
 
 

 
 

 
 

 
 

ABSTRACT 

 
Multivariate Analysis of Luminescence Spectra as a Means  

of Determining Postmortem Interval 
 

Patricia A. Diamond, M.S. 
 

Co-Charipersons:  Kenneth W. Busch Ph.D. 

                     Marianna A. Busch Ph.D. 
 

 
Post-mortem interval (PMI) is the time elapsed since a person died.  

Currently there is no accurate method for determining PMI of skeletal remains.  

Existing methods are best suited for deciding whether a bone is of forensic 

interest, meaning less than fifty years old.  This is a problem for areas that have 

extreme climates, specifically those areas that experience high heat and high 

humidity, which accelerate decomposition.   

The objective of this study was to develop a method to accurately predict 

PMI of skeletal remains through luminescence studies of the change in the 

intensity of the luminol reaction with skeletal remains over time.  Previous 

research in the area demonstrated that a correlation can be found between the 

PMI and the change in intensity over long periods of time.  This research aims to 

demonstrate a similar correlation with PMI and to correctly predict the PMI of 

skeletal remains over much shorter age ranges. 
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CHAPTER ONE 

 
Introduction 

 
 

Postmortem Interval 

Postmortem interval (PMI) is an important part of any death investigation.  It 

helps to set the scene and can help point to possible suspects in a criminal 

investigation.  However, in many cases PMI is hard to predict with accuracy due to 

the number of factors affecting the rate of decomposition. 1  Some of the factors may 

include the body type and clothing of the victim1.  Also, the location of the body, the 

weather, and presence of insects or scavengers could also affect the rate of decay.1 

Due to the variety of factors involved, the investigator’s ability to obtain accurate 

estimates of PMI increases the earlier a body is discovered.1 

During the first few hours after death, PMI may be determined by estimating 

algor mortis (body cooling), rigor mortis (the stiffening of limbs), and livor mortis 

(blood settling in the body).1  Once the decay reaches a point where these medical 

diagnostics are no longer useful, the ability to accurately determine PMI decreases.  

Investigators then turn to entomological (insect interaction with corpse) evidence.2  

While insect activity may be greatly influenced by environmental factors, it can be 

relied upon for approximately seven weeks after death.2  However, as the soft tissue 

continues to decay and eventually becomes skeletonized, none of the entomological 

methods can be relied upon for an accurate estimation of PMI.3  With no established 
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methods for determining PMI of skeletal remains, a forensic pathologist must rely on 

previous experience to make a prediction.4, 5 

The majority of research on PMI has focused on the earlier stages of 

decomposition with very little emphasis on skeletal remains.  Most of the accepted 

techniques for dating skeletal remains are more appropriately used with ancient 

remains (thousands of years), rather than those that are of forensic interest or less 

than fifty years old.4, 6-16  For example, radiocarbon dating has been routinely used by 

archeologists.9, 13, 14  The half-life of 14C is 5730 years which is not practical for 

determining PMI.9, 13, 14  Some efforts have been made to utilize radioactive nuclei 

such as 3H, 210Pb, 210Po, 90Sr, and 137Cs, which have shorter half-lives and could be 

slightly more useful in a forensic context.8, 12, 15-17  A positive correlation between the 

radionucleotide concentrations and PMI is promising, and there are some who 

believe these methods have the most potential use in forensic investigations.18  

However, much more research is required for these methods to be considered in a 

legal investigation. 

A majority of techniques that have shown the most promise for measuring 

PMI focus on the degradation of organic material in the bone, specifically proteins.  

Six methods have had the most consistent results.  The first involved measuring 

nitrogen content and would determine the PMI based on the percentage of nitrogen 

in the bone4.  Two methods focused on the amino acid content of the bone4.  The 

first studied total amino acid content, while the other focused on the presence of 

prolines to determine PMI.4  Two other methods, the benzidene reaction and the UV 

fluorescence, were limited in their use, but were successful in distinguishing modern 
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from ancient remains.4  The benzidene reaction depended on the amount of blood 

remnants left in the bone, since an enzyme in the blood catalyzed the reaction much 

like in the luminol reaction described later.4, 5  Benzidine’s use decreased after it was 

discovered to be carcinogenic.19  The UV fluorescence depended on the general 

organic content of the bone.4, 45  The final test considered functional by Knight and 

Lauder was an immunological test.45  For the majority of the cases, immunological 

activity could only be seen for up to five years.4  However a few positive results were 

seen as late as 150 years after death, which led to reliability issues with that test.4, 5   

In a multivariate study, Castellano et al. tested nine factors of bone 

composition including total lipids, triglycerides, cholesterol, free fatty acids, total 

proteins, zinc, iron , manganese and phosphorous.20  It was determined that out of 

the nine factors tested, the decomposition of protein had the best correlation to 

PMI.20  Results were improved upon by adding triglycerides and cholesterol.20  

However, only 11.29% of the variance was explained by the addition of triglycerides 

and cholesterol, thus leaving 74.31% of the variance to be explained by protein 

composition.20 

Previous research at Baylor addressed the problem of determining PMI 

through a multivariate approach.21  Using Near-Infrared (NIR) spectroscopy, Dogra 

attempted to track water loss and protein decomposition of bone.21  Figure 1-1 shows 

the general change in spectra over time due to the breakdown of protein and water 

lost from the samples.21  This was the first study to attempt to trace the 

decomposition of bone over a small period of time versus decades.21  All samples 

were tested over a period of three months.21  In a series of control studies and 
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Figure 1-1.  General change in NIR spectra with time.21 
 
 

a brief field study, spectra were collected over a three-month period and used to 

develop PLS-1 models.21  Predictions from the various models gave average absolute 

errors ranging from ± 2 days to ±14 days.21 While the study showed promise, there 

was some uncertainty as to its effectiveness since water loss would vary greatly 

depending on the environment.   

 A different approach by Introna, Di Vella and Campobasso shifted from 

analyzing the decomposition of total protein composition to studying the 

decomposition of hemoglobin from blood remnants in the bone.11  This was 

accomplished by exposing the bone powder to a luminol solution, and the 

chemiluminescence was recorded through a camera and analyzed visually.11  The 

results showed a decrease in intensity of the light as the age of the samples 

increased.11  Their samples ranged in age from less than 3 years up to 80 years in 

age.11   
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More recently, Creamer and Buck attempted to improve upon the original 

study by Introna, but much of the premise of the study was similar to the original.  A 

smaller number of samples was used with ages ranging from six months to 375 

years.22  However instead of using a camera to record the reaction, Creamer and 

Buck used a photomultipier to measure the intensity of the light emitted for each 

sample.22  The research yielded similar results to those found in the original study.22  

Figure 1-2 shows the intensity of the reaction of hemoglobin with the luminol 

decreased over time.22  Still both studies were only successful in separating recent 

bones from historic bones.  

 
Bone Composition 

 

All bones are a blend of two phases, an organic phase and an inorganic phase.23A 

diagram of bone can be seen in Figure 1-3.  The rigid, inorganic phase is made of 

calcium salts with hydroxyapatite, Ca5(PO4)3(OH), being the most abundant.23  The 

elastic, flexible, organic phase is made of mostly collagen.23  There are three types of 

bone tissue: the cortical, the cancellous, and the subchondral.23  Each type of bone 

tissue has the same basic structure, but the difference between the three comes from 

their interaction with the blood supply of the body.23    The cortical bone, which 

makes up the exterior of the skeleton as well as the bone shafts, consists of blood 

vessels surrounded by bone tissue.23  Cancellous, or spongy bone, is the opposite of 

the cortical bone where the blood vessels surround the bone tissue.23   The 

vascularization of subchondral bone is a balance between the cancellous and cortical 

bone.23 
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Figure 1.2 A plot demonstrating the decreasing intensity of the luminol reaction as 

the skeletal remains increase in age, with M samples representing modern samples 
and H samples representing historical samples.22 

 

Cancellous bone tissue contains the bone marrow.24  There are two types of bone 

marrow:  the yellow and the red.24  Yellow marrow, which is found mostly in long 

bones of adults, is responsible for production of fat cells.24  On the other hand, red 

marrow is filled with hemopoietic tissue, which is responsible for producing red 

blood cells.24  The red marrow also produces heme, which is an iron containing 

portion of hemoglobin.24  In adults, the red marrow can be found in the ends of the 

humerus and the femur as well as in the ribs, sternum, vertebrae and pelvis.24  

Hemoglobin is a protein seen in Figure 1.4, which is found in red blood cells 

and is responsible for the transportation of oxygen throughout the bodies of 

vertebrates.25  Specifically in mammals, 97% of the content of dry red blood cells or 

approximately 35% of the total content is composed of hemoglobin.26   
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Figure 1-3.  Diagram of bone.24 

 
In humans, the protein is composed of subunits, which are closely associated with a 

heme group.28, 29  The heme is a nonprotein group composed of an iron ion within a 

porphyrin ring, which can be seen in Figure 1-4.27 In the body, the iron ion has an 

oxidation state of +2,27,30,31but upon degradation it rapidly oxidizes to Fe+3. 31-36  The 

heme molecules and the red blood cells are produced by the red marrow within 

bones such as the ribs, sternum, vertebrae and in some of the long bones as well.24  

 
Luminol 

The chemiluminescent properties of 5-amino-2,3-dihydro-1,4-

phthalazienedione, more commonly known as luminol, were first reported in 1928 

by Albrecht.37  Since that time, the reaction mechanism has been thoroughly studied.  

The potential pathways the reaction can take have been summarized by Mereyani 
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     (a)              (b) 

 
Figure 1-4.  a)The heme group27. b) Hemoglobin27 

 
 

and can be seen in Figure 1.538. As demonstrated in the figure, all the thick arrows 

represent the paths leading to the formation of 3-aminophthalate and the emission of 

light.38  The remaining pathways are referred to as the dark reactions because 

ultimately no light is produced.38, 39  

 

 

Figure 1-5.  The chemical pathways of the luminol reaction.38 
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A proposed mechanism for the chemiluminescent reaction of luminol is 

shown in Figure 1-6.38, 40-42  A wide variety of catalysts can be used in the reaction.  

Heme containing proteins such as hemoglobin and horseradish peroxidase are 

commonly used and require basic conditions, typically with a pH of 10.  In the 

mechanism presented, the iron of the hemoglobin has an oxidation state of  

Fe3+  27which is oxidized by hydrogen peroxide to Fe4+ as seen in the reaction.  The 

hydrogen peroxide breaks down into a hydroxide ion and a hydroxide radical.  

Luminol (1) loses hydrogen to form an anion in (2).  A hydroxide radical takes an 

electron from (2) to create (3), producing an hydroxide ion in the process.  A 

hydroxide takes the hydrogen from the remaining NH group to create (4).  Oxygen 

then removes the electron from the radical creating (5), which rearranges forming a 

double bond between the two nitrogens shown in (6).  An  -OOH anion then attacks 

one of the carbonyls, forming (7).  A lone pair from an oxygen in the -OOH group 

attacks the other carbonyl, creating a bridge seen in the dianion (8).  Another 

hydroxide ion takes the hydrogen from the other oxygen in the bridge, leading to (9).  

Further rearrangement of electrons reforms two carbonyls, nitrogen is lost, and the 

light emitting species 3-aminophthalate dianion (10) is produced. 

In a multivariate study performed by Bastos et al. researchers alternately varied the 

concentrations of the luminol, the hemin and the hydrogen peroxide to observe the 

changes in the response curves for initial chemiluminescence intensity (a), the area 

under the emission curve (b) and the observed rate constants shown(c) in Figure 1-

7.43  They found that the best conditions to achieve high chemiluminescence intensity 

emissions required high hemin concentration and medium concentrations  
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Figure 1-6.  Proposed mechanism of the luminol reaction.38, 40-42 
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for both the luminol and the hydrogen peroxide.43  High levels of peroxide actually 

led to the destruction of hemin, and high levels of luminol led to very fast reaction 

rates that recycled the hemin43.  The researchers also determined, in agreement with 

previous research, that the likely rate determining steps for the luminol reaction were 

first the oxidation of the luminol anion, which is dependent on the concentrations of 

all compounds involved41, 43, and secondly the addition of the peroxide to 

diazaquinone, represented in steps 6-7 in the proposed reaction shown in Figure 1-6, 

which would affect the reaction at low peroxide concentrations.43 

Luminol’s chemiluminescent reaction is used quite often in analytical 

chemistry.  Often the reaction is used to detect the presence of hydrogen peroxide in 

a system or as a way to observe a reaction with a peroxide-labeled compound.45  The 

use of this reaction is also well established in the forensic field where it has been used 

 

 

(a)      (b)    (c) 

Figure 1-7.  The response curves from the multivariate factorial anyalsis of the (a) 
initial intensity,I0, (b) area under emission curve, S, and (c) observed rate constant, 

Kobs and their dependence on the concentrations of hemin and peroxide with a 

concentration of 1.0 mmol/L of luminol. 44 

 
 
since the 1930’s to detect the presence of blood in criminal investigations.46  The 

luminol reaction is highly sensitive and can detect hematin in a dilution of 1:108.47  

Specht determined that luminol reacts better with dried, decomposed blood than it 
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does with fresh blood.48  In general, blood is stable enough to last over extended 

periods of time and able to withstand exposure to heat as well.46 

Luminol’s use has gained popularity in the forensic field for many reasons 

besides its sensitivity.  The luminol solution is not corrosive, it does not stain, it 

won’t react with other biological fluids, and most importantly it will not destroy the 

blood in a sample.46  Also, one of its biggest benefits is that the reaction is accepted as 

a valid test by both the legal and scientific communities.46 

However, the luminol test does have some drawbacks.  The main 

disadvantage affecting its use for investigating PMI is that luminol does not react 

specifically with blood or iron.46  Many plant peroxidases, metals and other 

chemicals can react with luminol to give false positives.46  Two of the most common 

substances responsible for producing false positives are copper compounds and 

bleach.46  Another drawback of conventional chemiluminescence is the transient 

nature of the signal, which requires careful timing of data acquisition. 

 
Purpose 

 The purpose of this research was to examine the feasibility of using 

fluorescence spectroscopy to measure the products of luminol’s reaction with blood 

remnants of skeletal remains while using chemometric modeling of spectral data to 

accurately determine PMI.  While luminol has been used as a means of determining 

PMI, it has not been studied with young samples with a relatively small age range. 
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CHAPTER TWO 

 

Chemistry Background Information 

 

 

Luminescence 

Molecular luminescence spectrometry consists of three optical methods:  

fluorescence, phosphorescence and chemiluminescence .49  The first two are similar 

in that the absorption of photons leads to excitation, while with chemiluminescence 

the excitation results from a chemical reaction. 49 

In fluorescence and phosphorescence, an electron must be moved from the 

ground state to an excited state. 49  In the ground state, the Pauli Exclusion principle 

is followed, which means no two electrons may have exactly the same four quantum 

numbers. 49  This means that for two electrons to share an orbital they must have 

opposing spins. 49  In the excited singlet state the electrons still have opposing  

spins. 49  However, in the triplet excited state, the spin state of electrons in the higher 

energy level becomes parallel (both electrons have the same spin). 49 

Once a photon is absorbed, there are a few deactivation processes the electron 

can follow on its way back down to the ground state. 49 Figure 2-1 shows the energy 

diagram of a photoluminescent system. 49  Of all the processes shown, the only two 

which lead to the emission of a photon are fluorescence and phosphorescence. 49  

Vibrational relaxation, intersystem crossing, as well as internal and external 

conversion do not lead to the emission of a photon and are referred to as 
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radiationless processes. 49  The process that allows for the shortest lifetime in the 

excited state will be the preferred process. 49 

 

 

Figure 2-1.  Energy diagram for a photoluminescent system49 
 

 
 In chemiluminescence (CL), the process is very similar to photoluminescence 

except that it is a chemical reaction that provides the energy necessary to generate an 

excited state.42,49  This may happen in one of three ways.  First a high energy 

molecule can decompose into lower energy molecules represented by42 

                                                    A          *B                                                                   (1) 
or                                                              *B +C 

 
Secondly, CL can be caused by an exothermic reaction represented by42 

                                                 A + B     *C +D                                                  (2) 
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or                                                                       *C 
 

Finally, chemiluminescence can occur through electron transfer reactions as 

represented by42 

                                                  A+ + B-      *A + B                                                 (3) 
or                                                                        A + *B 
 

All three processes require that the reaction produce enough energy to reach the 

excited state. 42  It is possible for energy shortfalls to be made up with thermal energy. 

42  Also required is an efficient pathway back to the ground state. 42 

 The luminol reaction, discussed at length in the introduction, is an example of 

a chemiluminescent reaction caused by an exothermic reaction as was seen in 

Equation 2. 42 

 
Fluorescence Spectroscopy 

 Fluorescence measurements are made using either a fluorometer or a 

spectrofluorometer. 49, 50  The two types of instruments share many of the same basic 

components, as seen in Figure 2-2.49  A source emits a beam that first is sent through 

a monochromator or excitation filter. 49, 50  The light which passes through will allow 

for excitation to occur, but will exclude the wavelength of fluorescence emission. 49, 50   

Fluorescence spreads in all directions, but it is best to observe the fluorescence 

at right angles where there is less scattering, and interference from the excitation 

source is at a minimum. 49, 50  The emitted radiation must go through another filter or 

monochromator before reaching the photransducer, typically a photomultiplier tube, 

which is responsible for generating an electrical signal from the fluorescence to be 

measured. 49, 50  A reference beam is also necessary. 49, 50  This beam is sent through an 
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Figure 2-2 Basic components of a fluorometer or spectrofluorometer.49 
 

 
attenuator which lowers the power to match that of the fluorescence radiation. 49, 50  

Both the signals are then amplified by a difference amplifier which sends the 

information to a recorder. 49, 50 

 One of the biggest differences in the two types of instruments is their lamps.49  

Fluorometers use a low-pressure mercury vapor lamp. 49  Spectrofluorometers tend to 

use a high-pressure xenon arc lamp. 49  Spectrofluorometers also differ from 

fluorometers in that they are able to produce both excitation and emission spectra. 49 
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Chemometrics 

 In 1971, a Swedish chemist, named Svante Wold, first introduced the term 

chemometrics.55, 56  The word can be split into two main parts, chemo and metrics.  

Chemo means chemical, and metrics or metron meaning to measure.51  The literal 

translation of the word is to measure chemistry. 51  However, the literal translation 

may seem much more simplistic than Wold meant for it to be; a fairly accepted 

definition would be that chemometrics is concerned with using mathematical 

approaches to analyze chemical information.57, 58 

 
Multivariate Data in Chemistry 

 Chemical systems are, by nature, complicated or multivariate, which 

necessitates a form of data reduction to make interpretation possible. 51  

Chemometrics provides a way to take advantage of multivariate data based on 

models, multidimentional spaces, and by making projections onto these 

multidimensional spaces. 51  However, Wold found that the main concepts used in 

the field of statistics, such as concepts concerning populations and multivariate 

normal distributions, do not work as well for chemical applications. 51  Chemists tend 

to be interested in the properties of individual chemical systems rather than those 

properties of a population of chemical systems. 51  Similarly, multivariate normal 

distributions do not adequately explain surface tensions, enzymatic rate reactions or 

other chemical properties. 51 

 The discipline of chemometrics has proven to be quite useful.  In the 

academic setting, chemometrics may be used in any area where large amounts of 

data are acquired. 51  Also, it has been found to be useful in the industrial setting, 
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particularly in quality assurance and process monitoring. 51  Chemometric methods 

can be divided into two types:  regression methods and pattern recognition methods. 

51,52  Regression methods are used to determine if there is a mathematical relationship 

between two sets of information, also known as the predictor and the response 

variables. 52  Once a relationship is established, it can allow the prediction of response 

values of future samples based on the predictor variables. 52  Pattern recognition 

methods may be used to find the similarities and differences between samples based 

on their predictor variables. 52  In the research presented in this thesis, the predictor 

variables are measured spectral data. 

 
Multivariate Regression 

 There are many methods used to perform multivariate regression, such as 

multiple linear regression (MLR), principal components regression (PCR) and partial 

least-squares regression (PLSR). 51-53  Of these methods, the best suited for spectral 

data are PCR and PLSR. 51-54  These two methods work particularly well because 

they can be used (1) when the there is a large number of predictor variables, and (2) 

they work even when correlation exists between the predictor variables within the 

original data set. 51-53  MLR has two requirements that only allow for limited use with 

spectral data. 51-52  The first requirement for MLR is that there must be more samples 

than predictor variables. 51-52  This requirement is difficult to satisfy because there 

could be hundreds of data points in a spectrum, and in most cases there are not 

hundreds of samples. 51-52  The second requirement is that the variables must be 

linearly independent of each other. 51-52 This requirement is often not met because 

spectral data are naturally collinear. 51-52   
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 All regression methods involve two processes: calibration and prediction. 51-53  

During the calibration phase, a mathematical model is constructed to relate the 

spectral data and the response variables. 51-53  The data set consists of samples with 

known response variables that have been measured independently. 51-53  In the 

calibration phase, a data array or matrix composed of two smaller matrices, X and 

Y, is produced.  The X matrix contains the spectral data, while the Y matrix contains 

the response variables. 51-53  The relationship between the two matrices is then 

mathematically estimated. 51-53  Matrix notation of this relationship may be expressed 

as y = Xb, where y is a column vector of a single response variable, and b is the 

regression vector containing the coefficients of the model. 51-53  In solving the previous 

equation, b equals (XTX)-1XTy where the superscript T denotes the transpose of the 

matrix and superscript -1 denotes the inverse of the matrix. 51-53  Once the regression 

vector is established, it can be used in the prediction process by applying the model 

equation to calculate the response given the measured spectal data. 51-53  In this 

equation 

                                            y = b0 + b1X1 + b2X2 + b3X3+ … +bnXn                                       (4) 

where y is the response value, bi are regression coefficients, and Xi are measured 

intensities at different wavelengths. 51-53  MLR operates in the same manner. 51-53  A 

problem that arises in applying MLR to spectral data results from its dependence 

upon the stability and existence of (XTX)-1. 51-53  X must have as many samples as 

wavelengths for the inverse to exist. 51-53  Additionally, collinearity problems will arise 

from the inversion of the matrix if the X variables are not linearly independent. 51-53  

The regression will be unreliable if X-data are collinear or nearly collinear. 51-53 



 

20 

 

 The development of PCR and PLSR took these matrix inversion problems 

into account. 51-53  The concept of projections solved these problems leading to the 

success of several chemometric methods. 51-53  PCR and PLSR are both referred to as 

projection methods. 51-53  These methods decompose the original X-matrix into a new 

matrix, T, comprised of orthogonal principal components (PCs). 51-53  It is the PCs 

that are used instead of the X-matrix in both PCR and PLSR. 51-53  The PCs are 

estimated iteratively, with the first PC explaining the greatest amount of variance in 

the spectral data. 51-53  The next PC is then found by using the remaining variance. 51-53  

As each PC is determined, it is used as a column vector in the new data matrix. 51-53  

This process will continue until all variance is accounted for or until the maximum 

number of PCs is reached (the matrix inversion allows for n-1 PCs). 51-53  This 

approach reduces the dimensionality of the original data by concentrating the 

information into fewer variables, as established in the successive PCs. 51-53  The data 

reduction overcomes the problem of a limited number of predictor variables. 51-53  

Additionally, the series of orthogonal PCs are used to define a new coordinate 

system, on which the samples and variables can be projected. 51-53  The creation of the 

new coordinate system eliminates the collinearity problem. 51-53 

 Individual PCs are linear functions of the original X-variables; each 

contributes to the explanation of the variance along that component. 51-53  The 

regression vector contains these contributions (coefficients), b.  Here, b is estimated 

as (TTT)-1TTy. 51-53  This is similar to what is seen in MLR except for the replacement 

of X (original data matrix) with T (new matrix containing PCs). 51-53  The 

transformation of the original matrix into a new matrix of PCs occurs in both PCR 
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and PLSR, but the methods differ in how the transformation is performed. 51-53  PCR 

considers only the X-data in its transformation. 51-53  However, PLSR actively 

involves both the X-data and the Y-data in the performance of the transformation. 51-

53  This leads to increased data reduction as only the spectral variations correlating 

with the desired response variable are used in calculating the PCs. 51-53  However, if 

all possible PCs are used in both predictions then the two methods are equivalent. 51-53  

PCR has a disadvantage in that it risks the inclusion of irrelevant spectral variations 

in calculating the PCs. 51-54  This can lead to poor predictive performance of the 

model.  As a result, PLSR is the most commonly used regression method for 

spectroscopic data. 51-54 

 
Multivariate Classification 

 Classification is a method that uses pattern recognition with the goal of 

placing new samples into previously defined classes in a population. 51-52  The two 

most common classification methods in chemometrics are soft independent 

modeling of class analogy (SIMCA) and PLS-discriminant analysis (PLS-DA). 51-52  

Every classification scheme has two steps.  First, a model is constructed using a 

training set of samples, which is made up of samples whose class memberships are 

known. 51-52  Because the class memberships of the samples are known they can be 

used to define the classes mathematically. 51-52  Then in the second step, new samples 

are introduced, and the model is used to predict the membership classes of the new 

samples. 51-52  SIMCA and PLS-DA methods are quite different in a way comparable 

to the differences in the PCR and PLSR regression methods. 51-52  SIMCA and PCR 

are concerned only with the X-data, while PLS-DA and PLSR consider both the X-
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data and Y-data .  SIMCA will be discussed in further detail since it was the method 

chosen for this research. 51-52 

 The focus of the SIMCA method is on the similarities of samples belonging to 

the same class. 51-52  Every class used must have its own model, which is created 

through principal components analysis (PCA). 51-52  The beginning step of principal 

components regression is PCA. 51-52  In this process the X-data are broken down to 

create a new matrix. 51-52  This new matrix is made from PCs that use only X-data to 

estimate those PCs. 51-52  A new coordinate systems is then created to represent the 

samples. 51-52  PCA uses zones to define each class where the dimensions are equal to 

the number of PCs retained for the class. 51-52  Individual PCA models are not 

required to have the same dimensions, and in an ideal case they would be positioned 

differently in the overall measurement space. 51-52 

 All PCA models are used to make a prediction in the SIMCA approach. 51-52  

Using the determined mathematical relationship between the spectral data and PCs, 

new samples are projected onto the “map” of PCs. 51-52  A sample may be identified 

as a member of a class if it occupies the defined space for the class. 51-52  Similarly, a 

sample can be a member of two or more classes if it falls within the boundaries of 

those classes. 51-52  Likewise, if a sample falls outside of all class borders then it cannot 

belong to any of the classes. 51-52  SIMCA models lack the discriminative power in 

cases of multiple class membership due to overlap that can exist in measurement 

space. 51-52  However, the inclusion of additional training samples or variables can 

improve discriminatory power. 51-52  Samples that do not fall into any class are either 

outliers or they belong to a class not represented by the data set. 51-52  Changing the 
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significance level, describing relationship of sample to the established class, 

determines the outcome of a SIMCA classification. 51-52  Altering the significance 

level changes the class boundaries. 51-52  Raising the significance level narrows the 

class limits, rejecting more samples. 51-52  Lowering the significance level extends the 

class limits, rejecting fewer samples. 51-52 

 
Model Optimization 

In both regression and classification methods, the data generated are 

expressed in four main plots:  scores, loadings, influence and total residual variance 

plots. 51-52  The total residual variance plot is important in determining the number of 

PCs that should be used in a model. 51-52  For each PC, the plot depicts the amount of 

variance in the data that the PC explains. 51-52  Figure 2-3 shows the characteristics of 

what an ideal total residual variance plot should look like. 21  The first characteristic 

is that the residual variance should be small, which means that most of the variation 

in X can be explained. 51-52  Secondly, in an ideal case most of the variation can be 

explained by the first few PCs. 51-52  Finally, the end of the curve should increase 

slightly, which would mean that additional PCs would lead to overfitting. 51-52  If an 

increase at the tail is not seen then it makes it harder to determine if the correct 

number of PCs were used in the model. 51-52  Either overfitting or underfitting of a 

model will lead to inferior performance. 51-52  In the case of overfitting, the model 

actually tries to explain uninformative information in the data or noise. 51-52  With 

underfitting the issue is that there aren’t enough PCs to explain all of the relevant 

information. 51-52  Any erratic behavior seen in this plot could indicate the existence of 

outliers in the data set. 51-52   
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Figure 2-3.  An example of an ideal residual variance plot showing the appropriate 
amount of PCs.21 
 

 
 The second type of plot used in all projection methods is the scores plot. 51-52  

Projection methods represent the data on a new coordinate system, and the scores 

plot is produced by projecting samples onto this new coordinate system. 51-52  

Information regarding patterns in the data can be visualized through the model’s 

scores plot. 51-52  If samples are close to each other in the plot it means they are alike 

with respect to those particular PCs. 51-52  If they are further apart, it means those 

samples are different from each other. 51-52  Outliers can be identified when a sample 

in the scores plot is separated from the rest of the points. 51-52  Since most of the 

information is explained by the first few PCs, plots comparing those PCs will be the 

most useful. 51-52  Figure 2-4 shows a two-dimensional scores plot that contains three 

clusters as well as one outlier. 21 

 Next is the loadings plot, which is the projections of the variables onto the 

new coordinate system. 51-52 It is necessary to look at the loadings for every PC to find 

which X-variables are the most critical to the model. 51-52  Just like with the scores, it’s 
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the first few PCs that are the most important. 51-52  The greatest amount of variation in 

the data is accounted for by those PCs. 51-52  An example of a loadings plot can be 

seen in Figure 2.5.  If the loading value of a variable is high, then it means that the 

contribution of that variable to the model is high. 51-52  The contribution to the model 

can be either positive or negative. 51-52  As demonstrated in Figure2-5, variables 4 and 

8 have the highest values in either direction and thus contribute the most to the 

model for that PC. 21  However, variables 2 and 6 do not make a contribution for this 

PC since their loading values are zero. 21 

 The loadings plot can also assist in determining the appropriate number of 

PCs for a model. 51-52  The model should only include PCs which explain chemical 

information and leave out those that try to explain noise. 51-52  One can determine 

whether a PC is explaining noise simply by looking at the line plot. 51-52  If it appears 

fuzzy and does not resemble spectra then it is explaining noise and should not be 

included. 51-52  Only the last loading vector is given to show that the model was not 

overfit. 51-52  

 

Figure 2-4.  An example of an ideal scores plot showing three distinct clusters.21 
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Another useful plot that helps to identify outliers in the data set is the 

influence plot. 51-52  Samples are plotted as a function of leverage versus residual 

variances. 51-52  As the name implies, the plot shows which samples are the most 

influential. 51-52  Samples that have high leverage values pull the model in a certain  

 

 

Figure 2-5.  A hypothetical example of a loadings plot showing two important 

variables (4 and 8) as well as two variables that are not important to this PC. (2 and 
6).  

 

direction ultimately giving a better description of the model. 51-52  Figure 2-6 gives an 

example of an influence plot showing both outliers and influential samples.21  

Samples with a low leverage value and high residual variance are likely to be 

outliers, and samples that have high residual variance and high leverage are 

considered to be dangerous outliers. 51-52  A dangerous outlier is one that is not well 

described by the model, distorts the model, and makes the model less able to describe 

the average samples.51-52 

Any samples that fit these three situations should be examined and removed if 

necessary. 51-52    
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The final plot that must be discussed is the predicted-versus-measured-values 

plot that gives information used to determine the quality of the regression model. 51-52  

In an ideal plot, the points will all fall onto a straight line that runs through the origin 

and has a slope equal to one. 51-52  A poor quality model will have points whose 

average distances are far from the fit line. 51-52   

 

 

Figure 2-6.  A hypothetical influence plot depicting 3 potential problem cases.21 

 
An ideal version of a predicted versus measured plot is shown in Figure 2-7 

The R-squared value is given in this plot and is also used to determine the quality of 

the model. 51-52  This value helps to show how strong a relationship exists between the 

Y-data and the model’s predicted Y-values, and gives the predictive ability of the 

model. 51-52  The R-squared value is calculated by taking the square of the correlation 

coefficient between the predicted and measured values. 51-52  The value will always 

fall between 0 and 1 with values closer to 1 indicating better fit. 51-52 
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Figure 2-7.  A hypothetical predicted versus measured plot. 
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CHAPTER THREE 

 
Experimental 

 
 

Preparation of Bone Samples 

While human remains would have been ideal for this research, such remains 

could not be obtained easily.  In that instance, it is common to rely upon pigs to act 

as human analogs.  However, due to space and time constraints, it was not possible 

to use whole pigs.  As a result, during the course of the research pork ribs purchased 

from a local meat market were used as samples.  For the indoor control study the soft 

tissue was removed from the bone by hand.  The bones were then cut into one inch 

pieces using a hand saw before being placed in a single layer in a plastic tub to 

decompose in a laboratory hood.  For the field studies, the whole racks of ribs were 

placed in a cage on the ground in an open grassy area.  Holes in the cage allowed the 

samples to be in contact with soil and grass.  The soft tissue was allowed to fully 

decompose before the bones were analyzed. 

 Previous research at Baylor focused on relatively non-destructive techniques.21  

In this study bone powder was used in the hope of getting a more complete 

representation of the bone when compared with a cross section.  The one-inch bone 

pieces were allowed to freeze in liquid nitrogen for approximately five minutes.  The 

frozen bone was placed between paper towels and crushed with a hammer.  The 

crushed bone was then transferred to a dish, where the fine powder used in analysis 
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was separated from any larger bone fragments.  Examples of the bone powder can be 

seen in Figure 3-1. 

 

 
a.           b. 
 

Figure 3-1.  (a) Bone powder where samples on the left are from the field study and 
samples to the right are from the control study.  (b) Bone powder taken from one 

bone in control study. 
  
 

Reagents 

A luminol solution was used in both the control and the field study.  Since 

luminol solutions have a short shelf life, a series of three standard solutions were 

prepared as outlined by Weber11.  Luminol, sodium hydroxide and hydrogen 

peroxide were purchased from TCI America, EMD, and Alfa Aesar.  Deionized 

water was used as a solvent.  Solution A consisted of 0.354 g of luminol, 62.5 mL of 

0.4 N sodium hydroxide, and 437.5 mL of deionized water.  Solution B contained 8 

g sodium hydroxide and 500 mL deionized water.  Solution C consisted of 10 mL of 

30% hydrogen peroxide and 490 mL of deionized water.   The final solution used in 

the testing of samples was made fresh each day by taking 10 mL of Solutions A, B 

and C and mixing with 70 mL of deionized water.    
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Collection of Spectral Data 

 

 Spectra were taken using a Hitachi F7000 fluorescence spectrophotometer.  

Scans were performed over a wavelength range from 200 nm to 900 nm with an 

excitation wavelength of 360 nm.    To run the samples, a drop of luminol solution 

was placed on the window of the sample holder.  Bone powder was then poured onto 

the luminol, and the lid was secured to keep the powder from shifting.  In the control 

study, three to five of the one inch bone pieces were examined at a time and tests 

were performed periodically over a 116-day period.  For the field study, two different 

sets of bones were used.  The first set was allowed to decompose for a period of 240 

days before fluorescence analysis began, while the second set was allowed to 

decompose for a period of 360 days prior to testing.  Bones from each set were 

assessed periodically over the course of 21 days. 

 Finally, Lin et al.  showed the differences in the absorption spectra of luminol, 

heme, the combination of the two in a reaction and finally the heme mixed with 

hydrogen peroxide which can be seen in Figure 3-2.40  The excitation wavelength was 

chosen based on this figure because there is absorption of heme combined with 

luminol at 360 nm.  Similar steps were taken for this research in showing the 

fluorescence spectra of the bone, pure hemoglobin, the luminol solution, as well as 

spectra from the reaction of the luminol with the bone sample and the luminol with 

the hemoglobin as seen in Figure 3-5.  No fluorescence was observed for the bone 

sample or the pure hemoglobin.  The intensity of luminol’s fluorescence was much 

higher compared to either the chemiluminescence produced by the reaction of the 



 

 

32 

 

bone with luminol or that produced by the reaction of hemoglobin with luminol.  

The chemiluminescence intensity from the reaction of bone and luminol was quite 

similar to that from the reaction of hemoglobin and luminol, but reaction with the 

bone produced more chemiluminescence than that with pure hemoglobin. 

 
Figure 3-2.  UV absorption spectra for: (a)8.358 x 10-6 mol/L of heme; (b) 5.015 x 10-

5 mol/L of luminol; (c) mixture of a & b; (d) heme & 1.543 x 10-3 mol/L H2O2
40 

 
 

Data Treatment 

 The spectral data were compiled into Excel files and analyzed using 

Unscramber 9.8 chemometrics software from CAMO Inc.  Figures 3-3 and 3-4 show 

the unprocessed spectra for the control study and the field study, respectively.  The 

useful wavelength range for the control was from 378 nm to 515 nm.  A wavelength 

range of 385.6 nm to 524.6 nm was used for the field study.   Spectra were smoothed 

using 5-point Sovitsky-Golay smoothing59.  Finally, a column containing the known 
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Wavelength (nm) 

Figure 3-3.  Fluorescence spectra for each individual bone sample from the control study.  In general, the emission intensity 

increases as the samples age.
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Wavelength (nm) 

 

Figure 3-4.  Fluorescence spectra for each individual bone sample from the field study.  In general, the emission intensity 
increases with time.  
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PMI for all samples was added to the data matrices before data analysis could be 

performed.   

 One disadvantage to using ribs for samples is that each bone varies in 

diameter from one end of the bone to the other as well as from the first rib through 

the last rib.  As a result, the color and texture of the powder in each piece could vary 

as well.  Color and texture differences could also be seen between the samples of the  

 

 
Wavelength (nm) 

 
Figure 3-5.  Comparison of the fluorescence spectra of luminol solution (green) and 
its reaction with the bone sample (blue) and with pure hemoglobin (pink). 

 

control study versus the samples in the field study.  To ensure that this variation did 

not affect the model’s spectral data, spectral data for samples of the same age were 

averaged.  Analysis was then performed on the averaged spectra for comparison.  

Unprocessed averaged spectra for the control study and the field study are shown in 

figures 3-6 and 3-7, respectively.
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Wavelength (nm) 

Figure 3-6.  Fluorescence spectra for the control study where spectra from bone samples of the same age were averaged.  In 
general, the emission intensity increases as the bone ages. 
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Wavelength (nm) 

Figure 3-7.  Fluorescence spectra for field study where spectra from bone samples of the same age were averaged.  In general, 
there is an increase in emission intensity over time.
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 Spectra for all data sets were analyzed using PLS-1 regression analysis.  Eight 

PCs were used, although most of the data sets did not require all eight PCs.  To 

check for overfitting, regression analysis was performed using fewer PC’s and the 

results remained the same.  The resulting models were then used to predict the age of 

unknown samples 

 In addition, SIMCA classification studies were performed for both the control 

and field studies.  Instead of predicting an age of unknown samples, the goal was to 

correctly classify the unknown samples into one of two groups.  In the control study, 

the groups were divided approximately at the half way point giving a group of bones 

aged 1 to 50 days and the other with ages 51 to 116 days.  In the field study, the two 

groups were the nine-month samples and the year-old samples. 
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CHAPTER FOUR 

 
Results and Discussion 

 
 

Control Study  

The purpose of the control phase of the study was to determine if fluorescence 

intensity could be correlated with PMI.  A general trend can be observed in Figure 4-

1. The spectra show a general increase in intensity over time.   

 

 
 

Wavelength nm 
 

Figure 4-1.  Fluorescence spectra demonstrating the increase of the fluorescence 

intensity with bone material over time. 
 

Initially these results were perplexing in view of the long term studies of 

Introna et al.11 and Creamer et al.22 that showed a decrease in intensity with time.  
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However, the results make sense when keeping in mind the research of Specht.48 This 

work demonstrated that dried blood reacts better with luminol than wet blood.  This 

conclusion was supported by Proesher and Moody who proposed that 

chemiluminescence emission intensity could increase for up to three years after 

death.31, 33  The control samples in this study contained fresh blood in the beginning 

and were still “wet” throughout.  Whereas the samples used by Introna and Buck 

were much older and had already reached the point in their decomposition where 

they were completely dry.  While not observed in this study, the results might suggest 

that the intensity of the reaction of the luminol would continue to increase up to the 

point where the blood remnants had completely dried, after which the intensity 

should begin to fall as the remains continue to age. 

Regression models were constructed and examined for the set of individual 

spectra and the set of averaged spectra.  The first model representing the set of 

individual spectra, shown in Figure 4-2, explains 99% of the X variance, but only 

44% of the Y variance and has an R2 value of 0.57.  Six PC’s were required to 

explain the variance for this data set.  However, the second model, which represents 

the averaged spectra, seen in Figure 4-3, explains 100% of the X variance and 84% of 

the Y variance with an R2 value of 0.89.  The averaged data also required six PC’s to 

account for the variation.  The results show that the varying widths of the bone 

fragments had a negative effect on the models.  Once the fragments of the same age 

were averaged together, the model improved significantly. 

Next, new regression models were made by removing one sample at a time to 

be used as an unknown.  These new models were then used to make predictions for  
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Figure 4-2.  PLS-1 Regression overview for control study:  (a) scores plotted along the first two PCs;  (b)  loadings for the sixth 
PC as a function of wavelength;  (c)  Y validation variance curve plotted as a function of PCs;  and (d) plot of predicted versus 
measured values, R-squared value is 0.57.
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Figure 4-3.  PLS-1 overview for control study with data averaged:  (a) scores plotted along the first two PC’s;  (b) loadings for 

the sixth PC as a function of wavelength;  (c) Y validation variance curve plotted as a function of PCs;  and (d) plot of predicted 
versus measured values, R-squared value is 0.89.
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each unknown.  The results for the control study predictions can be seen in Table 4-

1.  For the individual samples the average absolute error ranges from zero days to 

twenty-three days, but the average absolute error for all the unknown samples was 

thirteen days.  

 
Table 4-1 Prediction results for the control study. 

 

Unknown Sample 

 

Predicted 
(days) 

Reference 
(days) 

Average 
absolute error 
(days) 

Day 1  4 4 0 

    
Day 8 17 11 6 
    

Day 19 40 22 18 
    

Day 24 15 27 12 
    

Day 51 68 54 14 
    
Day 63 43 66 23 

    
Day 77 90 80 10 

    
Day 88 79 91 12 

    
Day 96 88 99 11 

    
Day 109 90 112 22 

Total average absolute error   13 

 

 
SIMCA classification was also used to try to assign unknown samples to one 

of two groups.  The first group contained samples less than fifty days old, while the 

second contains all the samples more than fifty days old.  The classification results 

can be seen in Table 4-2.  Overall the classification correctly assigned samples 96% of 
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the time with the sample for Day 27 as the only sample classified incorrectly.  This 

particular sample must have had an influence on the model because when it was 

removed the model changed, thus explaining the incorrect prediction.  The influence 

plots both with and without Day 27 can be seen in Figure 4-4.  Without Sample 27, 

Sample 1 moves from being somewhat influential to possibly being a dangerous 

outlier.  Sample 48 also moves from being a possible outlier to a dangerous outlier. 

There was nothing noted during sample prep or while running the sample to 

indicate anything unusual had happened to Sample 27.  Sample 51 was predicted as 

being a member of both groups.  Since the cut off was at fifty days, it is 

understandable that a sample close to the cutoff could be placed in both groups.  The 

results from the control study seem to indicate there is a correlation between PMI 

and the fluorescence intensity of the sample.  It was surprising that for this time 

period, the change in intensity was opposite of what was expected from previous 

work. 

Field Study 

In order for the method to be useful to forensic investigators, it had to achieve 

similar results in the field.  The averaged spectra for the field study do not show quite 

as clear of a trend as was seen in the control study.  Even though the field samples 

were much older than those used in the control study, there still appears to be an 

increase in the fluorescence intensity over time as was seen in the control study. 

Rather than naming each sample by its age in days, a separate naming convention 

was used in the field study.  For samples in the nine-month set were labeled first with 

the letter N followed by a number representing the order in which the pieces were 



 

 

45 

 

 

Figure 4-4.  Influence plots (a) with Day 27 and (b) without Day 27

(b) 

(a) 
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used.  After averaging the spectra, the name was changed to incorporate all the 

samples averaged together, so N1-4 indicates the averaged spectra of bone pieces N1, 

N2, N3, and N4.  The same convention was used for the year-old set of samples 

except they were labeled with the letter Y. 

 

Table 4-2.  SIMCA predictions for the control study with the * representing inclusion 
in the designated group. 

 

Unknown Sample Group 1 Group 2 

Day 1 *  

Day 4 *  

Day 8 *  

Day 11 *  

Day 14 *  

Day 16 *  

Day 19 *  

Day 21 *  

Day 24 *  

Day 27  * 

Day 29 *  

Day 48 *  

Day 51 * * 

Day 53  * 

Day 56  * 

Day 61  * 

Day 63  * 

Day 65  * 

Day 77  * 

Day 82  * 

Day 84  * 

Day 86  * 

Day 88  * 

Day 96  * 

Day 109  * 

Day 116  * 

 
 

Regression models were created for the averaged spectra since the averaged 

spectra produced better results in the control study.  The model for the field study, 
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seen in Figure 4-5, predicted 100% of the X variance and 83% of the Y variance with 

an R2 value of 0.75.  The predicted X and Y were very similar to the results of the 

control, but the R2 value dropped slightly.  Predictions for the control set were 

performed in a manner similar to the control study.  In this case there were so few 

samples that each sample was alternately removed from the model, and used as an 

unknown.  Results from the prediction can be seen in Table 4-3.  The best result 

came for sample N21-24 with an error of 10 days.  The average absolute error was 36 

days.  

 
Table 4-3 Prediction results for field study. 

 

Unknown Sample Predicted 

(days) 

Reference 

(days) 

Average 

absolute error 
(days) 

N1-4 289 241 48 
    

N5-8 229 245 16 
    
N17-20 176 262 86 

    
N21-24 280 270 10 

    
N37-40 323 282 41 

    
Y1-4 313 361 48 
    

Y5-8 337 372 35 
    

Y17-20 370 382 12 
    

Y21-24 411 390 21 
    
Y31-34 353 398 45 

Total average absolute error   36 
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Considering the large age difference in the two sets of samples, new models 

were created for each set separately.  The results for the first model, N set, can be 

seen in Figure 4-6, and the results for the second set, the Y set, can be found in 

Figure 4-7.  For the N set, the model explained 100% of the X variance and 81% of 

the Y variance with an R2 value of 0.81.  The N set required seven PCs to explain the 

variation.  For the Y set, the model explained 100% of the X variance and 81% of the 

Y variance with an R2 value of 0.76.  The Y set required only 4 PCs to explain the 

variance.  The model for the N set more closely resembles the control, while the Y 

set still closely resembles the full set of samples for the field study. 

Predictions were performed again separating the two sets of samples.  The 

results for the N set can be found in Table 4-4, and the results for the Y set can be 

found in Table 4-5.  The lowest prediction for the N set had an error of one day, 

while the largest error was nineteen days.  The average error for the N set was eleven 

days.  For the Y set, the lowest error was four days and the highest error was fifteen 

days.  The average error for the Y set was nine days.    

One major difference between the control study and the field study can be 

observed simply by comparing the spectra for each.  The spectra for the field study 

have a bump suggesting that there might actually be two peaks compared to only one 

in the control study.  Since the luminol reaction is not selective, a possible 

explanation is the luminol is reacting to some contaminant that was not present in 

the control.  Several factors could contribute.  Luminol will react with plant 

peroxidases, and while the bones were placed on mud in the beginning, by the time 

samples were taken the grass had grown over most of the bones.  The few that were 
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still exposed were covered in a green film.  In an attempt to determine if plant 

material caused the change in the spectra, samples of grass were taken, chopped up 

and exposed to the luminol solution.  No chemiluminescence was produced upon  

 
Table 4-4.  Prediction results of field study using only nine-month old samples. 

Unknown Sample Predicted 

(days) 

Reference 

(days) 

Average absolute 

error (days) 

N1-4 256 241 15 

    

N5-8 260 245 15 

    
N9-12 256 249 7 

    
N13-16 235 252 17 
    

N17-20 281 262 19 
    

N21-24 261 270 9 
    

N25-28 284 272 12 
    
N29-32 278 275 3 

    
N33-36 277 278 1 

    
N37-40 273 282 9 

Average error   11 

 

 

exposure to the plant material.  Another possibility could be a contaminant in the 

soil or even rust from the cages where the bones were kept.  Whatever the reason, 

predictions were still possible, and the results were slightly better than the control 

study.  

Classification of the unknowns was also attempted using SIMCA.  The 

samples were classified as belonging to the N set, the Y set, part of both, or part of 
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Figure 4-5.  Regression overview for the field study:  (a) scores plotted along the first two PCs;  (b) loadings for the third PC as a 

function of wavelength; (c) Y validation variance curve plotted as a function of PCs; and (d) plot of predicted versus measured 
values, R-squared value is 0.75. 
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Figure 4-6.  Regression overview for N set of field study:  (a) scores plotted along the first two PCs;  (b) loadings for the forth 
PC as a function of wavelength; (c) Y validation variance curve plotted as a function of PCs; and (d) plot of predicted versus 

measured values, R-squared value is 0.80.
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Figure 4-7.  Regression overview for Y set of field study:  (a) scores plotted along the first two PCs; (b) loadings for the forth PC 
as a function of wavelength; (c) Y validation variance curve plotted as a function of PCs; and (d) plot of predicted versus 
measured values, R-squared value is 0.75
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neither.  Results for the predictions can be found in Table 4.6.  Two samples were 

classified as being part of both groups, while another sample was not placed in either 

of the two groups.  None of the samples was classified as only being in the 

 
Table 4-5.  Prediction results for field study using only year-old samples. 

 

Unknown Sample Predicted 
(days) 

Reference 
(days) 

Average 
absolute error 
(days) 

Y1-4 368 361 7 

    
Y5-8 379 365 14 
    

Y9-12 370 369 1 
    

Y13-16 361 372 11 
    

Y17-20 391 382 9 
    
Y21-24 394 390 4 

    
Y25-27 381 392 11 

    
Y28-30 380 395 15 

    
Y31-34 407 398 9 
    

Y35-38 406 402 4 

Total average absolute error   9 

 

 
incorrect group.  There is no clear explanation as to why two samples were classified 

as being part of both groups.  One possibility could be a difference in the diameters of 

the bones used for those samples.  If thinner bones were used, it is possible they 

could have decomposed at a faster rate than those with a larger diameter causing, 

them to be mistaken for older samples. 



 

 

54 

 

 
Table 4-6.  SIMCA results for field study. 

 

Unknown sample N Group Y Group 

N 1-4 *  

N5-8 * * 
N9-12 * * 

N13-16 *  
N17-20   

Y1-4  * 
Y5-8  * 
Y9-12  * 

Y13-16  * 

Y17-20  * 
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CHAPTER FIVE 

 
Conclusion 

 
 

 Once skeletonization occurs, there are no established scientific methods for 

use in the estimation of post-mortem interval.  Previous works suffer from lack of 

reliability and a lack of samples that have a similar age range. 

 The idea of combining spectroscopic methods with chemometrics had not 

been attempted before the work by Dogra using NIR spectroscopy and chemometric 

analysis.  The current work took that same idea, but attempted to narrow the focus 

from measuring protein decomposition and water loss to measuring only the 

decomposition of hemoglobin in the bone.  This led to the use of fluorescence 

spectroscopy instead of NIR.  Using spectroscopic methods allowed for the 

measurements of minute changes in the decomposition of bone, and allowed for the 

accumulation of large amounts of data across a range of wavelengths.  The 

incorporation of chemometrics was necessary to analyze the data and to create the 

models used for predictions. 

 In this work, as well as in the work by Dogra, both control and field studies 

were performed.  Both studies shared similar goals, though different in their 

approach.   Similarities can be seen in comparing the control versus field studies in 

the two sets of work.  Control studies were able to provide an environment free of 

contaminants, but the error for the controlled experiments was higher.  The field 

studies were advantageous in that they provide a more realistic view of what is 
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expected in a forensic setting.  The results in the field research produced lower error 

than the control studies.  While one would predict that more error should occur with 

the possible presence of contaminants, this proved not to be the case.  Instead results 

may have improved as a result of the exposure to the elements, which could result in 

faster rates of decomposition and by providing a way for the decomposition products 

to be lost to the environment.   

In view of this, it seems the method developed in this work could hold 

promise.  Results indicate that the method could possibly be used in the future as a 

way of estimating PMI of skeletal remains.  Fluorescence spectroscopy coupled with 

chemometrics proved to be capable of detecting minute changes in the spectra from 

luminol’s reaction with the bone samples.  The regression models constructed were 

able to predict PMI with errors ranging from ±9 days to ± 36 days, a considerable 

accomplishment considering that most methods can only predict whether a sample is 

of forensic interest or not.  SIMCA methods were also capable of predicting the 

classes of samples with high efficiency.  With additional research and development, 

the method might be considered at least as a preliminary test in forensic 

investigations.  Future research should focus on accumulating data and trying to 

understand the variables that exist in a real world setting.  Further work to attempt to 

optimize the luminol solution to enhance the intensity of the reaction may also be 

beneficial.
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