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Abstract 
There is a need for a real-time, non-invasive method to monitor blood pH in a patient line 

during cardiopulmonary bypass, as today’s methods are both invasive and time consuming. 

Blood pH is an indicator of physiological and biochemical activity in the body and needs to 

be kept within a relatively narrow range, typically between 7.35-7.45. A pH value outside this 

range can be critical for the patient and therefore needs to be carefully monitored throughout 

the course of cardiopulmonary bypass. In this study the feasibility of using spectroscopic 

methods for indirect measurement of pH was investigated, and both transmission and 

reflectance spectroscopy were tested. The results showed that NIR reflectance spectroscopy is 

a feasible technique for blood pH monitoring during cardiopulmonary bypass. A strong 

correlation was found between measured pH values and spectral output in the wavelength 

range 800-930 nm. It was suggested that by means of the statistical partial least square 

regression method, a model could be created with three regression factors with a 

cross-validated R2 of 0.906 and a prediction error RMSEP of 0.089 pH units. The results 

presented here form a foundation for further analysis and experiments with larger sample set 

and more controlled experimental environment.  
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Sammanfattning 
Det finns ett behov för en icke-invasiv metod som i realtid kan mäta blodets pH-värde i en 

patient som är kopplad till en hjärt- och lungmaskin då metoderna som används idag är både 

invasiv och tidskrävande. Blodets pH är en indikator på fysiologisk och biokemisk aktivitet i 

kroppen och måste hållas inom ett relativt smalt spann, vanligen mellan 7,35- 7,45. Ett 

pH-värde utanför detta område kan ge allvarliga konsekvenser för patienten och därför 

behöver pH-värdet kontrolleras under hela tiden då hjärt- och lungmaskinen är inkopplad. I 

denna studie har möjligheten att använda spektroskopiska metoder för att indirekt mäta 

pH-värdet undersökts. Både transmissions- och refleksionsspektroskopi har testats i 

undersökningen. Resultatet visar att NIR refleksionsspektroskopi kan användas för att mäta 

blodets pH-värde i en hjärt- och lungmaskin. Stark korrelation är funnen mellan mätt 

pH-värde och signaler med våglängder i området 800-930 nm. Rekommendationen är att 

använda partiell minstakvadrat regression, en modell kan skapas med tre regressionsfaktorer 

med en korsvaliderat R2  på 0,906 och ett prediktionsfel RMSEP på 0,089 pH-enheter. Fortsatt 

arbete bör ske genom att göra ett experiment på ett större antal testobjekt och i en mer 

kontrollerad experimentell miljö. 

 

  



 viii 

  



 
 

ix 

 
 
 

This master thesis is the final project before receiving my Civil Engineering degree in 

Medical Engineering at the Royal Institute of Technology in Stockholm. I would like to 

express my gratitude to those who helped me on this thesis and give special thanks to:  

 

 Jan Olav Høgetveit – for giving me the opportunity of working on this project. 

 Peyman Mirtaheri – for his excellent guidance, encouragement and great inspiration.  

 Lars-Gösta Hellström – for his much appreciated help on the report.   

 

Finally I would like to thank my dear Arnar and my family for their invaluable support 

through my academic years.  

 

March 2013, Stockholm, Sweden 

Helga Gunnlaugsdottir 
 
 
 
 
 
 
 
 
 

Foreword 



 x 

  



 
 

xi 

List of symbols 
 
A  - Absorption 

c  - Concentration of an absorbing compound 

CO!  - Carbon dioxide 

2,3 DPG  - 2,3 diphosphoglycerate  

G  - Loss of light factor 

H!    - Concentration of hydrogen ions 

Hb   - Deoxy-hemoglobin 

HbO!   - Oxygenized hemoglobin 

HCO!!   - Bicarbonate 

I  - Transmitted light intensity  

I!  - Incident light intensity  

L  - Path length  

O!   - Oxygen  

P!"!   - Partial Pressure of carbon dioxide 

P!!   - Partial pressure of oxygen 

R!   - Squared correlation coefficient 

S!!  - Oxygen Saturation 

T  -Transmittance 

X!"#  - Calibration data set 

X!"#  - Validation data set 

y!"#  - Measured response variable for model calibration 

y!"#  - Predicted response variable 

y!"#  - Measured response variable for model validation 

ε  - Specific extinction coefficient 

µμ!  - Absorption coefficient 

 
  



 xii 

  



 
 

xiii 

List of Abbreviations 
 
ABG  - Arterial Blood Gases 

BGA  - Blood Gas Analyser 

DPF  - Differential Path Length Factor 

CPB  - Cardiopulmonary Bypass  

HLM  - Heart and lung machine  

NIR   - Near Infrared  

OCD  - Oxygenation Dissociation Curve 

PLS  - Partial Least Square  

PCR  - Principal Component Regression 

RMSEC  - Root Mean Square Error of Calibration 

RMSEP  - Root Mean Square Error of Prediction 

 
 
 
 
 
 
 
 
 

 
 
 
 
 

 

 

 

 

 

 

 

 

 

 

 



 xiv 

 

 

 

 

 

 

 



 
 

xv 

 

Contents 
 

1 Introduction 1 
1.1 Background 1 
1.2 Problem Description 1 
1.3 Aim 2 
1.4 Method 2 
1.5 The thesis structure 3 

2 Theory 5 
2.1 Physiology 5 

2.1.1 pH-value 5 
2.2 Spectroscopy 6 

2.2.1  Technical Aspects 6 
2.2.2 Optical features of blood 9 

2.3 Brief history of NIR spectroscopy 14 
2.4  Clinical NIR spectroscopy 15 

2.4.1 pH measurements with NIR spectroscopy 16 
2.4.2  Propagation of light in a medium 17 

2.5 Multivariate Calibration in Spectroscopy 20 
2.6 Heart and lung machine 22 

3 Experimental 25 
3.1 Pilot studies 25 

3.1.1 Experimental Design 25 
3.2 Main experiment - HLM 31 

3.2.1 Description of experimental setup 31 
3.2.2 Spectroscopic and Reference Measurements 33 

4 Results and analysis 35 
4.1 Pilot studies 35 

4.1.1 Experiment I and II 35 
4.1.2 Experiment III 37 

4.2 Main Experiment 38 
4.2.1 Data Description 38 

4.3 Modeling pH 41 
4.3.1 Calibration 41 
4.3.2 Validation 46 

5 Discussion and Conclusions 51 

References 55 



 xvi 

 



 
 

1 

 
 

 

In this chapter the reader is introduced to the background of this project, problem description, 

aim and thesis outline.  

1.1 Background 
Blood pH is one of the critical physiological parameters that need to be carefully monitored 

throughout the course of a cardiopulmonary bypass (CPB). Cardiopulmonary bypass or a 

heart-lung machine (HLM) is a medical device, which takes over the body’s blood 

circulation, during an open cardiac surgery. The pH is an indicator of physiological and 

biochemical activity in the body and needs to be kept within a relatively narrow range, 

typically 7.35-7.45. If the blood pH falls under or rises above this narrow range, normal cell 

activity is severely disturbed and a critical state of the patient can be reached (Grant and 

Waugh, 2007).  

 

1.2 Problem Description 
As the blood pH provides an assessment of respiratory and metabolic status of the patient it 

provides a variety of important information on the patient and is therefore important for a 

variety of clinical applications (Soller et al., 1996). Typically, pH is measured either by 

inserting a small amount of blood from a HLM patient circle into a blood gas analyser (BGA) 

or measured directly in the blood stream by means of an inline pH-sensor. Both methods are 

burdened with defects, the blood gas analysers are time consuming and intermittent, while 

inline blood sensor may contaminate the blood.  

 

Thus, there is a need of a new method that is both real-time, non-invasive and preferably of 

low cost. Spectroscopic methods, where near-infrared (NIR) light is used, have the potential 

of satisfying all the criteria and have been used with satisfactory specificity and sensitivity for 
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a number of other measurement methods. Spectroscopy is as indicated by the name a 

spectroscopic technique and is a well-known technique used for a variety of clinical 

applications. 

 

This project is a continuation of a project done by Gudbrands (2012) at the University of Oslo 

in cooperation with Oslo University Hospital where an apparatus was designed to enable 

spectroscopic measurements of blood in a heart and lung machine patient line.  

 

1.3 Aim 
The main aim for this master thesis is to develop, as a proof of concept, a spectroscopic 

method for real-time measurement of blood pH in a patient line during cardiopulmonary 

bypass.  

 

A secondary aim is to find the optimal wavelength for such a system, and by means of 

available statistical tools inspect the feasibility of developing an algorithm that describes the 

relation between transmitted light for a given wavelength or a set of given wavelengths and 

the actual pH-level in the blood. Both transmission and reflection will be tested and the 

measurements system of choice will be based on the method giving better results.  

 

1.4 Method 
The working process used in this thesis involved five main steps; literature study, 

experimental setup, data collection, data analysing and validation. The literature study was 

carried out initially to review previous work done on spectroscopic pH measurements and to 

investigate which wavelength range would be relevant for this experiment. The literature 

study showed that spectroscopy with the use of light in the NIR range has shown to be an 

effective technique to noninvasively monitor tissue pH.  
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It was then decided to use a light source with a broad enough spectrum (including the NIR 

range) to illuminate the blood with and to test both transmission and reflection spectroscopy. 

The experimental process is further described in chapter 3. Data collection, followed by data 

analysing was done after completing the experimental setup. Multivariate calibration was 

used in the analysing part as the property of interest (pH) not only depended on one variable, 

but on a set of variables.  

 

Partial Least Square (PLS) regression was chosen for the calibration. It is a method 

commonly used for spectroscopic data. It was considered a suitable method as it effectively 

relates two sets of data by regression and the results are relatively easy to interpret if 

compared to other multivariate calibration methods as for example Principal Component 

Regression (PCR) (Espensen, 2010).  

 

1.5 The thesis structure 
The thesis is made up of five chapters. Chapter 2 presents the theory considered relevant for 

this thesis and a short description on previous work done on pH measurements with the use of 

spectroscopy. In chapter 3 the experimental process is described and the main problems 

regarding the establishment of a system with the necessary instrumentation for performing the 

measurements discussed. Chapter 4 presents the main results from the data collected with the 

established spectroscopic system. Results from the data analysis where PLS was used to relate 

spectral changes to pH variations in arterial blood are presented and the number of regression 

component needed is suggested. The main results are then discussed further in chapter 5.  
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This chapter presents the theoretical background considered relevant to provide support and 

understanding for the remainder of the report, as well as to give an overview of the published 

literature on pH measurements with NIR spectroscopy.  

2.1 Physiology 

2.1.1 pH-value  

The blood is a connective tissue, which makes up about 7% of the human body weight. The 

blood provides the communication path between cells of the different body parts and the 

external environment and is therefore vital to the whole body function. Oxygen (𝑂!) is 

transferred with the blood from the lungs to the tissues and carbon dioxide (𝐶𝑂!) from the 

tissues to the lungs where it is excreted. The pH value of blood affects the release of oxygen 

from hemoglobin, and must therefore be carefully regulated to maintain a normal body 

function (Grant and Waugh, 2007). The pH scale is a standard scale for the measurement of 

hydrogen ions in a solution and is defined by the following formula (Korostynska, et al., 

2008): 

 

  𝑝𝐻 = − log 𝐻!      Eq. 1 

 

The pH value of the different body fluids varies slightly but most body fluids are close to 

neutral and their pH value must be kept within a relatively narrow range to maintain normal 

cell activity as strong acids and alkalines are damaging to living tissues. Tissue monitoring of 

pH is therefore important for a variety of clinical applications (Grant and Waugh, 2007). The 

bloods typical pH value is between 7.35 and 7.45. Normal physiological and biochemical 

activity is severely disturbed if the pH value is outside this narrow range and death may occur 

if the pH drops below 6.8 or rises above 7.8 (Grant and Waugh, 2007; Korostynska, et al., 

2 Theory 
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2008). In order to prevent physiological collapse and maintain balance between acids and 

alkalines in the body, the blood contains an effective buffering system where the lungs and 

kidneys are the important buffering organs. The lungs function as an important regulator by 

excreting 𝐶𝑂! from the body. The concentration of hydrogen ions is increased by 𝐶𝑂! as a 

result of its reaction with water (Grant and Waugh, 2007): 

 

𝐶𝑂! + 𝐻!𝑂 ↔ 𝐻!𝐶𝑂! ↔ 𝐻! + 𝐻𝐶𝑂!!   Eq. 2 

 

When the level of 𝐻!  rises in the blood, it is detected in the brain, which then stimulates 

breathing and therefore the excretion of 𝐶𝑂! that results in a fall in 𝐻! . Respiration is on the 

other hand reduced if the brain detects a fall in 𝐻! , and the 𝐶𝑂! level is increased and 𝐻!  

increases, restoring the pH value to normal. The kidneys regulate the blood pH by controlling 

the excretion of hydrogen and bicarbonate ions. The excretion of hydrogen ions is increased if 

pH falls and bicarbonate level held constant, while the opposite happens if pH rises (Grant 

and Waugh, 2007; Korostynska, et al., 2008). 

 

2.2 Spectroscopy  

2.2.1  Technical Aspects   

Optical spectroscopy has shown to be a useful method to detect pH variations in blood 

(Rosen, et al., 2002). It is a technique based on the property that different compounds absorb 

light at different wavelengths. Absorption of radiation causes a transition between discrete 

energy levels of the absorbing material as a result of resonant interactions between molecules 

and incident light. As the photon is absorbed, the absorbing molecule reaches a higher energy 

level. The energy difference equates the wavelength of the radiation absorbed and depending 

on the wavelength, which is proportional to the photon energy, either electronic or vibrational 

transition of the absorbing molecule occurs. This results in a reduced intensity of the incident 
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beam and a spectral output signal or a spectrum that displays intensity as a function of 

wavelength can be recorded (Mirtaheri, 2004; Randeberg, 2005). 

 

Depending on the compound of interest, light in the appropriate wavelength range has to be 

selected to acquire a spectrum and in that way information about the structure and properties 

of the compounds obtained. Not all of the light from an object is necessarily of interest, but 

rather a certain band of wavelengths. In NIR spectroscopy a light in the near-infrared range of 

the electromagnetic spectrum (750-1000 nm) is used. The measurement apparatus usually 

consists of a detector, an analyser and a computer software (Kulesa, 1997). Figure 1 shows a 

simplified schematic setup for spectroscopic measurements:  

 
 

 

A beam of light is transmitted from an optical light source through a sample solution where it 

is partially absorbed by the different compounds. The detector gathers the light that is 

transmitted and not absorbed. It consists of two main parts, the optical part and the part where 

the photons are converted to an electric signal. In the optical part, the incoming light is 

directed through a prism or a diffraction grating, which disperse the light into a spectrum so 

that the individual wavelengths can be selectively detected and their intensity measured. The 

photons are absorbed by a photomultiplier tube or an array of photodiodes, which convert the 

photons to an electric signal, resulting in a spectrum (Elwell and Hebden, 1999). To be able to 

Figure 1. Schematic setup for a spectrometric measurement (Gudbrands, 2012)   
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acquire good spectrum of a given sample, high integration time is often needed since the 

dispersed light lowers the brightness on the detector. However, a higher resolution can be 

gained with a broader dispersion of the light (Kulesa, 1997).  

 

Analysis of the spectrum enables one to determine the concentration of certain absorbing 

compounds. Multivariate analysing methods such as PLS regression, have been commonly 

used for the analysis of spectra and will be discussed in section 2.5. 

 

The choice of optical light sources and detectors is highly dependent on the required 

wavelength and will not even function at all wavelengths. The required wavelength is 

dependent on the absorption characteristics of the compound of interest. NIR spectroscopy 

offers low-cost methods and its main advantage is that it is non-invasive. It is a flexible 

technique because it can easily be combined to a variety of devices, depending on the sample 

to be analysed (Mirtaheri, 2004; Blanco and Villarroya, 2002).  
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2.2.2 Optical features of blood   

For pH calculations of blood with the use of NIR spectroscopy, knowledge of the optical 

properties of the tissue is important. Otherwise, 

significant information from the spectral output can 

be overlooked or easily misinterpreted. The 

absorption characteristics of blood irradiated with 

NIR light are mainly due to hemoglobin absorption 

as it is the main absorber of infrared light in the 

blood. The hemoglobin is a large, complex protein 

consisting of two α-globin and two β-globin chains, 

containing four heme groups. Each heme group is 

composed of a porphyrin ring, which contains an 

iron atom in its centre, able to bind oxygen. This 

oxygen-carrying molecule is found in the erythrocytes (red blood cells) in mammals and has 

the binding capacity of four oxygen molecules and is considered as saturated when all heme 

groups have bound to an oxygen molecule (Grant and Waugh, 2007; Randeberg, 2005). The 

hemoglobin’s ability to bind oxygen will increase with each bound oxygen molecule, known 

as a co-operative binding (Grant and Waugh, 2007). The binding of oxygen to hemoglobin 

causes conformational changes in the protein structure of the molecule. Oxygenised 

hemoglobin (𝐻𝑏𝑂!) has a relaxed quaternary structure called the R configuration while the 

constrained deoxy-structure of the deoxygenized hemoglobin (𝐻𝑏)  is called the T 

configuration (Pittman, 2011). Figure 2 shows the structure of hemoglobin containing the 

heme groups. 

 

The 𝐻! ions in the blood do not absorb light in the NIR region directly as they have no 

absorption bands on their own in this region. These ions do however interact with the 

hemoglobin and alter its tertiary structure, resulting in changes in the infrared spectrum, that 

Figure 2. The structure of 
hemoglobin (Grant and Waugh, 
2007) 



 10 

is, pH-induced changes in the hemoglobins structure have shown to result in changes in the 

absorption spectrum in the NIR region (Rosen, et al., 2002; Soller, et al., 2007). The spectrum 

of hemoglobin is however altered to a much greater extent by the oxygen saturation of the 

molecule. Multivariate calibration methods are therefore needed to quantify the effect of the 

𝐻! ions (Rosen, et al., 2002). The absorption spectra of  𝐻𝑏, 𝐻𝑏𝑂! and water have been well 

defined and are illustrated in figure 3:  

 

 

 

As can be seen in figure 3, 𝐻𝑏 and 𝐻𝑏𝑂! absorb light at different wavelengths, a fundamental 

physical property used for the measurement of oxygen saturation. Oxygen saturation is a term 

used to describe the extent to which blood is oxygenated and is expressed (Rolfe, 2000):  

 

 𝑆!! =
!"!!

!"!!!!"
∙ 100%     Eq. 3 

 

Figure 3. Absorption spectra for Hb, HbO2 and water (Poellinger, et al., 2008) 
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It can be seen that the absorption of water becomes significant beyond 900 nm. The region of 

interest for measurement of tissue oxygenation is where the absorption spectra for 𝐻𝑏 and 

𝐻𝑏𝑂! are maximally separated and where there is a minimal overlap with the absorption 

spectra of water (around 700-850 nm). The concentration of 𝐻𝑏 and 𝐻𝑏𝑂! is dependent on 

oxygenation and metabolism and their concentration varies with time, different from many 

other compounds in the body, which have their concentration stable with time (Blanco and 

Villarroya, 2002). An isobestic point (wavelength at which the absorbance of chromophores is 

the same) can be seen around 800 nm and at that point the total hemoglobin concentration of 

the tissue can be measured (Murkin and Arango, 2009).  

 

The pH level and 𝐶𝑂!  affect the hemoglobins affinity for oxygen and therefore the 

concentration of 𝐻𝑏𝑂!. Increased concentration of H+ and 𝐶𝑂! promote the release of oxygen 

from hemoglobin in the blood, so as the pH changes, the oxygen affinity of the hemoglobin 

changes which consequently results in spectral changes (Pittman, 2011; Soller, et al., 2007). 

Temperature, 𝑃!"!  (partial pressure of 𝐶𝑂! ) and 2,3 diphosphoglycerate (2,3 DPG) also 

influence the binding of oxygen to hemoglobin. In the following two pictures it can be seen 

how pH and temperature affect 𝑆!! . The oxygenation dissociation curve (OCD) of 

hemoglobin describes the relationship between oxygen saturation of hemoglobin and the 

partial pressure of oxygen 𝑃!! (in units of torr) in the blood and is illustrated in Figure 4.  
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Figure 4 shows how the pH level of the blood influences the oxygen saturation of 

hemoglobin. Lowered pH level causes the curve to shift to the right, lowers the affinity of 

hemoglobin for 𝑂! and increased pH value results in a shift of the curve to the left. The 

influence of pH and 𝐶𝑂! on the binding of oxygen to hemoglobin is a phenomenon called the 

Bohr effect. At constant pH, 𝐶𝑂! affects the OCD curve such that increased 𝑃!"!shifts the 

curve to the right. The OCD curves sigmoidal shape reveals that between the levels around 20 

and 50 torr, the hemoglobins affinity for oxygen increases rapidly, that is, increased 𝑃!! 

increases the concentration of 𝐻𝑏𝑂! to a limit where the hemoglobin has become saturated 

with oxygen. Pressure level above that does not affect the saturation level of hemoglobin as 

the maximum amount that can be bound has been reached (Khee and Leow, 2007; Pittman, 

2011). In figure 5 it is illustrated how temperature changes influence 𝑆!!: 

 

Figure 4. Influence of pH on the oxygenation dissociation curve (OCD) of hemoglobin. 
Increased pH level causes a shift to the left and decreased pH level causes a shift of the curve 
to the right (Pittman, 2011)  
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Shifts in the OCD curve due to temperature changes can be seen in the graph above. Higher 

temperature causes shift to the right of the curve, that is it lowers the affinity of hemoglobin to 

oxygen. Due to the Bohr effect and the effect of temperature changes on the OCD curve, it 

can be difficult to specify the exact source of the spectroscopic information for pH 

measurements.  

 

Rosen et al. (2002) describe in their report where they attempt to correlate pH and changes in 

spectral data, that pH and oxygen saturation were carefully varied orthogonally to unlink 

direct correlation between oxygen saturation and pH. In their experiment, changes in pH were 

induced by varying the partial pressure of 𝐶𝑂! in the blood. Soller et al. (1996) also describe 

in their report on measurements of tissue pH with NIR spectroscopy, how the experiment was 

designed in order to eliminate other possible causes of spectral changes than the pH induced 

changes, such as variation in temperature. According to Alam et al. (2003), a pH model that is 

derived from spectral data collected in the visible or high-energy region of the infrared, 

Figure 5. Influence of temperature on the oxygenation dissociation curve (OCD) of 
hemoglobin (Pittman, 2011)   
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without correcting for the influence of 𝑆!! variations, may incorrectly interpret 𝑆!! variations 

as pH changes.  

 

2.3 Brief history of NIR spectroscopy 
In 1800, William Herschel discovered light in the NIR region in his study on the heating 

effect of colors. He intended to determine which color in the visible spectrum delivered heat 

from the sun but unexpectedly he discovered an invisible band of light that was just beyond 

the red region of the electromagnetic spectrum - the infrared region. Until that time, 

researchers had not known that heat existed in the absence of light. Despite this major 

scientific discovery there was a disbelieve in this technique and it was not until in the 1930s 

that the first infrared instruments, used together with or as a complement to other optical 

devices, were introduced in industrial laboratories (McClure, 2003).  

 

William Coblentz, an American physicist, was the first American to study NIR spectroscopy. 

Using self-made equipment he recorded spectra of 19 compounds in the region 800-2800 nm 

(McClure, 2003). Infrared spectroscopy was first used for practical purposes in the World 

War II for analyzing rubber and petroleum. It was then in the 1960s, that instrumentation 

began to expand rapidly and in 1969 commercially NIR spectrometers became available. In 

1970 the technique was applied in food applications, when Karl Norris of the U.S. 

Department of Agriculture did experiments with analysing agricultural food samples and in 

continuation of his work NIR spectroscopy began to spread in the food and agriculture fields 

and subsequently began the potential of NIR spectroscopy to be realized (McClure, 2003; 

Blanco and Villarroya, 2002). 

 

The technique continued to expand in increased number of fields and companies which 

specialized in NIR technology became more common. The significant growth of this 

technique was in part due to the development of a calibration tool, a multiple linear regression 
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program, developed in 1965 by Norris. Since then, numerous calibration methods for data 

analysis have been developed such as Partial Least Squares (PLS) regression and Principal 

Component Regression (PCR) (McClure, 2003; Blanco and Villarroya, 2002). 

 

Today, NIR spectroscopy is used in many fields, such as agriculture, food, pharmaceuticals 

and medical fields and is considered a fast analytical tool where complicated sample 

preparation is not needed. NIR instruments continue to change and develop and due to 

improvements in processing the data from NIR spectra as well improvements of both the 

electronic and optical components, this technique has expanded rapidly (McClure, 2003; 

Blanco and Villarroya, 2002). 

 

2.4  Clinical NIR spectroscopy 
Since 1977, when Jöbsis first reported that transmittance measurements of NIR radiation 

could be used to monitor cerebral oxygenation, clinical NIR spectroscopy has developed fast 

and has been widely used. Various commercial NIR spectroscopy devices are now available 

for non-invasive measurements (Blanco and Villarroya, 2002). In his report, Jöbsis showed 

how it was possible to relate changes in the absorption spectrum from measurements across 

the head to chromophore concentration by applying the Beer-Lambert law (discussed in 

section 2.4.2) (Heisler, 2012).  

 

As mentioned above, NIR spectroscopy is a technique that is concerned with quantifying the 

concentration of different absorbing compounds and has a number of clinical applications for 

example to study cerebral oxygenation and in pulse oximetry (Ferrari and Quaresima, 2012). 

It has even been used in combination with other techniques, such as MRI and CT.  

 

However, the focus of this thesis is on NIR spectroscopy regarding pH measurements, other 

clinical applications will not be further discussed.  
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2.4.1 pH measurements with NIR spectroscopy 

Measurement with litmus paper is the earliest method used to determine pH value. Changes in 

the paper color indicate acidity or alkalinity according to the solution. Today however, there 

is a need for devices that can continuously monitor pH (Korostynska, et al., 2008). 

Continuous monitoring of pH for critically ill patients is of great importance and therefore 

have numerous efforts been made on the development of diverse pH sensors. (Soller, et al., 

1996). 

 

NIR spectroscopy is a feasible technique for pH measurements of human tissue as it can 

provide real-time information without sample preparation, it can penetrate biological tissue 

relatively easily and its non-invasiveness makes it especially attractive. Alternative pH 

measurement techniques for blood are both invasive and non-continuous (Blanco and 

Villarroya, 2002). The use of BGA demands that first an arterial blood sample from the 

patient is taken, analysed and then registered. This process is both invasive and time 

consuming and the blood pH status of the patient can easily change during this process 

(Blanco and Villarroya, 2002).   

 

NIR spectroscopy has been used for determination of blood pH, both in vivo and in vitro. 

Measurements with pH have been done on blood tissue, muscle and organs. According to 

Soller et al. (1996) they carried out the first non-invasive in vivo measurements of pH in 

skin-covered muscle with the use of NIR reflectance spectroscopy and multivariate 

calibration methods. The study was done on white rabbits where reflected light was collected 

through their skin from deep tissue. With the use of PLS analysis the pH value could be 

related to light absorption (with correlation coefficient R2 of 0.98 and a prediction error of 

0.016 pH units) in the wavelength range 700-1100 nm (Soller, et al., 1996). Several 

experiments have been documented on pH-variations in blood tissue using optical 

spectroscopy and pH-induced changes have been seen in absorption spectra of hemoglobin in 

both the visible and NIR range (Soller, et al., 2007).  
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Alam et al. (2000) documented that pH of lysed blood could be estimated with transmission 

NIR spectroscopy in the wavelength range 1500-1820 nm, using multivariate calibration 

methods. It was even suggested that spectral variations due to pH-induced changes were seen 

because histidine (𝛼 – aminoacid) residues on the hemoglobin were affected. In 2003 they 

published results from further studies on lysed blood and pH with the use of NIR 

spectroscopy where they managed to correct their pH calibration model for different 

hemoglobin concentration, but variation in hemoglobin concentration is yet another factor 

influencing spectral changes (Alam, et al., 2003).  

 

Rosen et al. (2002) investigated how reflectance NIR spectroscopy could be used to measure 

blood pH in vitro. They found with the use of multivariate calibration analyses that blood pH 

could be predicted in vitro with clinical significance using reflectance near-infrared light. 

They were able to generate a model with a correlation coefficient, R2, of 0.936 and a standard 

error of prediction of 0.050 pH units.  

 

For in vivo NIR spectroscopy, scattering must be taken into account, which complicates the 

analysis. Different methods can be used to model the photon propagation through tissues and 

approximation algorithms used (Rolfe, 2000; Murkin and Arango, 2009). For this experiment 

however, which is an in vitro and real-time experiment, a very good signal could be obtained 

and the scattering effect seemed to be minimal. Thus, further introductions of compensating 

algorithms seemed unnecessary.  

 

2.4.2  Propagation of light in a medium  

In NIR spectroscopy of tissue, attenuation of light is due to absorption of compounds of both 

fixed concentration and variable concentration as well as light scatter. The light that 

propagates through tissue is reflected, transmitted, absorbed or scattered. Dependent on the 
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optical properties of the penetrated tissue as well as on the wavelength of the light source 

used, the intensity of these phenomena varies (Randeberg, 2005). 

 

In the simplified case with a homogenous, non-scattering medium, the transmission of light 

can be described from the Beer-Lambert law, where the transmitted intensity is given (Rolfe, 

2000): 

 

𝐼 =    𝐼!𝑒!!∙!∙!     Eq. 4 

 

where I0 is the incident light intensity and I is the transmitted intensity of the light, 𝜀 (in units 

of (µmolar cm)-1) is the specific extinction coefficient for the absorbing compound and c is 

the concentration of the absorbing compound (in units of µmolar) and L is the path length 

(Blanco and Villarroya, 2002). The specific coefficient, 𝜀, is wavelength dependent and is 

essential for discrimination of the species in an irradiated sample (Rolfe, 2000). The product 

of the specific extinction coefficient,  𝜀, and the concentration, c, is known as the absorption 

coefficient 𝜇!  (in units cm-1) of the medium. The absorption coefficient of hemoglobin 

depends strongly on the oxygenation (Randeberg, 2005). The transmittance T is defined as the 

ratio of transmitted to incident light and may be derived using logarithm units:  

 

𝑇 = log  (𝐼 𝐼!) = −𝜀 ∙ 𝑐 ∙ 𝐿    Eq. 5 

 

The attenuation is then given by:  

 

𝐴 = log 𝐼! 𝐼 = 𝜀 ∙ 𝑐 ∙ 𝐿    Eq. 6 

 

Eq. 6 relates attenuation of light to material properties of the absorbing material. The equation 

holds for a homogenous, non-scattering material, where the photons travel in a straight line 
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directly to the detector. For a material with significant light scattering properties (such as 

biological tissue), the scattering effects must be taken into consideration and the modified 

Beer-Lambert law holds:  

 

𝐴 = log  (𝐼! 𝐼) = 𝜀 ∙ 𝑐 ∙ 𝐿 ∙ 𝐷𝑃𝐹 + 𝐺   Eq. 7 

 

Eq. 7 includes the increased optical pathlength, DPF (differential pathlength factor), and the 

loss of light, G, both due to the light scattering. The factor G is unknown and depends mainly 

on geometrical factors and scattering coefficients of the tissue (Rolfe, 2000).   

 

As each absorbing compound has its own characteristic absorption spectrum in the NIR 

region, the total absorbance for a solution with several different absorbing compounds is the 

linear sum of the individual extinction coefficients multiplied by the concentration (Rolfe, 

2000):  

 

𝐴 = log 𝐼! 𝐼 = 𝜀! ∙ 𝑐! + 𝜀! ∙ 𝑐! + 𝜀! ∙ 𝑐! +⋯+ 𝜀! ∙ 𝑐! ∙ 𝐿 Eq. 8 

 

Scattering of light occurs at a boundary surface between two materials with different 

refractive indices, in biological tissues at microscopic boundaries such as cell membranes and 

organelles (Randeberg, 2005). Scattering is a function of the composition of the penetrated 

tissue and number of interfaces and results in an increased pathlength of the travelling photon, 

which significantly increases the probability of absorption occurring (Rolfe, 2000; Murkin 

and Arango, 2009).  
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2.5 Multivariate Calibration in Spectroscopy 
Multivariate Calibration is a tool to transform measurements into informative results. 

According to Marten and Næs (2002) the generalized meaning of the word calibration is 

 “….to use empirical data and prior knowledge for determining how to predict unknown 

quantitative information Y from available measurements X, via some mathematical transfer 

function.” (Martens and Naes, 2002).  

 

Multivariate calibration is commonly used when analysing spectral data as spectral data 

typically contains a lot of information. Instead of using only one measured variable (x) to 

predict another variable (y), many measured variables x1, x2,….,xk (in this case the 

spectroscopic measurements) are used simultaneously and are usually represented as a matrix 

X to predict y (the reference variable). Instead of only taking the intensity values of the 

spectrum at a single wavelength to predict the response variable (in this case pH), it is more 

accurate to combine the information from the data at several wavelengths for improved 

selectivity. The reference variable y must be a function of the measured variables X in order 

to get reliable results from the multivariate calibration (Martens and Naes, 2002; Esbensen, 

2010).  

 

There are many multivariate calibration methods available. PLS regression (chosen for this 

project) is a bilinear projection method, i.e. the samples in the original variable space are 

projected onto underlying latent variables with partial least square estimation. This is a 

method used for fitting a model to empirical data and has shown to give good prediction 

results with NIR data. With PLS, the y-data are actively used for the estimation of these latent 

variables or PLS components. In this way the covariance between X and y is maximized and 

the first and most relevant PLS components for predicting the y variable are aquired. 

Therefore, it is possible with the use of PLS to calibrate a model with 𝐴 number of PLS 

components or regression factors to predict pH from reflectance spectra. The first PLS 
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component lies along the direction of maximum variance in the data set, the second PLS 

component along the direction of the second largest variance etc. A new variable space with 

fewer dimensions than the original one is in this way created. The number of PLS components 

needed for interpreting the information in X related to y is dependent on the data. Once a 

multivariate linear model on the form that gives an adequate fit to the data has been calibrated 

it can be used to predict new pH values from new spectral data by inserting new spectral 

values into the model (Martens and Naes, 2002; Esbensen, 2010).  

 

The optimal number of PLS components must be determined in order to obtain an accurate 

model. The number of components chosen is typically the number that minimizes the 

calibration and prediction error. The calibration error is based on the data set, i.e. the 

calibration set (𝑋!"# and 𝑦!"#) that has been used to calibrate the model. The calibration 

modeling error (residual calibration variance) can be expressed as the difference between the 

predicted response variable and measured response variable (𝑦!"# − 𝑦!"#). The predicted value 

is calculated by feeding 𝑋!"# values right back into the calibrated model to predict 𝑦!"#. Root 

Mean Square Error of Calibration (RMSEC) is defined in the following equation and gives 

the modeling error (residual validation variance), expressed in original measuring units 

(Esbensen, 2010):  

 

𝑅𝑀𝑆𝐸𝐶 =    (!!,!"#!!!,!"#)!!
!!!

!
       Eq. 9 

 

The prediction error is based on the validation set (𝑋!"# and 𝑦!"#), which is typically a 

separate set of samples and has not been used in the calibration. The calibrated model is then 

applied to this test set to predict 𝑦!"# and the difference between predicted and measured 

response variable (𝑦!"# − 𝑦!"#) gives the prediction error. The Root Mean Square Error of 

Prediction (RMSEP) then gives the average error (Esbensen, 2010):  



 22 

𝑅𝑀𝑆𝐸𝑃 = (!!,!"#!!!,!"#)!!
!!!

!
    Eq. 10 

 

This gives the prediction error in original units. The smaller the value of RMSEP, the better 

the prediction ability of the model. If a test set is not available, cross-validation can be used to 

estimate the predictive ability of the calibrated model. With the use of cross-validation, one 

sample at a time is removed from the calibration set and used for prediction. The process is 

repeated until all samples have been individually kept out once and the prediction error 

calculated (Esbensen, 2010).  

 

The risk for overfitting increases if too many PLS components are used in the calibration 

model. An overfitted model is too data dependent and its prediction ability fails as it is too 

detailed. Using too few components will on the other hand lead to an underfitted model, the 

model is not large enough to capture the structured variance in the data (Martens and Naes, 

2002; Esbensen, 2010). 

 

2.6 Heart and lung machine  
The heart pumps bloods into two distinguished circulations, the systemic circulation and the 

pulmonary circulation. Deoxygenized blood is pumped from the right heart to the lungs 

(pulmonary circulation) where gas exchange takes place in the alveoli. O2 diffuses from the 

lungs to the blood and CO2 diffuses from the blood to the lungs. The oxygenated blood flows 

back to the left side of the heart, which then pumps the blood to the rest of the body (systemic 

circulation), ensuring continuous blood flow to all body cells (Grant and Waugh, 2007). The 

main function of the HLM is to take over this process and to oxygenize the blood during an 

open cardiac surgery by establishing a circulation of blood outside the body, extracorporeal 

circulation, and thereby maintaining the circulation of blood and the oxygen content of the 
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body while the heart is put to stop (Heisler, 2012). A normal blood circulation versus the 

extracorporeal circulation is shown in Figure 6.  

 

 

 

The machine consists of an arterial pump and a filter, a reservoir, a heat exchanger and an 

oxygenator. During a bypass operation, venous blood is drained from the upper heart 

chambers through a cannula to a reservoir and from there to the oxygenator where it is infused 

with oxygen and is then directed to the pump, which returns the oxygenated blood to the 

patients arterial circulation. Anticoagulant medications are needed to prevent coagulation of 

the blood, which would obstruct normal blood flow and are administered as the cannulas are 

inserted (Heisler, 2012; Levinson, 2012).  

 

The heartbeat is then restored when the surgery is completed and the tubes are removed from 

the patient. A specialized technician, called a perfusionist, operates the heart-lung machine 

Figure 6. The normal circulation and the heart disconnected and its function replaced by 
the extracorporeal circulation (Gudbrands, 2012) 
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and monitors circulatory and metabolic parameters of the blood during the surgery (Heisler, 

2012; Elwell and Hebden, 1999). 
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The experimental process was comprised of three separate studies. Two pilot studies were 

carried out prior to the main experiment where the spectroscopic equipment was integrated 

into the HLM system. All three studies are presented in the following chapter.  

3.1 Pilot studies  
3.1.1 Experimental Design  

The main objective of these initial experiments was to verify if a measureable signal could be 

obtained from the irradiated blood tube, with the use of given equipment and to give an 

indication of what to expect in the main experiment. Neither the pH nor other arterial blood 

gases (ABG) were measured throughout this test since the purpose at this stage was merely to 

verify signal status. Both transmission and reflection spectroscopy were tested with different 

light sources. Due to complexity and cost, only one experiment would be possible with the 

HLM connected and therefore are these initial experiments of great importance.  

 

With regards to ethical considerations, the Department of Research Support at the University 

Hospital was contacted and there it was confirmed that it was not necessary to apply for ethics 

approval for this study as it handled methodology and in addition the blood is discarded and 

must be disposed so that it does not pose any risk or burden for the patient. It was applied for 

and granted local approval of the project to the blood bank in Oslo. 

 

I. The first experiment was carried out at Oslo University Hospital, with the use of 

arterial human blood and was done with transmission spectroscopy. It included the 

following steps:  

• Irradiate a blood-filled tube. 

• Measure the intensities of the wavelengths from the blood. 

3 Experimental   
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• Evaluate if the chosen light source was suitable with regards to both signal 

strength and wavelength range. 

• Verify if transmission spectroscopy would be a feasible method. 

The equipment used consisted of a spectrometer (AvaSpec-2048-USB2 Fiber Optic 

Spectrometer) with sensitivity in the wavelength range 350-1100 nm and 0.04-20 nm 

resolution, a halogen lamp (AvaLight-HAL-S Tungsten Halogen light source, 30W), 

fibers (with 400 𝜇𝑚 and 600 𝜇𝑚 cores), black box and a software (Avasoft Application 

Software). The results from these measurements are presented in section 4.1.1. The 

black box (see figure 7) with the associated lenses (spherical concave lenses for light 

concentration into the sample) from the previous project Gudbrands (2012) was used. 

It was a prototype constructed to fit the polymer tube inside. It was painted black on 

the inside and had one hole on each side for connecting the lenses. A simplified 

illustration of the transmission setup is shown in figure 7.  
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Figure 7 is a simplified representation of the transmission spectroscopy setup and does 

not include the lenses, which were inserted in the black box and connected to the optical 

fibers. During this test, the optical fibers were on opposite site of the black box, the light 

was transported from the light source through the sample and detected on the other side. 

Light emerging from the transilluminated sample was gathered and detected and various 

spectra with different integration time were collected. The software used offers the user 

to specify the integration time of the detector (1.1 ms-10 min). The integration time was 

increased in an attempt to get a stronger signal, three values of integration time were 

tested (from 100-1000 ms). To avoid precipitation of the blood, the tube was shaken 

every other minute. The spectra from this test is shown in chapter 4.1.1. 

II. In attempt to get an improved signal a second experiment was done followed by 

experiment I. It included the same steps as the previous measurement, except this time 

Figure 7: Simplified illustration of the transmission spectroscopy setup 
including the black box, blood filled polymer tube and optical fibers on opposite 
side of the box.  

Detection site 

Incoming light 

Blood-filled 
tube 

Black box 
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based on reflection spectroscopy and different type of illumination source. Several types 

of light sources were tested but these experiments will not be detailed further, only a 

description of the last test that gave satisfactory results is described. The halogen lamp 

from experiment I was replaced with a stronger lamp (Surgi-Tel HLT 200 GSC, halogen 

lamp, powered by 250W) to try to obtain a higher signal-to-noise ratio, a broader 

spectrum and lowered integration time. The effect of a built in cold-light filter was 

removed by covering the envelope surface surrounding the filament with aluminium 

folia. Initially a bifurcated fiber was tested for the reflectance spectroscopy, a fiber with 

two fibers side-by-side in the common end (connected to the black box) and which 

broke out into two legs at the other end (one leg connected to the halogen lamp and the 

other to the spectrometer). Since that setup did not give any useful results it was decided 

to create an additional hole on the black box resulting in two holes on the same side of 

the black box, see figure 8.  
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Figure 8 shows how incoming and received light is on the same side of the box. The 

distance between the two holes was minimized so that the light would have to travel a 

minimum distance compared to the distance in test I and therefore scattering 

minimized. 

  

Detection site 

 

Incoming 
light 

Figure 8: Simplified illustration of the reflection spectroscopy setup 
including the black box, blood filled polymer tube and optical fibers on same 
side of the box.  
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Figure 9 is a simplified illustration of how the light is reflected from blood particles in 

the blood-filled tube. Scattering is not shown in the figure. Since this experiment gave 

satisfying results in regards to light intensity, wavelength range, signal-to-noise ratio 

and integration time it was decided to use this setup in the main experiment. Test 

results can be found in section 4.1.1.  

III. This experiment was done with human blood serum (SeronormTM Human Liquid, 

serum standard from SERO Norge AS, arrives in a powder form) at Oslo University 

laboratory to verify if other factors than hemoglobin could possibly be sensitive to pH 

changes in the blood and contribute to signal changes detected with PLS method. 

Blood serum is blood plasma without fibrinogen, and thus no red blood cells with 

hemoglobin. Both transmission and reflection spectroscopy were tried but as the blood 

serum does barely contains any scattering particles, reflection gave a weak signal only. 

The serum used was received in a powder form and therefore reconstituted before use, 

by adding 5 ml of distilled water to each vial. The pH value of the serum was 

Figure 9: Simplified illustration of reflected light in the blood tube seen from 
above. Scattering is not shown. The figure is not to scale.  
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light 

Received 
light 
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measured to be 7.53. Adjustment of pH of one of the sample was made by adding a 

few drops of 1 M HCL while the other sample was not pH adjusted, resulting in two 

samples with two different pH values (pH = 6.31 and pH = 7.53). The pH values were 

measured using a standard pH-glass electrode at a PHM210 pH meter from 

Radiometer Analytical. A picture from this experiment is shown in figure 10.  

 

 

 

3.2 Main experiment - HLM  
3.2.1 Description of experimental setup 

In the main experiment the spectroscopic equipment was integrated into the HLM system. 

One liter blood (Sag-blood type A ) and 0.8 liter plasma circulated in a closed system of the 

machine. Heparin was added in order to avoid blood clotting, blood flow was set to one litre 

Halogen lamp 

Spectrometer 

Black box 

Software 

Figure 10. Spectroscopic setup used in an experiment with blood-serum 
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per minute and temperature kept constant at 37 °Celsius. Photos of experimental setup can be 

seen in figure 11.   

 

 
 

Two oxygenators can be seen on either side of the black box. The one on the left side was 

used for oxygenation of the blood, and therefore keeping constant levels of 𝑝𝑂! and 𝐶𝑂!, and 

the other on the right side of the box was used as a substitute for a patient by desaturation of 

the entering blood. The blood pH was adjusted with the addition of bicarbonate (𝐻𝐶𝑂!!), 180 

ml in total, and 26 different blood pH levels were obtained during the experiment. Figure 12 

is a schematic illustration of the complete setup:  

  

(a) (b) 

Figure 11. Spectroscopic equipment integrated with the HLM. Figure a) shows the HLM 
including the black box in the middle. In figure b) a closer view is represented of the black 
box encompassing the polymer tube filled with arterial blood. The black fiber is the fiber 
connected to the halogen lamp and the grey colored fiber is the one leading to the 
spectrometer.  
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3.2.2 Spectroscopic and Reference Measurements 

Spectra for 26 measurements were recorded with reflection spectroscopy in the wavelength 

range of 350-1100 nm with integration time 1.2 sec. The spectroscopic equipment consisted 

of the same spectrometer (AvaSpec-2048-USB2 Fiber Optic Spectrometer) and same software 

(Avasoft Application Software) as in experiment I. The lamp from experiment II was used as a 

light source (Surgi-Tel HLT 200 GSC, halogen lamp, powered by 250W). A significantly 

thicker fiber (3 mm core) than the one used in the previous experiments was used for the 

incoming light and one fiber on the detection site (600 µm). All components of the 

spectroscopic equipment were held in fixed position during the experiment to minimize 

Reservoir 

  Oxygenator 

Light source 

Pump   Oxygenator Black box 

Spectrometer 

Heat exchanger 
 Gas 
 

Software 

Blood flow 
Gas 
Light beam 
Water 
USB cable 
 
 

Oxygen and air 
 

Figure 12. Schematic illustration of the complete experimental setup based on Gudbrands 
(2012) 
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spectral interference due to movement. 26 blood samples were collected from the HLM 

machine and analysed in a BGA (ABL 90 FLEX from Radiometer) providing pH reference 

measurements.  

 

 

 
All data processing and multivariate analysing were carried out in both Excel and 

Unscrambler X Sofware (version 10.2) where PLS regression with cross validation was 

performed in order to relate the spectral changes to pH. Calibration and prediction error were 

calculated in order to determine optimal number of regression factors for accurate calibration 

and the squared correlation coefficient 𝑅!  was calculated to inspect the feasibility of 

predicting pH from the spectral data.  

Sample Outlet 

Figure 13. Sample outlet positioned in front of the black box. Blood samples taken right 
before the spectral image taken. 
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The results from the pilot studies and main experiment which were introduced in chapter three 

are presented in the following chapter as well as the results from the PLS regression.  

4.1 Pilot studies 

4.1.1 Experiment I and II 

The objective of this initial experiment was to find a suitable light source to illuminate the 

blood with. As pH induced spectral variations are known to be very small, it was of great 

importance to obtain a strong signal with minimum noise and a low integration time. The light 

source would even have to have a broad illuminating spectrum characteristic. In figure 14 the 

spectra generated from experiment I is shown.  
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Figure 14. Spectral results from irradiated blood-tube with AvaLight-HAL-S 
Tungsten Halogen light source, powered with 30W 
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As can be seen from the figure, a very noisy signal was recorded with the use of this type of 

light source indicating a lot of scattering. Increasing the integration time did not improve the 

signal but only elevated the noise, resulting in a very low signal to noise ratio. Integration 

time of 10 seconds is also too high with regards to that a real-time measurement is demanded. 

Since scattering interactions at NIR wavelengths are dominating in a biological tissue it was 

decided to try to minimize the photons travelling distance through the blood to decrease the 

probability of scattering and an additional hole done on the black box as described in section 

3.1.1.  

 

Both transmission and reflectance spectroscopy were tested in order to obtain the desired 

signal. Reflectance spectroscopy was chosen as it gave a better signal. Figure 15 shows a 

graph where two spectra generated with two different light sources tested in experiment I and 

II are compared:  
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By applying a stronger halogen lamp and reflection instead of transmission it was possible to 

reduce the integration time from 10 seconds to 1.2 seconds and the noise was significantly 

reduced. As can be seen from the plot, the red spectrum is much smoother and noise has been 

significantly reduced.  

4.1.2  Experiment III 

In this section the results from the serum test are presented. Figure 16 shows spectra of blood 

serum with two different pH values generated with transmission spectroscopy.  
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Figure 15. Blood filled tube illuminated with two different halogen lamps generating two 
different spectra 
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Changes in spectral output are shown in different pH values of blood serum. Since the blood 

serum does not contain hemoglobin, these results indicate that even other components than 

the hemoglobin possibly contribute to spectral changes seen due to pH variations.  

 

4.2 Main Experiment  

4.2.1 Data Description 

Explorative data analysing is an important first step in the calibration modelling process. 

Visual inspection of graphs can be of great help in the initial state to identify trends and 

certain characteristics of the data. Plot of a set of spectra collected from arterial blood with 
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Figure 16. Spectra of blood-serum with two different pH values, generated with transmission 
spectroscopy   
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reflectance spectroscopy for 27 different blood pH values between 6.757 and 7.742 is shown 

in figure 17.  

 

 

 
 

 

The plot shows a signal of relatively good quality with little noise. As described above, pH 

induced changes are known to be in the wavelength range from circa 700-1000 nm, that area 

is the area of interest and therefore investigated further.  

 

When dealing with spectroscopic data, pre-processing in the form of noise deduction from the 

signal curve and flat field normalization of the illumination curve is commonly needed. Since 

the halogen lamp did not have a uniform illumination curve, flat field normalization was 

applied to correct for illumination variations, i.e. each intensity value was normalized to the 

mean value of the illumination curve, resulting in a flat curve. The signal curve was then 

Figure 17. Spectra generated from continuous measurement with reflectance 
spectroscopy of arterial blood for pH between 6.757 and 7.742. 
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multiplied by the correction factors derived from the normalized illumination curve in order 

to see the smaller actual variations more clearly. Noise from the spectrometer was also 

deducted from the signal curve. Figure 18 shows the resulting normalized spectra obtained.  

 

 

 
 

 

Variations are clearly seen in the spectral output and the most informative area seems to be in 

the range above approximately 800 nm. A quantile plot is shown in figure 19, it is a box plot 

displaying the low, mean and maximum value for each variable (wavelength). It was plotted 

to further investigate which spectral area carried the most information. Noise appeared in the 

wavelength range above 930 nm and was therefore cut out.  

 

 

Figure 18. Normalized spectral curve, wavelength range 400-930 nm 
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From figure 18 and the quantile plot it can be seen that the most informative area is between 

approximately 800-930 nm. Based on the spectral plot in figure 18 and the quantile plot in 

figure 19 it was decided to use this range for the PLS calibration model. 

 

4.3 Modeling pH 
PLS regression was used in order to relate the pH variations to the variations in the spectra 

generated from discrete reflectance measurements at 1365 equally spaced wavelengths in the 

range 800-930 nm and to determine the optimal number of regression factors needed for this 

data set.  

4.3.1 Calibration 

At the calibration stage the relationship between the spectral data and measured pH values 

was studied. The calibration set (X-matrix) consisted of NIR spectral data of the size 26∗1365 

samples (intensity values for 1365 different wavelenghts and 26 different measurements) and 

26 response variables, the measured pH values from the BGA. In order to increase the 

spectral resolution to reveal possible hidden information in the spectra, the data set was 

pretreated with third derivative. The first sample for pH value of 6.757 was excluded from the 

Figure 19. Quantile plot, displaying which spectral regions have the largest variation 
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calibration as it turned out to be an outlier, resulting in a sample set of 25 elements for pH 

values ranging from 6.792-7.742. A strong correlation was found between the spectral data 

and the pH values, see table 1.  

 

 

The results from the PLS regression indicated that three PLS components (explained in 

section 2.5) would give an adequate fit to the data, see figure 19. The squared correlation 

coefficient 𝑅! between pH and the spectral data was 0.992 and the calibration error (RMSEC) 

was 0.026.  

  

 
Elements pH-range 

PLS 
Factors R2 

RMSEC 
(pH units) 

PLS calibration 25 6.792-7.742 3 0.992 0.026 

Table 1. Results from PLS calibration of spectral data from arterial blood measurements 
with varying pH and reference pH values measured with a blood gas analyser 
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The residual calibration variance, defined in chapter 2.5 is shown in figure 20.  
 
 

 

As mentioned before, the residual variance is a measure of how well the pH values (y-data) 

can be modeled for the different number of regression factors, i.e. a measure of the model fit 

and is based on the calibrated values, 𝑦!"#. From the graph it can be concluded that a selection 

of three regression factors would probably be sufficient to calibrate a model from this 

experiment. Choosing a higher number of regression components could increase the risk for 

overfitting since the systematic variation in the data set is described by the first components, 

while later components typically describe smaller variations, which are then generally 

modeling noise.  

 

A plot of PLS predicted pH versus reference pH is shown in figure 21 where the points have 

been marked from 2-26, representing pH values from 6.792-7.742.  

Figure 20. The residual calibration variance plotted for each regression factor 
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As can be seen in the plot, the sample points are very close to the regression line, indicating 

that an accurate calibration model can be obtained for this data set with the use of three 

regression coefficients. Increased number of regression coefficients resulted in an even more 

accurate line fit but that would increase the risk of overfitting as mentioned before.  

 

To understand which wavelengths that contributed predominantly to each regression factor, a 

loading graph was plotted and is shown in figure 22.  

 

 

Figure 21. Predicted pH by PLS regression versus measured pH from a blood gas 
analyser 
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According to the plot, wavelengths around 868-874 nm seem to contribute strongly to both 

factor one and two since the value on each axis is very high for those variables. That is in 

accordance to both the spectra shown above in figure 18 and to the quantile plot, where 

significant variations were observed around 870 nm. Figure 23 shows a graph of the 

regression coefficients or PLS components for this calibration model. The size of the 

coefficients indicates which wavelengths have an important impact on the model and 

therefore would the ones with the highest absolute value be chosen. 

 

 

Figure 22. A loading plot showing how much the wavelengths contributed to PLS factors 
one and two 



 46 

 

 

The statistically significant coefficients for this calibration model have been circled in figure 

23. For this model with three PLS factors, one would choose three calibration coefficients in 

the circled area shown in the plot.  

4.3.2 Validation 

After studying the correlation between the spectral data and pH values and conclude that three 

regression coefficients would be sufficient to relate the variance in X to the variance in y, 

validation is used to estimate the prediction error, i.e. the models ability to predict new pH 

values from new spectral values. As the calibration residual variance gives information of the 

model fit but does not give information about the models prediction performance from new 

X-data, validation is necessary. The validation variance is shown in figure 24 and has been 

plotted with the calibration residual variance for comparison.  

 
 

Figure 23. Regression coefficients for the calibration model 
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The residual validation variance reaches its minimum value when using two regression factors 

but is still significantly higher than the calibration residual variance.  

  

Figure 24. The validated residual variance compared to the calibrated residual variance for 
seven different regression factors 
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In figure 25, predicted versus reference pH has been plotted for the validated model with three 

regression factors.  

 

 

 

 

A relatively good linear fit is clearly achieved for the cross-validated prediction values 

implying that a model calibrated for this data set would perform well for prediction. Some 

points are however further away from the regression line than others. In table 2 the results 

from the validation have been summarized.  

  

Figure 25. PLS predicted pH with cross-validation versus measured pH   
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As spectral data typically contains a lot of information it is important to look into other 

possible factors influencing the results. Here, a closer look was taken at the influence from 

oxygen as oxygen induced changes on hemoglobin are known to have dominating effect on 

spectral output, even in this wavelength range (figure 3, chapter 2.2.2). Oxygen saturation 

values were not available from the oxygen analyser but the partial pressure of oxygen (pO2) is 

plotted in figure 26.  

  

 
Elements pH-range Factors R2 

RMSEP 
(pH units) 

PLS validation 25 6.792-7.742 3 0.906 0.089 

Table 2. Results from PLS validation. 
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The pO2 varied from 21 kPa to 25.4 kPa in total during the experiment. As can be seen from 

the plot, pO2 increased with increasing pH.  

  

Figure 26. Values of the partial pressure of oxygen during the course of the experiment plotted 
for the different pH values  
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The aim of this thesis was twofold, first and foremost to develop, as a proof of concept, a 

spectroscopic method for real-time measurement of blood pH in a patient line during 

cardiopulmonary bypass and secondary to inspect the feasibility of developing an algorithm 

that describes the relation between spectral data and the pH-level in the blood. Current study 

demonstrated that NIR reflectance spectroscopy is a feasible technique to measure blood pH 

in a patient line during cardiopulmonary bypass. A strong correlation was found between 

measured pH values and spectral output in the wavelength range 800-930 nm. Previous 

studies have shown that pH induced changes have been detected in the wavelength range 

beteween 650 - 1100 nm. These results suggest that with the use of PLS analysis, a model can 

be created with the number of three regression factors over a fairly wide range of pH with a 

cross validated R2 of 0.906 and prediction error RMSEP of 0.089 pH units. PLS regression is 

based on projecting the given data set onto only a few latent variables and was therefore 

considered an advantageous calibration method for this experiment as this experiment 

contained a high dimensional data set, which would be difficult to analyse otherwise.  

 

The obtained results are comparable to previous published literature (Alam, et al., 2003; 

Rosen, et al., 2002; Soller, et al., 1996) on pH determination with the use of spectroscopy. 

The squared correlation coefficient is large but the prediction error is slightly higher than the 

values mentioned in section 2.4.1. The results are however applicable only for this specific 

experiment. In order to construct a general model, numerous experiments would be needed 

with various types of blood samples where it would be corrected for hemoglobin 

concentration variation and other possibly varying parameters. Hemoglobin concentration was 

constant during this experiment. It can also be argued that the validation method used 

(cross-validation) gives to optimistic results, as the validation procedure is never really 

performed on an entirely independent test set. An optimal validation approach would have 

5 Discussion and Conclusions 
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been with the use of an independent test set, i.e. a separate sample set of the same size as the 

calibration set, which has not been used in the model calibration and is applied to the model.  

 

Initially, the main challenge was to obtain a clear signal with minimum noise and as low 

integration time as possible. This challenge was solved by using a Surgi-Tel HLT 200 GSC 

halogen lamp powered by 250W, with a broad illuminating spectrum enabling spectral 

collection with a relatively low integration time of 1.2 sec.  

 

As this is an indirect method to measure blood pH it is highly dependent on elimination of 

other possible factors contributing to a signal detected with PLS analysing. One main 

criticism of this experiment is that even though influence on the spectral data from other 

factors, such as temperature and 𝑝𝑂!, were controlled it is not certain that the spectral changes 

can be fully assigned to only pH changes in the blood. Especially is the influence from 𝑂! of 

major concern. However, the increase seen for 𝑝𝑂! is not significant in physiological context 

and the blood is typically fully saturated when 𝑝𝑂! is higher than 13 kPa (Grant and Waugh, 

2007). The specificity of this experiment could be improved by unlinking in a more definite 

way the correlation between oxygen saturation and pH. It can also be noted that since 𝐻𝐶𝑂!! 

was used, the blood pH changes were obtained with metabolic adjustment instead of 

respiratoric. The use of 𝐶𝑂! as a buffer could therefore possibly be a better alternative.  

 

A test with blood-serum which does not contain hemoglobin was also done in order to see if 

possibly other components than the blood could contribute to changes in spectral signal. The 

results from this experiment revealed that variations in blood-serum pH gave different 

spectral output. This is in contradiction to results from a study done by Alam et al. (2000) 

where it was found that other components within the blood matrix did not contribute 

significantly to pH induced spectral changes. The cause for that could be investigated further 
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in future trials. One hypothese could be that the serum used, could have contained traces of 

hemoglobin.  

 

The results presented here form a promising foundation for a future development of 

non-invasive, real-time measurement equipment of blood pH in a patient line during 

cardiopulmonary bypass, which can substitute today’s highly unpractical and invasive pH 

measuring method.  
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