-four interferogram 

sc ans at a spectral resolution of 2 cm- I were averaged over the 890 nm to 2500 nm 

(11500-4000 cm- 1
) spectral range. Single-beam spectra were computed using a Happ

Genzel apodization and Fourier transformation routines available on the system. 

Background spectra of air were taken at hourly intervals. Samples were held in a 

1 mm pathlength rectangular Infrasil quartz ceU from Starna (Atascadero, CA). 

Sample temperature was controlled and maintained with a copper-jacketed ceU holder 

equipped with a YSI Model 72 Temperature Controller (Yellow Springs Instruments, 

Yellow Springs, Ohio) to 25 ± O.l°C. Temperature was monitored continuously 

during data collection with a copper-constantan thermocouple probe placed into the 

sample holder. 

4.3.2 Reagents 

To identify the spectral characteristics of lactate from other blood 

constituents, a pure lactate spectrum was collected. Sodium lactate was purchased in 

dry form (Sigma Chemical, St. Louis, MO). A standard solution was prepared by 

weighing a suitable amount of sodium lactate and diluting with a O.lM phosphate 

buffer (pH 7.2). The phosphate buffer was prepared with deionized water. 
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4.3.3 Proced.ure 

Three adult male Sprague-Dawley rats were run on a treadmill at a constant 

speed until exhaustion on separate days. The rats doubled their oxygen consumption, 

and did sufficient exercise to raise their blood lactate concentrations. Samples of 

blood were taken at two time intervals: (1) just prior to exercise; (2) at the end of 

exercise. Lines placed in the superior vena cava-right atrial junction and the 

ascending aorta were used to ensure arterial and venous sampling respectively. Blood 

was drawn into tubes containing lithium heparin beads (Sarstedt Inc., St-Laurent, 

Quebec) and immediately transferred to pre-chilled 0.75 ml microvette tubes 

containing l mg/ml of sodium fluoride, to arrest glycolysis. Samples were analyzed 

by the enzymatic method. Blood was kept on ice between enzymatic and FTNIR 

experiments to arrest metabolism and avoid degradation of samples. 

Samples were put in the thermostated sample holder and given five minutes to 

reach 25 ± 0.1°C, before collecting spectral responses. Just prior to data collection, 

samples were stirred using a laboratory vortex mixer. Spectral measurements from 

randomly selected samples were done to avoid any instrument bias. 

4.3.4 Partial Least Squares Anaiysis. 

To selectively extract lactate information from NIR spectra in the presence of 

other chemical interferents, PLS regression analysis was used.(24,25) Partial Least 

Squares Regression Analysis is a multivariate method used to determine correlations 

between analyte concentrations and spectral responses, assuming a relationship 
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between the two variables. The method consists of extracting orthogonal factors to 

mode! the spectral response that corrdates with the analyte concentrations. Each 

factor describes the co-variance between the calibration spectra responses and the 

analyte concentrations in decreasing amounts. The algorithm used to extract the 

information has been developed previously.(26) To determine the minimum number of 

significant factors to describe the calibration set, the Prediction Error Sum of Squares 

(PRESS) values calculated for each factor was used. The ratios between PRESS 

values for each factor and the minimum PRESS value were calculated and compared 

to F -test value to determine the minimum number of significant factors. (27) 

The second derivative of the 10 absorbance spectra corresponding to unique 

blood samples were divided into calibration and prediction subsets using a leave N

out cross-validation PLS routine. The second derivative spectra were determined 

using the method of discrete differences. (28) The leave-N-out procedure uses an the 

samples but N in the calibration set and estimates the N excluded samples with the 

caiibration results. Rather than using the conventional leave-one-out cross validation 

method, a block of two spectra, corresponding to the venous and arterial blood 

samples from the same rat, was used. Essentially, the procedure uses the spectra from 

8 samples to estimate lactate levels in the other two. The method is repeated until aH 

10 samples have been estimated. This procedure has the advantage of allowing the 

determination of inter-individual variations by estimating lactate at two different 

levels of concentration. An routines used in the analysis were written the 

MATLAB programming language (The Mathworks Inc., South Natick, MA). 
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4.4 Results and Discussion 

4.4.1 Spedral Features. 

Whole blood spectrum is mostly dominated by two main constituents, water 

and proteins. To reduce interferences from water in the lactate determination, the 

2050 to 2400 nm spectral region was used, as reported in previous studiesYS-2
3) This 

range was chosen because water has two absorbance peaks above 1900 nm, centered 

at 1920 and 2630 nm. The major lactate absorbance peaks are located between the 

two water peaks. This point is illustrated in Figure 4.1, where a series of whole blood 

spectra from different rats are shown, after subtraction of a pure water spectrum. A 

difference spectrum of lactate in buffered aqueous solution is also included in Figure 

4.1. As seen in the figure, the three absorbance peaks related to lactate are centered at 

2166, 2254 and 2292 nm. Besides lactate absorbance, Figure 4.1 shows several other 

peaks that are related to other blood constituents. To enhance the spectral variations 

of lactate over the background and remove the offset and baseline variations, second 

derivative spectra rather than raw spectra were used. In Figure 4.2, a series of 

second-derivative spectra from different whole blood samples are shown. The 

regions where lactate contributes are consistent with Figure 4.1. 

4.4.2 Optical Patbiength 

A 1 mm pathlength was chosen according to previous studies that reported 

successful quantification oflactate.(l9-21,23) However, the optical throughput is limited 

by the water absorption in the wavelength range picked for the lactate measurement. 
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Figure 4.1: NIR absorbance spectra of rat whole blood specimens and 10 mmoliL 
lactate standard in aqueous buffered solution after water subtraction. 
Lactate standard spectrum has been offset and identified for clarity. 
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Figure 4.2: Second derivative of NIR absorbance spectra of rat whole blood 
speCImens. Arrows indicate the regions where changes in lactate 
concentration are contributing. 
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The root-mean-square (RMS) nOIse of the 100% Hnes computed across the 

2050-2400 nm using a linear model is 10.2 mil1i Absorbance Units (mAU). The 

signal-to-noise ratio (SNR) is approximately 20 at 2166 nm, which appears sufficient 

for lactate measurement. 

4.4.3 PLS Calibration Modeis. 

While the first factors contribute the most to the PLS model, 10 factors is the 

minimal number of PLS factors as determined by PRESS and shown in Figure 4.3. 

However, an F-test at a 95% confidence level shows that no statistically significant 

difference exists between 3 and 10 PLS factors. Therefore, three factors were chosen 

for analysis. The last seven factors, out of the ten chosen by PLS, appear to be 

associated with smaller changes between individuals, like matrix differences or pH 

changes during exercise. The absence of covariance between water content or pH 

variations during exercise and lactate level has been shown previously.(23) 

Figure 4.4 shows the linear regression coefficient plot based on a 3 PLS 

factors mode!. This represents the calibration coefficients at each wavelength, as 

determined by PLS. Upon viewing Figure 4.4, it should be noted that the magnitudes 

of the peaks are the important features and both positive and negative values are 

significant. In the figure, several features from the plasma matrix, like water, proteins 

and other plasma constituents can be distinguished. The peaks at 2250 and 2300 nm 

contribute to the greatest extent to the calibration model. Several calibration models 
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Figure 4.3: PRESS plot for lactate cross-validation model based on the 2050 to 
2400 nm spectral range. 
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Figure 4.4: Linear Regression Coefficient plot using 3 PLS factors for the NIR 
detennination of lactate in rat whole blood. Regions where lactate 
contributes are identified. 
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were developed us mg smaHer windows within the 2050-2400 nm range, in an 

attempt to achieve a better correlation of the data. However, the best correlation was 

obtained when the entire range, from 2050-2400 nm, was used to build the model, as 

previously shown. (20) 

Estimations of lactate levels in blood using PLS were obtained by the scalar 

product of the calibration coefficient vector and each spectrum of the data set. 

Results using 3 PLS factors are shown in Figure 4.5. Correlation between the data 

and the hne of identity resulted in a correlation coefficient (r2
) of 0.984. The root 

mean square error of cross-validation (RMSCV) on the linear regression was 

0.29mmollL. Likewise, Figure 4.5 showed similarities between subjects in data 

spreading along the line of identity. This indicates that although tight correlation of 

the data was not apparent at low lactate concentrations, the large change in lactate 

with exercising rat is easily distinguished. 
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Figure 4.5: NIRS estimated vs YS! Lactate Analyser values for rat whole blood 
samples for each of the three subjects. Cross-validation model: 3 PLS 
factors based on 2050-2400 nID spectral segment; n=lO, r2=0.984, 
RMSCV=0.29 mmol/L using a leave 2 out cross-validation procedure. 
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4.5 Conclusion 

It has been shown that lactate measurement in whole blood is possible using 

the NIRS in the 2050-2400nm spectral range. A good correlation is observed 

between estimated and reference lactate levels in blood samples. The method 

achieves a standard error of 0.29 mmoVL, which is weU within the range needed for 

real-time monitoring of lactate in blood for exercising studies. By extending our 

previous work (23) to whole blood, the results represent an important step toward the 

development of an in vivo NIRS method for the determination of lactate. This 

method may provide a faster and non-destructive alternative to current enzymatic 

ones. 
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Lactate in 
Blood with 

Transmission 

In Chapter 4, it was demonstrated that NIRS could potentially estimate lactate 

concentration in whole blood. However, although the experimental arrangment was 

made to increase lactate concentration, no attempt was made to monitor physiological 

parameters such as glucose level, pH variation or hematocrit level during the 

experiment. Therefore, covariance with these parameters may exist when trying to 

estimate lactate. 

To verify that covariance with pH variation and hematocrit was minimized, 

these parameters were measured in whole blood from exercising humans, using the 

same exercise protocol developed previously in Chapter 3. In addition, to investigate 

possible covariance with other blood constituents, standard additions of lactate 

standard were used to generate an extended data set. With this approach, the 

capability of NIRS to distinguish lactate concentration variation from the background 

was confirmed. 

The concept of referenced measurement of lactate against baseline level is 

introduced to investigate the contribution of the background and significantly 

improve lactate estimate results. By considering the lactate estimate at rest as a 

baseline for future variation after exercising, it was possible to maximize lactate 
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concentration variation by subtracting other blood specles contribution to the 

spectrum, since these variations were smaller than that of lactate. In practice, the 

spectrum of a patient at rest was kept as a reference and aU other spectra were taken 

against the reference. Lactate level at rest for a healthy patient is nonnally below 

2 mmol/L. Therefore, variations of lactate above 2 mmol/L were observed. Results 

of the referenced method were compared with previous method to estimate lactate in 

blood. 

5.1 Abstract 

We have evaluated the potential of near-Înfrared spectroscopy (NIRS) as a 

technique for rapid analysis of lactate in whole blood. To test the NIRS technique, a 

comparison was made with a standard clinical method using whole blood samples 

taken from five exercising human subjects at three different stage of exercise. To 

exp and lactate concentration within the physiological range, standard additions 

method was used to generate 45 unique data points. Spectra were collected over the 

2050-2400 nm spectral range with a 1 mm optical path length quartz ceU. Reference 

lactate concentrations in the samples were detennined by enzymatic measurements. 

Estimates and calibration of the lactate concentration with NIRS was made using 

Partial Least Squares (PLS) regression analysis and leave-N-out cross validation on 

second derivative spectra. Separate calibrations were detennined from each of the 

subject samples and cumulative PRESS was used to detennine the number of PLS 

factors in the final model. The results from the PLS model presented are generated 

from the five individual calibration coefficient vectors and provided a correlation 
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coefficient of 0.978 and a standard error of cross validation of 0.65 mmollL between 

the enzymatic assay and the NIRS technique. To study the parameters that impact the 

spectra baseline and the correlation between the calculated model and the data, 

referenced measurements of lactate against baseline spectrum were made for each 

individual. A correlation coefficient of 0.992 and a standard error of cross validation 

of 0.21 mmol/L were found. The results suggest that NIRS may provide a valuable 

tool to assess physiological status for both research and clinical needs. 

5.2 Introduction 

As a key metabolite of glycolytic activity, lactate can be used as a marker for 

the assessment of tissue perfusion and oxidative capacity. Lactate measurements can 

be used to determine the anaerobic threshold during physical exercise.(l) Likewise, in 

critical care, an increase in lactate level reflects an imbalance between lactate 

production and elimination. A lactate concentration less than 2 mmol/L is considered 

as normal.(2) Indeed, if lactate concentration in healthy human is usually maintained 

to 0.7-1 mmol/L, it can exceed Il mmol/L for an individual under stress or shock and 

can go as high as 25 mmol/L. (3) Lactate concentrations higher than 4 mmol/L have 

been found in association with myocardial infarction(4), cardiac arrest(5\ circulatory 

failure(6-7) and in emergency trauma situaüons.C8-9) these cases, measurements of 

lactate levels are of prognostic significance and have to be performed by a rapid and 

robust method. 



99 

Most of the standard clinical methods are based on electrochemical enzymatic 

sensors.(lO-12) However, these methods are invasive and often require substantial 

sample preparations. They are limited by the number of analyses that can be 

performed in a short period of time. Likewise, they do not offer the possibility to the 

clinician of concurrent in vivo or ex vivo monitoring of lactate level in a continuous 

manner. 

Previous studies have shown that near (NIRS) and mid infrared spectroscopy 

can be applied to the determination of lactate in simulated biological matrices, 

amniotic fluid and human plasma.(l3-17) However, these matrices were low scattering 

media. The development of an ex vivo monitoring method for lactate, using blood 

loops or small blood extraction with time, needs to consider the potential impact of 

red cens on the scattering and the absorption of the signaL 

The present study exammes the potential of NIRS to estimate lactate 

concentration in who le human blood. Care was taken so that the lactate concentration 

in this study covered a large portion of the hum an physiological range, which goes 

from 0.3 to 25 mmol/L. (3) The experimental design was developed to minimize the 

contribution of glucose or other species to the lactate estimation. Separate 

calibrations were determined for each of the subject samples using a leave-N-out 

cross validation procedure. The final model was developed using the cumulative 

error of aU the individual models. Both measurements of total lactate concentration 
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for all individuals and change in lactate concentration for each individu al after 

spectral subtraction were considered. 

5.3 Experimental 

5.3.1 Instrunmentation 

Whole blood samples were assayed in triplicate for total blood lactate with the 

use of a YSI Model 1500 Sport Lactate Analyzer (Yellow Springs Instruments, 

Yellow Springs, OH). This instrument uses a proprietary electrochemical enzymatic 

detection of lactate. The mean of three results was recorded. Blood lactate analysis 

with this device has a standard error of 0.2 mmol/L based on five replicates of a 

standard. The manufacturer reports that the device delivers a linear response for 

lactate in the 0 to 30 mmol/L concentration range. 

5.3,2 Sample Collection 

Five healthy adult subjects (four males and one female) were tested during 

maximal effort made by a 30-s sprint on a modified isokinetic cycle. The cycle was 

modified to have the pedai speed fixed and effort translated into greater force 

generationYS) The study was approved by the Ethics CommÏttee of the Montreal 

Children' s Hospital, in accordance with the Helsinki Declaration of 1975. After 

signed informed consent, and prior to exercise, an intravenous line was placed in the 

antecubital fossa, and kept patent (open) with a 0.9% saline solution. Blood was 

sampled at three time intervals: (1) just prior to exercise; (2) at the end of exercise; 
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(3) 10 min. following exercise. This approach was used in an attempt to cover the 

largest portion of the hum an physiological lactate concentrations. Blood was drawn 

into tubes containing lithium heparin beads (Sarstedt Inc., St-Laurent, Quebec) and 

immediately transferred to pre-chilled 0.75 mL microvette tubes containing 1 mg/mL 

of sodium fluoride, to arrest glycolysis. Samples were analyzed for lactate by the YSI 

enzymatic method. The pH of aH blood samples was measured with the use of a 

microProbe pH electrode (Fisher Scientific), since pH variations may have an effect 

on the water spectrum,o 9-20) Likewise, to monitor the potential impact on light 

scattering, blood hematocrit was measured for aU samples. For the hematocrit 

measurement, blood samples were placed in capillary tubes. The tubes were loaded 

into a centrifuge and spun at l3000 rpm for 1 minute. Hematocrit was measured by 

reading the volume percentage of the red blood ceUs in the tubes using a micro

capillary reader. Blood was kept on ice between enzymatic and FT -NIR experiments 

to arrest metabolism and avoid degradation of samples. 

5.3.3 Sample Preparation 

The lactate concentrations obtained from the subjects studied range from 0.36 

to 8.93 mmollL. To exp and the lactate concentration within the physiological range 

for this study, each blood sample was divided in three sub-samples. Aliquots of a 

standard lactate solution were added to two of the three sub-samples to raise the 

original lactate concentration by 5 and 10 mM respectively. The main advantage 0 f 

this procedure is that a limited number of samples is required to cover a wider range 

of lactate concentrations. Likewise, because only lactate is varying in the sub-
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samples, it reduces the possible covariance wÎth other blood constÏtuents that may 

vary during exercise. This method has been shown to provide improved prediction 

quality and enhanced calibration model robustness in samples with complex 

background.(21) Sodium lactate was purchased in dry form from Sigma Chemical 

(St. Louis, MO). A standard solution was prepared by weighing suitable amounts of 

sodium lactate and diluting with pH 7.3 O.lM phosphate buffer. Phosphate buffer 

was prepared with deionized water. The pH of the phosphate solution was close to 

the blood pH of this study, which ranged from a low of 7.44 to a high of 7.62 for aH 

of the samples. Likewise, the amount of buffered solution added to spike the blood 

samples was relatively small compared to the blood samples volume (5~L of 

phosphate buffer in 500~L ofblood sample). No pH changes were seen related to the 

addition of the phosphate solution into the blood samples. Likewise, an ANOV A test 

between samples taken at rest and 10 minutes after exercise indicated there was no 

difference with pH at the 95% confidence level. 

Samples were put in the thermostated sample holder and given five minutes to 

reach 25 ± 0.1°C, before collecting spectral responses. Just prior to data collection, 

respective blood sub-samples were spiked with lactate standard solution. To ensure 

homogeneity, an samples were gently stirred using a laboratory vortex mixer before 

measurements. Spectral measurements from randomly selected samples were done to 

avoid instrument bias. 
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5.3.4 Data Collection 

Spectra were coUected with a Nicolet Magna-IR 550 Fourier transform near-

infrared (FT-NIR) spectrometer (tungsten-halogen lamp / quartz beamsplitter) 

equipped with an InSb detector using a l mm pathlength rectangular Infrasil quartz 

ceU from Stama (Atascadero, CA). The spectral range scanned was from 890 to 

2500 nm (l1500-4000cm- I
). A total of64 interferogram scans at a spectral resolution 

of 2 cm- l were averaged. Single-beam spectra were computed with a Happ-Genzel 

apodization and Fourier transformation routines available on the system. Background 

spectra of air were taken every hour. Sample temperature was controlled to 

25 ± O.l°C with a copper-jacketed ceU holdercoupled with a YSI Model 72 

temperature controUer. Temperature was monitored continuously during data 

collection with a copper-constantan thermocouple probe placed into the sample 

holder. Likewise, to evaluate the potential impact of the sedimentation of red ceUs on 

lactate concentration, spectra were collected in triplicate for each of the samples. No 

significant differences in lactate concentration were seen between spectra of the same 

samples. The average spectrum was then used throughout the study. 

5,3,5 Data analysis 

Two pre-processing steps were used on the spectra. First, an spectra were 

mean centered. Mean centering emphasized the subtle variations in the spectra due to 

changing lactate concentrations. To enhance the spectral variations of lactate over the 

background and minimize baseline variation, the second derivative of aH blood 

sample spectra was calculated using discrete differences. (22) Partial Least Squares 
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(PLS) regression analysis was then made on the pre-processed data. The PLS method 

and the second derivative routine have been developed previously and details of the 

algorithm have been discussed.(22-23) For robust estimation using PLS, a separate 

calibration and validation data set are required. A cross validation method was used 

rather than regular calibration and validation data sets, since there were 45 unique 

samples. To ensure that variations between patients could be determined, a leave

one-individual-out cross-validation approach was used. Because each individual is 

excluded and estimated by the four others, this approach can be used to demonstrate 

the model is robust. In this study, blocks of nine samples from the same volunteer 

were left out. Basically, the procedure uses the spectra from four volunteers to 

estimate lactate levels in the nine samples of the fifth. Iteration is done to estimate aIl 

samples from each individual. The final model is built using the five individual 

calibration coefficient vectors to estimate the lactate concentration in each of the 

samples. This type of calibration is more robust than conventional leave-one-out 

cross validation model, because the model estimates lactate concentration in nine 

different samples from the same individual at a time rather than one in the leave-one

out cross validation procedure, thus allowing for inter-individual composition 

differences. The prediction error sum of squares (PRESS) with F-test significance 

comparisons were used to determine the minimum number of statistically significant 

factorsY4) The number of latent variables used in the model presented in this study is 

determined using the cumulative PRESS calculated from the sum of the five leave

one-individual-out cross validation. AU programs for input of spectral data, pre-
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processing and cross-validation were written in Matlab (The Mathworks me., South 

Natick, MA). 

5.4 Results and Discussion 

Spectra ofwhole blood are mostly dominated by two main constituents: water 

and proteins. To reduce interference from water, the spectral region extending from 

2050 to 2400 nm was chosen for the lactate determination.(13-17) This spectral range 

inc1udes the major lactate absorbance peaks, which are located between the two water 

peaks centered at 1920 and 2630 nm. 

A 1 mm pathlength was chosen so that absorption due to lactate was sufficient 

for quantification and to achieve a good signal-to-noise ratio.(17) The root-mean

square (rms) noise of the 100% hnes computed across the 2050 - 2400 nm using a 

linear mode! is 4.3 milli Absorbance Units (mAU) and the signal is 82.6 mAU. The 

signal-to-noise ratio (SNR) at 2160 nm was then approximately 20, which was 

sufficient to distinguish lactate absorption over the background. Likewise, blood 

hematocrit ranged from a low of 40.0 to a high of 53.7 for aH of the samples. Only 

small variations during exercise and between subjects were seen. An ANOV A test 

between individuals indicated that hematocrit variation between blood samples taken 

ai Test and 10 minutes following exercise were not statisticaHy significant at a 95% 

confidence level. 
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Befme the leave N-out cross-validation PLS routine was used, the second 

derivative of aH the raw absorbance spectra was taken. The second derivative 

enhanced the spectral variations of lactate over the background and minimized 

baseline variation. In Figure 5.1, a series of second-derivative spectra from different 

patients' blood samples are shown. 

As shown in Figure 5.2, the minimum of the plot lS reached with 12 factors. 

This corresponds to the smallest standard error in the determination of lactate within 

the 2050 to 2400 nm range. It has been demonstrated that calibration performance 

depends on the spectral range used. (13) In an attempt to optimize the calibration, 

several calibration models were developed using smaller windows within the 

2050-2400 nm. No improvement was found. The minimum number of PLS factors 

to use for lactate determination was calculated using an F-test at a 95% confidence 

level. The result showed that no statistically significant difference exists between 7 

and 12 PLS factors. Therefore, the calibration set used to estimate the lactate 

concentration was constructed using 7 factors. 

Estimations of lactate concentration in whole blood were obtained by the 

scalar product of the regression calibration coefficients vector, from the five 

individual calibration coefficient vectors, and each spectrum of the data set. Results 

using 7 PLS factors are shown in Figure 5.3, where unspiked samples have been 

identified. Correlation between the data and the line of identity gave a correlation 

coefficient (/) of 0.978. The standard error of cross-validation (SECV) on the linear 
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Figure 5.3: NIRS estimated vs. YSI Lactate Analyzer values for whole human blood 
sarnples for each of the five subjects. Cross-validation model: 7 PLS 
factors based on 2050-2400 nrn spectral segment; n=45, r2=0.978, 
RMSCV= 0.65mmol/L using a leave-9-out cross-validation procedure. 
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regression was calculated to be 0.65 mmol/L. There is an increased spread in the data 

at low lactate concentrations. However, as shown in a previous study where lactate 

was measured in human plasma, no particular grouping in the data is seen.(l7) This 

consideration indicated that possible variation in blood composition between 

individuals has !iUle impact on the model. Likewise, Fig. 5.3 showed similarities 

between subjects in data spread about the line of identity. This indicates that 

although tight correlation of the data was not apparent at low lactate concentrations, 

the large change in lactate induced by exercÎse or sample spiking is easily 

distinguished. This will also be expected in illness situations. 

As mentioned previously, a lactate concentration of less than 2 mmol/L is 

considered as normal. (2) Clinicians are therefore interested in lactate concentrations 

changes above 2 mmol/L. The current mode! represents the minimum needed to 

monitor lactate changes that could occur around that threshold value. Most of the 

variation appears to come from smaH baseline differences of blood within each 

subject samples. To test models with reduced blood composition difference, spectra 

from unspiked samples of subjects at rest were subtracted from the other spectra of 

each subjects. In fact, five spectra, one from each individual, were then removed 

from the original 45 samples. This operation is equivalent to a single reference taken 

at the beginning of the experiment for each of the individuals and allows the 

observation of trends in lactate concentration changes. 
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The two pre-processing steps were applied on the resulting spectra and the 

PLS routine was recalculated. The minimum number of PLS factors to use, 

calculated with an F-test ai a 95% confidence level, was six. Figure 5.4 shows the 

estimations of referenced lactate concentrations in whole blood using the 6 PLS 

factors. Correlation between the data and the line of identity gives a correlation 

coefficient (/) of 0.992. The standard error of cross-validation (SECV) on the linear 

regression is 0.21 mmol/L. The standard error improvement for referenced lactate 

measurements compared to the absolute measurements is evident. The standard error 

has decreased by a factor of three. This translates to a significant improvement in the 

capability of the model to estimate lactate concentration change. These results 

indicate the potential of referenced lactate measurements for ex vivo physiological or 

clinical assessment when lactate change in an individual is significant such as seen 

during on-line monitoring of exercise or illness. 

5.5 Conclusion 

It has been shown that lactate measurement in whole human blood was 

possible with the use of the NIRS in the 2050-2400nm spectral range. A good 

correlation is observed between estimated and reference lactate levels in blood 

samples. The method achieves a standard error of cross validation of 0.65 mmol/L. 

By spiking the original blood samples, we were able to exp and the lactate 

concentration within the physiological range. Though the spiking is not reproducing 

exactly what is expected in vivo, the agreement of the data between the spiked 

samples and the naturally varying lactate concentrations is very good. This 
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Figure 5.4: NIRS estimated vs. lactate referenced values for whole human blood 
samples for each of the five subjects. Cross-validation model: 6 PLS 
factors based on 2050-2400 nm spectral segment; n=40, r2=0.992, 
RMSCV= 0.21 mmollL using a leave-9-out cross-validation procedure. 
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indicates that spiking has Ettle impact on the spectra besides lactate increase. 

However, the model shows sorne limitation at low lactate concentrations. To improve 

the precision of the method, referenced measurements of lactate concentration were 

calculated. The mode! estimated referenced lactate concentrations higher than 

2 mmoVL, with a standard error of cross validation of 0.21 mmollL. 

Likewise, the possible variability of blood specimens was minimized by the 

experimental design chosen. This experimental design, which includes both the 

30-seconds sprint and the standard addition method, allows the development of a 

calibration mode! that emphases the contribution of lactate over other blood species. 

As previously mentioned, components such as glucose do not vary significantly 

during this exercise protocol. Furthermore, by referencing the lactate measurement 

for each individual, the overall results are improved by mainly minimizing the error 

seen at low lactate concentration due to baseline variations. The results of this work 

represent an important step towards the development of an ex vivo NIRS method for 

the determination of lactate. One such potential system would be an ex vivo flow 

through cell to determine referenced lactate concentrations. This in-line system 

would still require blood to be drawn, but no sample handling would be needed. This 

approach represents a faster and nondestructive alternative to current enzymatic 

methods, which could have significant impact in clinical situations or exercise 

physiological studies. 
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In vivo Lactate Measurement 
tissue 
Diffuse 

Human 
Infrared 
Spectroscopy .. 

by Near ... 
Reflectance 

In each of the previous chapters, lactate concentration was estimated from the 

information extracted from transmittance spectra of fluid samples. Although 

absorbance and scattering may be significant for sorne samples, transmittance 

spectroscopy was feasible by keeping the optical pathlength of light to 1 mm. In this 

chapter, in vivo tissue measurements were investigated. Although, sorne difficulties 

exist to do this kind of measurement with a body part offering an optical pathlength 

of 1 mm or less, sorne studies have suggested several capillary-rich locations to 

preferably make in vivo analysis by NIR (see section 2.1.2.2.1.1). However, for most 

of these locations, the sample thickness does not allow near infrared light to penetrate 

into the tissue to quantify a sufficient volume of the capillaries. 

To overcome this problem, a novel approach was evaluated. First, a fingemail 

was chosen for the in vivo measurements, because nail provided an easy access to 

capillaries of the fingemail bed. Likewise, the wavelength range was changed from 

2000-2400 nm to 1500-1750 nm. This region of the electromagnetic spectrum 

corresponds to the first overtone of O-H, C-H and N-H stretching vibrations. The 

wavelength range change was motivated by two major advantages: fingemail is 

almost transparent this range and penetration depth into tissue is greater, sincc 

absorption was less. Figure 6.1 shows a transmittance spectrum from a nai 1 
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Figure 6.1: NIR transmÏttance spectrum of a typical human nail of 0.75 mm thickness. 
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of 0.75 mm thickness in the 1500-1750 nm wavelength range. Finally, diffuse 

reflectance was chosen as an alternative to the transmittance spectroscopy used 

previously for this study. While specular reflectance corresponds to the reflected 

light travelling with the same angle than the one of the incident light, diffuse 

reflectance is defined as reflectance of light travelling in aU directions. Diffuse 

reflectance has shown its potential and is now widely accepted as a method for 

quantitative analysis. 

To collect diffuse reflectance spectra of a human fingernail bed, there was a 

need to modify the instrument configuration and develop a sample holder. 

Furthermore, one objective in tms chapter was to investigate spectral variations that 

take place during in vivo measurements and correlate them to changing constituents. 

2D correlation spectroscopy was used to achieve this objective. The method is 

described in Appendix B. 

6.1 Instrument Configuration 

To successfully take reflectance spectra on human fingernail bed, sorne 

modifications of the FT -NIR spectrometer were necessary. As shown on Figure 6.2, 

an external source was used to provide more light to the sample. Furthermore, 

because the optical arrangement of the instrument was for transmÏttance 

spectroscopy, two flat mirrors were added in the sample compartment (M4 and M5) 
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Schematic diagram of the modified Nicolet Magna-IR 550 FT-NIR 
spectrometer to allow diffuse reflectance spectroscopy. Ml, M4 and MS 
mirrors were added to the original setting of the instrument. 
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to preferably collect diffuse reflectance. The system was designed to be slightly out 

of focus at the sample so that measurements were less sensitive to finger movement. 

Results of a study where the finger was moved (backlforthlleft/right) between 

repeated measurements showed the estimated lactate concentration varying by less 

than 3%. 

Although the variability associated with finger movement was small, a sample 

holder was designed to minimize them. The sample holder was located at one of the 

focuses of the Cassegrain mirror to maximize light collection. Figure 6.3 shows the 

sample holder designed for the diffuse reflectance spectra collection. The finger 

rested on the small rod. The height of the rod was adjustable so that the fingemail 

bed was at the center of the beam. Movements of the finger were minimized by a 

support fasten to the rod. With the new sample holder in place, repeated 

measurements showed that variability of the signal was below noise level. 
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Figure 6.3: Front and left side view of the sarnple holder (with a finger) designed to 
rninirnize finger rnovernent during diffuse reflectance measurernents of 
the fingemail bed. 
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6.2 Abstract 

We have evaluated the potential of near-infrared spectroscopy (NIRS) as a 

technique for in vivo measurement of lactate during exercise in humans. By using 2D 

correlation spectroscopy, lactate was identified as the primary constituent that was 

monitored by the in vivo measurements. Estimates and calibration of the lactate 

concentration by NIRS was made using Partial Least Squares (PLS) regression 

analysis and leave-N-out cross validation on second derivative spectra. Regression 

analysis provided a correlation coefficient of 0.74 and a standard error of cross 

validation of 2.21 mmollL. To study the parameters that impact the spectra baseline 

and the correlation between the ca1culated model and the data, lactate spectra were 

referenced against a baseline spectrum for each individual. For the referenced data, a 

correlation coefficient of 0.97 and a standard error of cross validation of 0.76 mmol/L 

between the enzymatic assay and the NIRS technique were found. The results 

suggest that NIRS may provide a valuable to01 to assess in vivo physiological status 

for both research and clinical needs. 

6.3 Introduction 

In critical care, the continuo us monitoring of blood lactate is of significant 

importance. An increase in lactate level reflects an imbalance between lactate 

production and elimination. Lactate can then be used as a marker for the assessment 

of tissue perfusion and oxidative capacity. While a who le blood lactate concentration 

of less than 2 mmollL is considered as normal (1), concentrations higher than 
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4 mmollL have been found in association with myocardial infarction (2), cardiac arrest 

(3), circulatory failure (4, 5) and in emergency trauma situations. (6, 7) Likewise, the 

change in pattern or the trend towards an increase ofblood lactate is a good indicator 

of survivaL(8, 9) In aH these cases, measurements of lactate levels are of prognostic 

significance and have to be performed by a rapid and robust method. 

However, most of the standard clinical methods for lactate analysis are not 

adapted for continuous lactate monitoringYO-12) They often require substantial 

sample preparations and for this reason, do not offer the possibility to the clinician of 

concurrent in vivo or ex vivo monitoring of lactate level in a continuous manner. To 

achieve at patient monitoring of lactate, several in vivo biosensors (10,13-15), 

ex vivo (16-18) and microdialysis procedures (19,20) have been developed. Although they 

overcome some of the problems, these methods suffer from several drawbacks. 

Biofouling, biocompatibility, thrombi formation, calculation of the recovery and 

discomfort for the subjects are some of the major disadvantages and problems of 

these techniques that ultimately remain invasive devices.(21-24) 

Previous studies have shown the potential of near infrared spectroscopy 

(NIRS) to monitor non-invasively tissue oxygenation(25-30) and other metabolites(31-38 l . 

Likewise recently, in vitro measurement of lactate was aiso made using Near Infrared 

Spectroscopy.(39-41) The present study investigates the feasibility of in vivo 

monitoring of some physiological markers such as glucose, lactic acid, hematocrit or 

body temperature using NIRS diffuse reflectance spectroscopy. The experimental 



124 

design was developed to mmlmlze covanance between speCleS such as glucose, 

lactate, pH, water and pro teins changes, etc ... Separate càlibrations were determined 

for each of the subject samples using a leave-N-out cross validation procedure. Both 

measurement of total species concentration for an individuals and change in species 

concentration for each individual after spectral subtraction were considered. 

6.4 Materials and Methods 

6.4.1 Sample Collection 

Ten healthy adult subjects (six males and four females) were tested during 

maximal effort made during a 30-s sprint on a modified isokinetic cycle. The cycle 

was modified to have the pedal speed fixed and effort translated into greater force 

generation.(42) The study was approved by the Ethics Committee of the Montreal 

Children's Hospital, in accordance with the Helsinki Declaration of 1975. After 

signed informed consent, and prior to exercise, an intravenous tine was placed in the 

antecubital fossa, and kept patent (open) with a 0.9% saline solution. Blood was 

sampled at four lime intervals: (1) just prior to exercise; (2) at the end of exercise; (3) 

5 min. following exercise; (4) 10 min. foHowing exercise. This approach was used in 

an attempt to induce changes within the human physiological ranges for lactate, while 

minimizing covariance with other species. Blood was drawn lnto tubes containing 

lithium heparin beads (Sarstedt Inc., St-Laurent, Quebec) and immediately transferred 

to pre-chilled 0.75 mL microvette tubes containing 1 mg/mL of sodium fluoride, to 

arrest glycolysis. Samples were then spun at 15 000 rpm at room temperature for 

5 minutes in a Eppendorf microcentrifuge Model 5417C (Eppendorf Scientific, 
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Westbury, NY) to remove plasma for analysis. Plasma samples were each assayed 

once on a Kodak (Vitros) Model 750 (Orthoclinical Diagnostics, Rochester, NY) for 

lactate and glucose. Likewise, to monitor the potential impact on light scattering, 

blood hematocrit was measured for an samples. For the hematocrit measurement, 

blood samples were placed in capillary tubes. The tubes were loaded into a 

centrifuge and spun at 13000 rpm for 1 minute. Hematocrit was measured by reading 

the volume percentage of the red blood ceUs in the tubes using a micro-capillary 

reader. 

6.4.2 Data CollectiomE. 

Spectra were collected with a Nicolet Magna-IR 550 Fourier transform ne ar-

infrared (FT-NIR) spectrometer (quartz beamsplitter). The instrument was equipped 

with stabilized external quartz tungsten halogen source (300 W, Oriel) and an InSb 

detector. A sample holder, that allowed the finger to rest in front of the light beam, 

was used to minimize finger movement during exercise and data collection. Two flat 

mirrors (Edmund Scientific Company, Inc., Barrington, NJ, USA) were used in the 

sample compartment to bring light to the fingernail and allow diffuse reflectance NIR 

spectra to be obtained. The spectral range scanned was from 1000 to 2500nm 

(11500-4000cm-1
). A total of 64 interferogram scans at a spectral resolution of 

16 cm-1 were averaged. Single-beam spectra were computed with a Happ-Genzel 

apodization and Fourier transformation routines available on the system. Background 

spectra of air were taken every hour. Skin and body temperatures were monitored 

during data collection with a copper-constantan thermocouple probe and a 
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thennometer (Becton and Dickinson, Mississauga, Ont.) placed respectively in the 

hand and the mouth of the subject. In this study, the spectral range from 

1500-1750nm was used to do trancutaneous measurements. There were several 

reasons that motivated the choice of diffuse reflectance spectroscopy of the human 

nail bed at these wavelengths. First, the fingemail is relatively transparent in this NIR 

region with absorption near 1660 and 1740nm.(43) With the 10w absorption, a 

significant portion of the reflectance signal that arises cornes from the nai! bed or 

deeper, where the tissue is rich in capillary blood vessels.(43) Furthennore, the root

mean-square (nns) noise of the 100% lÏnes computed across the 1500 -1750nm range 

using a linear model is 1.38 micro Absorbance Units (flAU). The signal-to-noise 

ratio (SNR) at 1690nm is approximately 20, which is sufficient to distinguish species 

absorption over the background. Finally, several species like lactate or glucose show 

absorptivities of acceptable magnitude in this spectral range. 

6.4.3 Data analysis 

To detennine the predominant change in the spectra, 2D correlation 

spectroscopy was used.(44-46) The technique of 2D correlation spectroscopy was 

developed for characterizing differences in spectral responses between elements of a 

set of spectra with certain variations present among them. Two pre-processing steps 

were used on the spectra before plotting the 2D correlation spectmm. First, al! 

spectra were mean-centered. Mean-centering emphasized the subtle variations in the 

spectra due to changing species concentrations. To enhance the spectral variations 0 f 
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species over the background and minimize baseline variation, the second derivative of 

an blood sample spectra was calculated using discrete differences.(47
) 

Following the .determination of the predominant species in the spectra, Partial 

Least Squares (PLS) regression analysis was made on the pre-processed data. The 

PLS method and the second derivative routine have been developed previously and 

details of the algorithm have been discussed. (47,48) For robust estimation using PLS, a 

cross validation method was used with the 40 unique samples. In this study, blocks 

of four samples from the same volunteer were left out. Since each individual is 

excluded and estimated by the nine others, the leave-one-individual-out cross

validation approach ensures that variations between patients could be determined. 

The final model is developed using the ten individual calibration coefficient vectors 

to estimate the concentration in each of the samples. The prediction error sum of 

squares (PRESS) with F-test significance comparisons was used to determine the 

minimum number of statisticaUy significant factors. (49) The number of latent 

variables used in the model presented in this study is determined using the cumulative 

PRESS calculated from the sum of the ten leave-one-individual-out cross validations. 

AH programs for input of spectral data, pre-processing, 2D correlation plot and cross

validation were written in Matlab (The Mathworks Inc., South Natick, MA). 
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6.5 Results and Discussion 

In order to detennine wavelengths that mainly correlate over time with 

spectral changes, a correlation coefficient plot is shown in Figure 6.4. Although it 

was not possible to assign sorne of the most correlated wavelengths with a particular 

species (1586nm, 1 593nm, 1626nm and 1716nm), other correlated wavelengths can 

be assigned to glucose (l612nm and 1689nm) and lactate (1675nm, 1690nm and 

1730nm). No correlated wavelengths are related to water. Table 1 shows changes 

over time of lactate and glucose concentration for each of the ten individuals. 

Ta better understand what induced spectral changes over the course of time, 

2D correlation analysis was used. Figure 6.5 shows the synchronous (bottom) and 

asynchronous (top) 2D correlation spectra from hum an nails bed. Both are presented 

together because they show symmetry with respect to the central diagonal. The 

synchronous spectrum represents the simultaneous or coincidental changes of spectral 

intensity variations measured at two different wavelengths during the 10 minutes 

interval chosen for the experiment. The synchronous spectrum shows correlation 

peaks appearing at both on and off diagonal. The on-diagonal peaks or "autopeaks" 

correspond to the autocorrelation of a wavelength. Thus, the evaluation of the 

synchronous spectrum along its diagonal provides the overaH extent of dynarnic 

fluctuations in the spectral intensity. Likewise, the off-diagonal peaks or "cross

peaks" show the simultaneous changes of signaIs that occur at two different 

wavelengths. The magnitude and position of cross-peaks can then be useful to 
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Figure 6.4: Correlation coefficient plot based on diffuse reflectance spectra from the 
fingemails of each of the subjects. 
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Table 1: Lactate and glucose concentration changes over the course for each of the ten 
individuals. 

Lactate Glucose 
(mmollL) (mmollL) 

At t=O min t=5 min t=10 At t=O min t=5 min 
rest mm rest 

Subject 1 0.9 1.8 11.2 10.9 5.0 5.4 5.4 

Subject 2 0.7 2.1 5.1 5.4 4.6 4.6 4.6 

Subject 3 0.8 1.2 6.3 6.9 4.6 4.5 4.7 

Subject 4 0.9 1.6 6.0 5.6 4.6 4.8 5.0 

Subject 5 1.0 2.0 8.0 8.3 5.1 5.5 5.1 

Subject 6 0.9 1.6 4.8 4.9 5.2 5.2 5.3 

Subject 7 1.0 2.2 3.1 3.2 4.5 4.4 4.6 

Subject 8 1.5 1.7 5.8 5.7 5.9 5.7 5.7 

Subject 9 1.0 1.4 5.2 4.6 4.9 4.9 4.7 

Subject 10 1.1 1.0 10.1 10.1 4.9 4.7 5.4 

t=10 
mm 
5.3 

4.5 

4.7 

4.9 

5.2 

5.3 

4.6 

5.6 

4.7 

5.1 
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Figure 6.5: 2D-NIR correlation spectra (synchronous and asynchronous) based on 
diffuse reflectance spectra from the fingernails of each of the subjects. 
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determine whether simultaneous spectral changes in wo wavelength reglOns are 

coupled.(44-46) The synchronous spectrum in Figure 6.5 shows that the predominant 

change is centered at 1662nrn, but the peak is broad. In an attempt to assign sorne of 

the features to species of interest, standard buffered solutions were prepared. It was 

determined that in the selected spectral range (1500-1750nrn) lactate shows 

absorption at 1675, 1690 and 1730nrn, while glucose shows at 1613, 1689 and 

1732nm.(50) The feature at 1662 appears to be a combination of absorption from 

fingemail (1660nrn) and lactate (1675nrn). Furthermore, anti-correlated changes 

appear between 1710nrn and 1690nrn and 1735nm. While the feature at 1690nm can 

be assigned to lactate, the feature at 1735 appears to be a cornbination of absorption 

from lactate (1730nrn), glucose (1732nrn) and fingemail (1740nm). 

The top part of Figure 6.5 shows the asynchronous spectrum. The 

asynchronous spectrum represents the sequential or successive information changes 

in spectral intensities measured at two different wavelengths.(46) Unlike the 

synchronous spectrum, the asynchronous plot does not have autopeaks, but only off

diagonal cross-peaks and is antisymmetric with respect to the central diagonal. 

Furthermore, the sign of the cross-peak can be used to determine the sequential order 

of the spectral changes that occur. A positive asynchronous cross-peaks ai O~l, À.2) 

indicates that a change at À. 1 occurred predominately before À.2 in the sequential order 

of changes. In Figure 6.5, out-of phase changes appear at 1636nm, 1600nm and 

1550nrn and, but with opposite sign, at 1610nrn and 1575nm. While the srnall out-of-
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phase feature at 1610nm can be assigned to glucose, the other features of the 

asynchronous spectrum have not been assigned, but can be related to other species of 

human tissues such as proteins. Furthermore, the absence of peaks in the 

asynchronous spectra at 1710, 1690 and 1735 nm indicate that the peaks arise from 

the same species. 

Since 2D correlation analysis is a method for visualizing the relationship 

among the variables in multivariate data, it led to the identification of two potential 

species, lactate and glucose that could be monitored through NIR fingemail diffuse 

reflectance. To confirm which one of lactate or glucose offers the best potential, PLS 

models were determined for both species. However, to develop an acceptable PLS 

model, no covariance between the multiple components of the sample matrix should 

be seen. Table II lists the correlation coefficients between measured lactate, glucose 

and the other parameters. 

Table II: Correlation coefficients (R) calculated between lactate and other measured 
parameters. 

Glucose Hematocrit Temp. -finger Temp. - mouth 

0.2668 0.3793 0.5212 0.2441 
Lactate 

-0.0633 0.0849 0.0181 
Glucose 

0.2956 -0.1742 
Hematocrit 

0.3425 
Temp. - finger 
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As expected, no significant correlation was found between these parameters. 

Likewlse, it has previously been shown that variable light scattering from red blood 

ceUs can be correlated with pH changes in the samples.(51) The correlation with pH is 

caused by variations in light scatter due to red blood cells shrinking and swelling as a 

function of pH.C5
!) However, such correlation is usually seen in experiments where 

pH variation is much larger (> 1 pH unit) than in a physiological study.(39) 

Furthermore, previous study has shown no correlation between spectral changes and 

pH variation in samples during a similar protocol to tms study.(39) 

As shown in Figure 6.6, the minimum of the plot 1S reached with 4 factors for 

lactate. This corresponds to the standard error in the determination of lactate within 

the 1500 to 1750nm range. Figure 6.7 shows the calibration coefficients plot based 

on a 4 PLS model. This represents the calibration coefficients at each wavelength, as 

determined by PLS. Upon viewing Figure 6.7, it should be noted that the peaks 

magnitude are the important features, and both positive and negative values are 

significant. In the figure, the peaks at 1680nm (lactate, fingemail), 1690nm (lactate, 

glucose), 1710nm, 1725nm (lactate, fingemail) and 1740nm (glucose, fingemail) 

contribute to the greatest extent to the calibration model. 

Estimations of lactate concentration in whole blood were obtained by the 

scalar product of the calibration coefficients vector and each spectrum of the data set. 
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Results using 4 PLS factors are shown in Figure 6.8. Correlation between the data 

and the line of identity, resulted in a correlation coefficient (r2
) of 0.74. The standard 

error of cross-validation (SECV) on the linear regression was calculated to be 2.21 

mmol/L. The spread seen in the data possibly cornes from smaU variations in blood 

composition or in the nai! bed during exercise within individuals. However, as shown 

in a previous studies where lactate was measured in human plasma and blood, no 

particular grouping in the data is seen.(39,41) This consideration indicates that possible 

variations in blood composition between individuals has Httle impact on the model. 

Likewise, Figure 6.8 showed that although tight correlation of the data is not 

apparent, the large change in lactate induced by exercise is easily distinguished. This 

will also be expected in illness situations. 

The PLS model was also used to estimate glucose concentration. The 

mmlmum standard error in the determination of glucose was achieved by using 

thirteen factors. However, after a F-test significance companson was used to 

determine the significant number of factors, no difference was found statistically 

between thirteen and four factors. When four factors are used to build the PLS model 

for glucose, the correlation coefficient (y2) gave 0.37 and the standard error of cross

validation (SECV) on the linear regression was calculated to be 1.53 mmollL. This 

result indicates that from the two species, lactate is most likely to be the one that can 

be monitored using the NIR diffuse reflectance of the finger. 
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As mentioned previously, a blood lactate concentration of less than 2 mmol/L 

is considered as normal.(l) Therefore, lactate concentrations changes above 2 mmoliL 

are of the most importance. The current model represents the minimum needed to 

monitor lactate changes that could occur around that threshold value. Most of the 

variation appears to come from baseline differences of blood within each of the 

subjects and the contribution of the fingemail and the fingemail bed to the spectra. 

To test models with reduced blood composition difference and fingemail 

contribution, spectra from volunteers at rest were subtracted from the other spectra of 

each volunteer with the corresponding measured lactate referenced to the standard. 

This operation is equivalent to a baseline correction for each individual, which is 

easily accomplished in the clinic. 

The two pre-processing steps were applied on the resulting spectra and the 

PLS routine was reca1culated. The minimum number of PLS factors to use, 

ca1culated with an F-test at a 95% confidence level, was five. Figure 6.9 shows the 

estimations of in vivo referenced lactate concentrations using the 5 PLS factors. 

Correlation between the data and the hne of identity gives a correlation coefficient 

(r2
) of 0.97. The standard error of cross-validation (SECV) on the linear regression is 

0.76 mmol/L. The standard error improvement for referenced lactate measurements 

compared to the absolute measurements is evident. The standard error has decreased 

bya factor of three. This translates to a significant improvement in the capability of 

the model to estimate lactate concentration change. These results indicate the 
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measurements for each of the ten subjects. Cross-validation model: 5 
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potential of referenced lactate measurements for in vivo physiological or clinical 

assessment when lactate change in an individual is significant. 

6.6 Conclusion 

It has been shown that in vivo lactate measurement in exercising humans was 

possible with the use of the NIRS in the 1500-1750nm spectral range. To improve 

the precision of the method, referenced measurements of lactate concentration were 

calculated. The model estimated referenced lactate concentrations higher than 

2 mmollL, with a standard error of 0.76 mmollL. This approach represents a faster 

and non-invasive alternative to current enzymatic methods and could have significant 

impact in clinical situations or exercise physiological studies. 
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Chapter 7 Conclusion 

7.1 Conclusions from results obtained 

This dissertation has demonstrated the application of NIR spectroscopy for the 

non-invasive determination of lactate in biological fluids and tissues. The project 

began with quantification of lactate in human plasma. It was shown that lactate 

quantification at physiological concentration in complex biological matrix like human 

plasma by NIRS was possible. The work was made using PLS chemometrics and a 

leave-N-out cross-validation routine in the 2050-2400nm spectral range. The method 

achieved a standard error of 0.51 mmoVL using 6 PLS factors. However, the model 

did show sorne limitation for low lactate levels when larger physiological range of 

lactate concentration was used to build the calibration model. However, no particular 

grouping in the data was observed, which indicated that possible variation in plasma 

composition between individuals had little impact on the model. Likewise, 

similarities between subjects in variance along the line of identity seemed to indicate 

that gender had little or no impact on the data grouping. Finally, the error level 

achieved could make possible ex vivo monitoring of lactate in plasma for clinical or 

exercising studies, since this method may provide a faster and nondestructive 

alternative to CUITent enzymatic ones. 

By successfully quantifying lactate in human plasma, blood lactate was then 

investigated. The development of an in-Une instrument to measure lactate would le ad 

to faster diagnosis and cost savings in sample preparation time. Initially, a smaU data 
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set of rat blood was used to study the potential of NIRS for lactate quantification. 

From these measurements, it was shown that lactate assessment in whole blood was 

possible in the 2050-2400nm spectral range by using PLS chemometrics and a leave

N-out cross validation routine. Good correlation was observed between estimated and 

reference lactate levels in blood samples with the method achieving a standard error 

of 0.29 mmoVL. However, although tight correlation of the data was not apparent at 

low lactate concentrations, the large change in lactate with exercising rat was easily 

distinguished. 

To verify that covanance was minimized by the experimental design, an 

extended data set of human whole blood was used in combination with standard 

addition of lactate. This experimental design, which included both the 30-seconds 

sprint and the standard additions of lactate, allowed the development of a calibration 

model that emphased the contribution of lactate over other blood constituents. Good 

correlation was observed between estimated and reference lactate levels in blood 

samples with the method achieving a standard error of cross validation of 

0.65 mmol/L. Furthermore, although the spiking did not reproduce exactly what was 

expected in vivo, the agreement of the data between the spiked samples and the 

naturally varying lactate concentrations was very good. This indicated that standard 

additions had little impact on the spectra besides an increase in lactate. However, the 

model still did show sorne limitation at low lactate concentrations with an increased 

variance, although with no particular grouping. Possible variation in blood 

composition between individuals had little impact on the model, since similarities 



148 

between subjects in variance along the tine of identity were shown. Moreover, the 

large change in lactate induced by exercise and sample spiking was easily 

distinguished. This is also expected in illness situations. 

In addition to the experimental design and the use of standard additions, the 

precision of the method was improved by calculating referenced measurements of 

lactate concentration. The suggested method minimized the error observed at low 

lactate concentration due to baseline variations. The model estimated referenced 

lactate concentrations higher than 2 mmollL with a standard error of cross validation 

of 0.21 mmollL. Based on the results shown with referenced lactate measurements, 

potential ex vivo NIRS method for the detennination of lactate can then be developed 

for in-line monitoring system. This approach would represent a faster and 

nondestructive alternative to current enzymatic methods, which could have significant 

impact in clinical situations or exercise physiological studies. 

The last part of the dissertation evaluated the potential of NIRS for in vivo 

lactate measurement in exercising humans. A FT-NIR instrument was modified to 

allow diffuse reflectance spectroscopy of nail finger beds. Results indicated that 

lactate quantification was possible in the 1500-1750nm spectral range by this method. 

Using PLS chemometrics and a leave-N-out cross validation routine, a correlation of 

0.74 was observed between estimated lactate in tissue and reference lactate levels in 

blood samples. The method achieved a standard error of 2.21 mmoliL. Furtherrnore, 

to improve the precision of the method, referenced measurements of lactate 
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concentration were calculated. The model estimated referenced lactate concentrations 

higher than 2 mmol/L, with a standard error of 0.76 mmoliL. 

7.2 Future directions 

There are several future directions for this research. First, an assumption was 

made during the course of this study on Oxygen saturation and blood pH. It was 

discussed that the range of values of these constituents should not cause significant 

spectral features in the wavelength region of the analysis. However, since both are 

important respiratory constituent which might show correlations with the lactate 

measured, experimental validation of this should be done. 

As discussed in Chapter 4 and 5, the referenced measurement method 

developed has demonstrated that precision in estimated lactate concentration could be 

improved. This method needs to be investigated further with an extended data set, 

including ill patients, to demonstrate the robustness of the model when estimating 

lactate concentration with different pathology. Potentially, direct rneasurements of 

lactate concentration changes could be made ai patient's bedside in real-time that 

could improve significantly diagnosis time for medical staff and indirectly chance of 

survival for the patient. 

Another interesting idea to develop 1S the use of an average spectrum from 

healthy subjects ai rest rather than spectra from individuals as a baseline for the 

referenced measurement. A potential weakness of the current model would be that 
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current method works well when lactate lev el at rest is less than 2 mmol/L. However, 

in clinical situation, most of the time one individual's lactate level will be higher than 

2 mmollL even at rest. This could have a significant impact on diagnosis. For this 

reason, the ability to use an average spectrum from healthy individuals rather than the 

spectrum at rest of an ill patient and referenced the lactate concentration against this 

baseline would simplify greatly the method. To demonstrate the potential of this 

approach, sorne trials were made using an average spectrum ofhealthy subjects at rest 

rather than the individual spectra of each of the participants in the referenced 

measurement method. Figure 7.1 shows the second derivative of an average spectrum 

from ten healthy individuals. As in the other chapters of this thesis, the average 

spectrum was first calculated and then PLS and leave-N-out cross validation routines 

were used to estimate referenced lactate concentration. The preliminary results are 

very encouraging, where referenced lactate concentrations higher than 2 mmollL, 

were estimated with a standard error of 1.04 mmollL. Figure 7.2 shows the 

estimations of referenced lactate concentration using an average spectrum rather than 

spectra from each individual at rest. Results obtained are slightly higher than the one 

reported in Figure 6.9 (0.76 mmollL). This could be related to the limited number of 

individuals to calculate the average spectrum. 

This approach wou Id especially be of use to monitor lactate level in 

patients or in cri tic al care situations. However, the use of an average spectrum of 

healthy subjects in the referenced measurement method needs further development to 

confirm validity for aU individuals. One example would be to develop the average 
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spectrum from a larger group of healthy subjects. Furthermore, independent 

differences in the fingemail thickness and color should be measured, sinee tms would 

have an impact on the absolute measurements described. 

Finally, the trend in modem analytical instrumentation is for miniaturization, 

portability and ease of use. Although aIl the measurements made in this project 

required great care, a high performance FT-NIR instrument and calibration curves, 

the findings made through this project will provide a framework for future 

developments. As example, sorne portable spectrometers working in the NIR range 

(1100-1750 nm) are already available in the market. One system (MieroParts - Steag 

by ALCprecision) was compared to seanmng-type spectrometer in a study where skin 

moisture was measured. (1) Both systems offered similar results when compared to 

capacitance method to measure moi sture level of stratum corneum. There are 

however several advantages to the portable spectrometer. First, spectra are taken 

within 2 seconds in comparison with 45 seconds for the scanning-type spectrometer. 

This makes the instrument less sensitive to environmental changes such as moisture 

or temperature variations while taking measurements. Furthermore, sinee there are 

no moving parts, the instrument is less sensitive to shocks. This suggests possible in 

vivo measurements of lactate could be made usmg one of these portable instruments. 



!l ....... 
c 
:l 
CI) 

> ....... 

X 10.5 

1~""'----~------~""'-----T""'--T-~----""'~ 

0.5 

o 

1ü -0.5 ......... 

~ 
-1 

·1.5!...----........ --.........II........--.........II........--.........I ........ --..........i 

1500 1550 1600 1650 1100 1150 
Wavelength (nm) 

152 

Figure 7.1: Second derivative of an average NIR absorbance spectrum from ten 
healthy human fingemail beds. 
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Figure 7.2: NIRS estimated vs. lactate referenced values for in vivo lactate 
measurements using the average spectrum method. Cross-validation 
model: based on 1500-1750 nm spectral segment; n=30, 
RMSCV= 1.04 mmollL using a leave-4-out cross-validation procedure. 
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Overall, the results ofthis research and the availability of portable instruments 

suggest that a faster and nondestructive alternative to current enzymatic methods may 

be developed. This would have significant impact in clinical situations or exercise 

physiological studies. 

7.3 References 
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Appendix A: Partial Least Squares Analysis 

The PLS method consists of extracting orthogonal factors to model the 

spectral response that correlates with the analyte concentrations. PLS creates new 

orthogonal factors (latent variables) that are linear combinations of the original x

variables. Each factor de scribes the co-variance between the calibration spectra 

responses and the analyte concentrations in decreasing amounts. The first factors 

describe information related to lactate concentration, white later ones are related to 

irrelevant information and noise in the data. The optimal number of factors is 

determined by using the Predicted Residual Error Sum of Squares (PRESS) and the 

PLS prediction of lactate concentration are obtained by multiplying the spectral 

responses of the test set to the calibration coefficient vector. 

Using matrix notation, the "inverse Beer's law" relationship between the 

lactate concentration and the measured spectrum can be described as: 

C=AB (A.I) 

where C 18 a matrix containing of m sample lactate concentrations (m x 1) measured 

by the enzymatic method, A contains spectra of n samples (n x m) and B comprises 

(n xl) wavelength calibration coefficients that relates changes the spectrum to 

lactate content in the sample. The determination of B involves writing both C and A 

into a new coordinate system where original data 1S compressed into loading vectors 

and intensities. The new coordinate can be represented as: 
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A=CWi+E (A2) 

where W is the weight loading vector and E is error matrices. The weight loading 

vector using a least squares solution is then represented by: 

(A3) 

After normalizing W, the score vector T which corresponds to the contribution of the 

weight vector to the data set can be calculated. 

T==AW (A4) 

The score vector can be related to the concentration using the following equation: 

C =vT + e (A.5) 

where v is the vector of coefficient relating the scores to the concentrations. The 

vector v can be expressed as: 

v = Tt C (TtTrl 

the PLS loading vector for A can then be calculated as: 

A=Tbt+E 

b = AtT (T tTr1 

the spectral and concentration residuals are calculated using the equations: 

E =A _Tb t 

e= c-vT 

(A.6) 

(A.7) 

(AS) 

(A.9) 

(AlO) 

The iteration is done by substituting E for A and e for c in equation A2 until the 

desired numbers of loading vectors is reached. 
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The final calibration coefficient vector can be determined usmg the following 

equation: 

(A.ll) 

The algorithm generates a senes of factors, which describes decreasing 

amounts of variance correlating to C. The optimal number of factors is determined by 

using the Predicted Residual Error Sum of Squares (PRESS), which is calculated as: 

(A.12) 

and the PLS prediction of lactate concentration are obtained by multiplying the 

spectral responses of the test set to the calibration coefficient vector B. 
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Appendix : 2D Correlation Spectroscopy 

The 2D correlation spectroscopy was originaUy developed to analyze 

vibrational spectra and simplify their visualization, when dynamic spectral variations 

induced by an extemal perturbation are investigated in complex spectraY-5) 

Correlation analysis yields information about the similarity between two functions, 

that vary with respect to time as the dynamic variable t. (5) In this study, the 

correlation between any two measured responses can be seen with respect to a given 

perturbation induced by the 30 second sprint on the isokinetic cycle. 

According to the generalized mathematical formalism of Noda (3), spectra 

intensity variation in this study can be expressed as a function ofwavelength (À) and 

an index 1: in the time domain as y(À,'t) observed during a period T. The static 

components and the series of dynamic spectra y(À,1:) were calculated by subtracting a 

reference spectrum from each spectrum y(À,'t).(3) In this study, the first spectrum 

recorded at rest just before beginning the 30 second sprint was chosen as the 

reference spectrum. The dynamic spectra was then expressed as (3) 

Y(Â, r) = y(Â, r) - y(Â,O) (B.l) 

The correlation function RÀ.lÂ2('r:) is the product of the two functions for which one 

function is shifted by a time constant t, with respect to the other funcüon.(5) 

"" 
RÀ.iÀ.2(r) = fY(Âl. r)y(Â2. r + t)dr (B.2) 

-00 
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The integral will be large for functions that are highly correlated with one another at a 

given 1:. Inverse relationship will yield negative numbers.(5) IntegraIs that are 

relatively small in magnitude will be obtained for functions that are varying nearly 

independently of one another. Finally, the correlation function evaluated at a 't of 0 

measures the covariance between 1"1 and Â,2. (5) 

To obtain generalized 2D correlation spectra, time domain dynamic spectra 

needed to be converted into the frequency domain using Fourier transform.(3) The 

complex two-dimensional correlation was then defined as (3) 

(B.3) 

where y,(ro) represented the Fourier transform of the spectral intensity variations 

y(Â,!,1:) and Y 2 (ro) was the related conjugate of the Fourier transform of y(Â,2, 1:). The 

real part contains information about the correlations in the response variables that 

oceur in-phase. The imaginary part eontains information about correlations that oeeur 

out-of-phase, wruch means that change in values of one variable lags behind the 

changes of the other.(5
) After integration of the non-negative frequencies, the real part 

of the equation B.2 is called the synchronous 2D correlation intensity, white the 

imaginary part is ealled the asynchronous.(l-S) It should be noted that the synchronous 

and asynchronous spectra exhibit only features that are correlated at the same 

frequency. (5) 
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As mentioned earlier, the synchronous spectrum represents the simultaneous 

or coincidental changes of spectral intensity variations measured at two different 

wavelengths 0"I,Â2) during the 10 minutes interval chosen for fuis experiment. 

Similarly, the synchronous 2D correlation intensity for N dynamic spectra was given 

by the equation:(3) 

1 N - -

CPC~,À2) = N -1 f.;Y/~)·YjCÀ2) (BA) 

where Yj(Âi) was the spectral intensity at a wavelength À.i and a time interval tj. 

In contrast, the asynchronous spectrum represents the sequential or successive 

information changes in spectral intensities measured at two different wavelengths 

(À. J,À.Û.(3,4) However, unlike the synchronous spectrum, the asynchronous 2D 

correlation intensity is more complicated to compute. An efficient way to determine 

N dynamic spectra was given by the expressionY-4) 

(B.S) 

where Mjk corresponds to the jth row and the kth column element of the discrete 

Hilbert-Noda transformation matrix given by:(4) 

{
o 

M -
jk - X-Ck - j) 

if j = k 

othenvise 
(B.6) 
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