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DEDICATION

To my mother, Osmila.

“I learned this, at least, by my experiment: that if one advances confidently
in the direction of his dreams, and endeavors to live the life which he has
imagined, he will meet with a success unexpected in common hours. He will
put some things behind, will pass an invisible boundary; new, universal,
and more liberal laws will begin to establish themselves around and within
him; or the old laws be expanded, and interpreted in his favor in a more

liberal sense, and he will live with the license of a higher order of beings.”

Henry David Thoreau, Walden (1854)
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ABSTRACT

Spectroscopy methods are usually employed for the analysis biological fluids, to
assess the presence of specific metabolites that are present and that might be associ-
ated with adverse health conditions. Among these vibrational methods Near-Infrared
Spectroscopy (NIRS) is of great importance since it provides rapid and accurate way
to measure metabolites present in biological fluids and tissues. Most NIRS research
has been focused in determining changes in biological fluids and tissue in the “med-
ical spectral window” or the 600 to 1100nm region of the electromagnetic spectrum.
However, much less research has focused in the analysis of biological fluids in the
longer wavelengths of the NIR region in the 1100 to 2500nm region and the analysis
of metabolic alternations that could arise during pregnancy and lactation. The main
objective of this thesis was to determine if NIRS analysis of two biological fluids,
serum and amniotic fluid in the 1600 to 2400nm region could provide insight into
maternal-fetal conditions including: maternal infections and diet deficiencies during
pregnancy and lactation and infant size. In this thesis a chemoinformatics method for
the analysis of long wave NIR spectral signals was developed using multivariate sta-
tistical analysis (ANOVA) and was applied to either serum or amniotic fluid samples
from either animal or human sources. Our results taken together show the possi-
bility that long wave NIR spectroscopy can be used to identify candidate spectral
regions that could be related to infection, diet and perinatal growth in the context
of maternal-fetal health. These findings may provide a platform for the elucidation
of novel spectral markers in two biological fluids that could be used in the research
and development of clinical instrumentation for the assessment of maternal and fetal

health.
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ABREGE

Habituellement, afin d’évaluer la présence de métabolites spécifiques qui pour-
raient étre associés avec des mauvaises conditions de santé, des méthodes de spec-
troscopie sont utilisées pour analyser les fluides biologiques.Parmi celles-ci, la spec-
troscopie proche infrarouge (NIRS) est d'une grande importance, car elle permet
de mesurer rapidement et avec précision la présence de métabolites dans des flu-
ides et tissus biologiques. La plupart des recherches qui ont été effectuées en NIRS
ont eu pour objet de déterminer des changements dans les liquides biologiques et
les tissus dans la “fenétre medicale” dans la region située entre 600 et 1100 nm du
spectre électromagnétique. Toutefois, peu d’études ont, jusqu’a présent, porté sur
I’analyse de fluides biologiques dans les longueurs d’onde de la région NIR de la
région 1100 a 2500nm et I'analyse des alternances métaboliques qui pourraient sur-
venir pendant la grossesse et 'allaitement. L’objectif principal de cette thse était
de déterminer si I'analyse NIRS de deux fluides biologiques, le sérum et le liquide
amniotique, a la région entre 1600 et 2400 nm pourrait donner un apergu des con-
ditions materno-feetales comme par exemple: infections maternelles et carences en
alimentation pendant la grossesse et 'allaitement et la taille de I’enfant. Donc, une
méthode de chémoinformatique pour l'analyse des signaux spectraux NIR a ondes
longues a été développée en utilisant une analyse statistique multivariée (ANOVA)
et a été appliquée a des échantillons du sérum et de liquide amniotique soit animal
ou humain. Nos résultats démontrent que la spectroscopie NIR a ondes longues peut
étre utilisée pour identifier des régions spectrales potentiellement associés a divers
traits de la santé materno-feetale comme les infections, 'alimentation et la croissance
périnatale. Ces résultats contribuent a fournir une plate-forme pour la découverte

de nouveaux marqueurs spectraux pour deux fluides biologiques pouvant étre utilisés



pour le développement d’instrumentation clinique servant a ’évaluation de la santé

maternelle et foetale.
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CHAPTER 1
Introduction: Overview, Rationale and Methodology

The field of molecular biology has changed considerably since the completion
and publication of the first draft of human genome [148, 20]. That single event
opened the doors for the study of all the constituents of the cell and the interactions
between the proteins and nucleic acids within the nucleus. It also gave birth to the
discipline of genomics or the study of the genetic make-up of an organism. Along
with the birth of genomics, other research disciplines were created to focus in other
aspects of the flow of genetic information that happens from DNA to RNA. For
instance transcriptomics, puts its interest in the transcribed gene information into
mRNA products and proteomics look at the proteins or the finally translated mRNA
molecules. These three disciplines have been encompassed by the umbrella of -omic

sciences.

Another discipline that has emerged as complement to the three main -omic
sciences is metabolomics. Metabolomics is a diagnostic discipline that provides a
snapshot of an organism’s metabolic states through the systematic analysis of its
metabolites. [58]. It centers around the study of small molecules <1500 Da, that are

found in a cells coming from tissues and more importantly in biological fluids [162].

In general, metabolomics assesses the metabolic difference between biological
systems that are either perturbed (case) and unperturbed (control or reference). It
is based on the premise that different disease states will be reflected in differences in

the concentration of small molecules or metabolites in biological fluids [86].



To some extent metabolomics can be seen as a first building blocks towards
personalized medicine, in which correlations between metabolic perturbations which
will not be done between an individual current state and a pooled sample from a study
population, but between the individual’s current state and a previous metabolic state.
This four -omic sciences has been described as the main building blocks of systems

biology [162, 13].

Traditionally, metabolomic studies of biological fluids rely on the use of Nuclear
Magnetic Resonance spectroscopy (NMR) and Mass Spectrometry (MS), because
these technologies provide a greater dynamic range and thus a more specific molecu-
lar fingerprint of the samples they analyze. However the equipment is prohibitively
expensive, requires specialised training for its use, they are destructive methods that
requires the use of reagents for fragmentation (denaturation or lysis) and are mostly
used as a second step after a chromatography separation. These technologies also have
specific downsides, for instance, the problem of reproducibility that is found for peaks
in MS [142] and the technical fineness of NMR equipment, in which sample volumes
determine the size of the magnets and the intensity of the magnetic field it requires
to separate the molecules [134]. Although Near-Infrared Spectroscopy (NIRS) is not
usually regarded as a metabolic profiling methodology as these other techniques de-
scribed above, it provides a fairly stable signal, especially in a temperature controlled
instrument, and it provides a wealth of information about the samples analyzed in a

single experiment and even when working with very small volumes.

1.1 Use of Near-Infrared Spectroscopy

Clinical chemistry analysis of biological fluids can be divided into one of two
categories: quantitative analysis or diagnostic analysis. The quantitative analysis is

the measurement of the concentration of an analyte of interest in a given biological



fluid, whereas diagnostic analysis is the comparison of a known biomarker for which
properties are related to a medical condition (sufficiency or insufficiency state). Near-
infrared spectroscopy (NIRS) provides interesting advantages in the measurement of
metabolic perturbations over other techniques, mainly because it provides a global
view of all the analytes present in a biological fluid in a single scan of the sample.
Also, it is valuable because the differences in its spectral signal, collected either as
absorbance or as transmittance, at specific wavelength regions, can be related back
to the chemical functional groups (moieties) that conform to the functional groups

present in the biological fluids or samples we are analyzing.

1.1.1 Characteristic of the Near-Infrared Region

NIRS signals provides a global picture of the important functional groups re-
lated to metabolism. However, the task of determining these functional groups in

experimental conditions is limited by three major factors:

1. Spectral vibrations measured in the NIR region are overtones of the fundamental
rotational vibrations which are perceived in the Mid-IR spectral region (2500nm-
25000nm).

2. Functional groups in the NIR region overlap highly among each making it hard
to describe a single characteristic moiety to distinguish a condition in a group
of samples.

3. Absorbance signals resulting from NIR analysis are rather small and measure-
ments in biological samples are prone to error due to light scattering effects and
temperature effects. Moreover, spectral signals can be partially attributed to
changes in water structure due to solvent-biomolecule interactions and variation

in pH. This changes are more evident in liquid samples when NIR measurements



are made around water absorbance peaks (the most prominent being around

1940nm).

1.2 Research Methodology

After doing a background literature search to asses the state of the art of the use
of NIR for the analysis of biological fluids we noticed that only a handful of studies
have looked at pregnancy or maternal-fetal health status by measuring NIR spectral
signals biological fluids. Moreover, there was a smaller number that used amniotic
fluid collected from pregnant mothers [82, 83]. In this regard, we took advantage
of serum and amniotic fluid samples previously collected in our laboratory and to

analyze them using NIR spectrometer setting we had available.

The main goal of this research project was to identify candidate spectral regions
based on the NIR profiling of two biological fluids, that in our case: serum and
amniotic fluid (AF), to be used for the assessment of maternal-fetal health. For this
matter we proposed the use of computational and statistical approaches, namely,
chemoinformatic techniques and the use of statistics for patterns that might help us
differentiate between infectious, nutritional, growth and health conditions in pregnant

women and their offspring.

The decision of using NIRS is based on five major premises:

1. Diseases states or abnormal conditions can change the metabolic composition
of biological fluids. These metabolic changes can be related to changes in the

molecular composition of biological fluids.



2. Molecular changes or shifts can be measured using NIR spectroscopy. More,
specifically they can be measured as shifts of C-H, N-H and O-H functional
groups present in the molecules of the biological fluids.

3. Molecular shifts can be uniquely quantified, thus being able to be represented
by spectral fingerprints for each metabolic conditions.

4. Spectral fingerprints can be separated from one another by the use of multi-
variate statistics, with the help of chemoinformatic analyses. These separations
could be later used to build an instrument that could be greatly beneficial as a

point-of-care solution.

1.2.1 NIR Spectral Regions of Interest

We propose to analyze the changes in the NIR spectral signals in serum and am-
niotic fluid samples, and by taking into account the different metabolic conditions and
metabolic systems from where the samples were collected, to the develop a statistical

framework to determine differences among these conditions.

For the elucidation of these spectral profiles we will focus our analysis to the first
overtone region and combination bands regions in the 1600 to 2400nm wavelength
region of the NIR region of the electromagnetic spectrum, where 1st overtone CH,
SH, 2nd overtone C=0 and combinations of OH, NH, NH+OH, CH+CH and CH+CC

are known to have higher absorbance.

These regions were selected because it may play an important biological role in
fetal development that could be later associated with one or more functional groups
between 1600-2400nm our region of interest according to the ‘Atlas of interpretative
NIR Spectroscopy’ [163]. In terms of the specific regions we selected 3 in the NIR

Ist overtone bands: Region 1 (1650nm-1700nm, spanning 6 wavelengths), Region



2 (1701nm-1750nm, spanningb wavelengths) and Region 3 (1850nm-1899nm, span-
ning 6 wavelengths). Also, 5 regions were selected in the combination bands: Re-
gion 4 (2050nm-2099nm, spanning 6 wavelengths), Region 5 (2100nm-2130nm, span-
ning 4 wavelengths), Region 6 (2130nm- 2200nm, spanning 8 wavelengths), Region 7
(2275nm-2310nm, spanning 5 wavelengths), Region 8 (2311nm-2370nm, spanning 8

wavelengths).

1.2.2 Context of the Proposed Research

Our research will address questions in the context of maternal-fetal health. In
metabolic terms, during the pregnancy both the mother and the fetus are part of a
single system and the health of one directly affects the health of the other. At the
moment of birth, the infant becomes its own system and the metabolic relationship
between infant and mother is mostly via the breast milk in the lactation phase the
maternal. Once lactation is done the relationship between mother and infant is in-
direct and reflected through the environment and diet (both mother and child share
living spaces and most likely will eat the same food). In this thesis we are not tak-
ing into account other influences that might have an impact in pregnancy, such as:

genetics of the parents, nor

1.2.3 Analytical Methodology

For this thesis we developed an analytical methodology, shown in Figure 1-
1, that we used for the NIR spectroscopy analysis of biological samples and the
interpretation of the results. In this methodology we first collected the spectra for each
sample using NIR spectroscopy in the 1600nm to 2400nm region. Then we applied
signal processing techniques for cleaning up the spectral signals from systematic errors

by smoothing and mean-centering. Moreover, we applied an spectral region integration



approach analyzing the 8 spectral regions previously identified. We made use of non-
parametric statistics to determine the differences in these 8 spectral regions and their
ratios, namely Mann-Whitney U-Test and Kruskal-Wallis ANOVA test. Finally, we
interpreted the significant difference using an Interpretive NIR spectroscopy using
information provided in the Atlas of Near-Infrared Spectroscopy [163] to relate our

findings to biological facts regarding maternal-fetal health.
I. Spectral Sample
Collection
1. Spectral Analysis
Il List of Regions of
Interest
IV. Statistical Analysis
V. Validation

Figure 1-1: NIR spectral analysis framework
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-------------------------------------- Literature SearCh and
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1.3 Proposed Structure of the Thesis

Chapter 2 introduces some general NIR spectroscopy concepts and the method-
ologies used for the analysis of biological fluids. These concepts apply to all four of the
following chapters, which constitute the research contributions of this thesis. Each
chapter corresponds to one of the projects developed and includes the background

material and the research question that motivated the project itself.

This thesis as a whole has been divided into studies that have a maternal and/or

fetal health component and is based on the near-infrared (NIR) spectroscopy analysis



of a biological fluid, either blood (serum) or amniotic fluid. We start with a feasibil-
ity study described in Chapter 3 (Feasibility Study) that describes in detail the
analysis methodology of NIR spectral signals coming from the serum and amniotic
fluid of non-pregnant and pregnant mice, with an emphasis on the metabolic impacts
different levels nematode infection on their NIR profiles. This study presents the

basis for the other studies in the subsequent Chapters of the thesis.

Chapter 4 (Study 1) describes the analysis of lactating mouse serum with
an emphasis on the metabolic impacts of diets, nematode infection and nutrition on
dams and their nursing pups. Chapter 5 (Study 2) shows the analysis of human
amniotic fluid in an urban population in Montreal; it explores the association of 2nd
trimester amniotic fluid with infant size at birth. Chapter 6 (Study 3) presents
the NIR spectral analysis of human serum collected in an indigenous community in
western Panama and extends our research to the impact of multiple infections and
multiple nutrient deficiencies and presents a methodology to assess impact of nutri-
ent and infections to measure the nutritional status and fetal growth in marginalised

populations.

Other than NIR spectra collected for samples in each project of this thesis, there
is a wealth of information regarding the samples we used, including anthropometric,
nutritional and infection status. Medical assessments were made on each one of the
patients and an array of clinical test (blood work and cytokines measurements) was
done on these samples. Known medical conditions were identified and samples were

labeled accordingly.



The conclusions and general discussion in Chapter 7 summarises the research
contributions of this thesis and presents a discussion on future works and directions

that results from these thesis findings.

1.3.1 Feasibility Study (Chapter 3)

This pilot study explored the possibility that NIR spectral analysis could identify
metabolomic differences in maternal and fetal serum and in amniotic fluid between
mice subjected to three different doses of a Heligmosomoides bakeri nematode infec-
tion. Three hypothesis were formulated around these samples. We explored whether a
maternal infection changed the NIR metabolomic profile in serum and amniotic fluid
of pregnant mice and in serum of non-pregnant mice. We hypothesised that 1) the dif-
ferences would be found in NIR spectral samples in non-pregnant and pregnant dams
(serum and amniotic fluid samples coming from the same metabolic environment), 2)
significant spectral differences would exist between serum and amniotic fluid and 3)

different infection levels would change the NIR spectral profiles in a significant way:.

Figure 1-2 represents the biological questions and the experimental framework of
this study. The experimental treatment, three levels of gastrointestinal (GI) infections
were applied to non-pregnant and pregnant mice and their impacts were measured
in the serum of non-pregnant and pregnant mice and in the amniotic fluid of pups
born from the infected pregnant dams. The basic research question asked if we could

identify the different levels of infection in the NIR spectral signals.

1.3.2 Study 1 (Chapter 4)

The overall objective of Study 1 was to assess the possibility of identifying dis-

tinct NIR spectral regions that could be associated with a nematode infection and/or
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Figure 1-2: FEzxperimental Framework for the Feasibility Study

dietary protein deficiency. In this study we investigated dietary protein and a gas-
trointestinal (GI) nematode infection, on the metabolomic profile in serum of lactating
dams, as well as their nursing pups. We hypothesised that 1) diet and/or infection
would result in significant differences in the one or more of our eight identified NIR
spectral regions and/or their ratios and that these NIR metabolomic profiles would

be similar in the serum of lactating dams and their nursing pups.

Figure 1-3 represents the biological questions and the experimental framework
of Study 1. The experimental treatment, levels of diet (protein deficient-PD and
protein sufficient-PS) and levels of infection (uninfected and infected) status applied
to lactating dams. Its impact was measured in the serum of the lactating dams and
their nursing pups. We were interested in knowing if there were metabolic differences
between the 4 combinations of protein and infections, namely PS-Uninfected, PS-

Infected, PD-Uninfected, PD-Infected).
1.3.3 Study 2 (Chapter 5)

The objective of this study was to assess the possibility of identifying early in
pregnancy differences in the NIR spectral regions of interest that could be associated

with the programming of infant size, defined in our specific case for two categories:

10



Diet Deficiency (1) Gl Infection (1)

Serum Serum
Lactating Dams Breast Milk Pups
s ? %"
- PS-Uninfected
- PS-Infected
- PD-Uninfected
- PD-Infected

Figure 1-3: FExperimental Framework for Study 1

appropriate for gestational age (AGA) and large for gestational age (LGA). Figure
1-4 represents the biological questions and the experimental framework of Study 2.
We were also interested in exploring if maternal body-mass-index (BMI) differentially
alters the spectral profiles of maternal amniotic fluid for the AGA and LGA early
in pregnancy. To do this a 4-way comparison among AGA and LGA infants from
mothers with normal weights (BMI >18.5 and <24 kg/m?) were compared with 2nd

trimester amniotic fluid profiles of overweight and obese mothers (BMI > 25 kg/m?).

Serum Amniotic Fluid
Pregnant Mother BMI Fetus
'
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7

P 7
©z ?

- AGAorLGA

- BMI Normal-AGA
- BMI Overweight/Obese-AGA
- BMI Normal-LGA
- BMI Overweight/Obese-LGA

Figure 1-4: Ezperimental Framework for Study 2
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1.3.4 Study 3 (Chapter 6)

The objective of Study 3 was to assess the possibility of identifying differences
in the NIR spectral regions of interest that could be associated associated with mi-
cronutrients deficiencies (vitamin A, vitamin D, B12 and folic acid) and presence of
infections (oral and skin) in pregnant women belonging to the Ngabe-Bugle, indige-
nous community in rural Panama. We hypothesised that 1) by the use of near-infrared
spectroscopy we might identify changes in the spectral profiles of serum samples col-
lected from pregnant women with multiple vitamin and infections and that we would
be able to use these NIR measurements to assess the maternal-fetal status, in partic-

ular via a fundal height measurement of fundal heigh to gestational age (FH:GA).

Figure 1-5 represents the biological questions and the experimental framework
of Study 3. This experimental framework is very similar to Study 1, but in this case
we measured the impact of multiple infections and vitamin deficiencies in pregnant

human mothers.
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Serum Amniotic Fluid
Pregnant Mothers Maternal Fetus
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\
N
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- Micronutrients (Vitamin A, D, B12, Folic Acid
- Infections (Skin and Oral)
- Fundal Height over Gestational age (FH:GA)

Figure 1-5: Experimental Framework for Study 3
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1.4 One Step Beyond: Taking Near-Infrared Spectroscopy into New Are-
nas

In this thesis in general we will work in newer directions where we can use NIRS
to differentiate among several maternal-fetal conditions, such as: infections levels,
different diets and growth aspects given that we are trying to expand NIRS, out
of the laboratory settings and making it a suitable technology that could used in a
applied setting for exploring maternal-fetal health relationships. Moreover, it will
hopefully provide a basis for the development of a portable instrument that could be
used in the field and in remote rural settings, translating into better health status of

those who need it the most.
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CHAPTER 2
Literature Review: Using Near-Infrared Spectroscopy for the
Identification of Molecular Species in Biological Fluids

In terms of the electromagnetic spectrum, the Infrared (IR) spectral range that
corresponds to wavelengths from 700nm up to 1mm. It is divided in three main
regions: 1) the Far-IR (FIR), from 25um to 1mm, 2) Mid-IR (MIR), from 2.5um to
25um and 3) the Near-IR region that spans from the end of the visible light region at
700 to 2500nm (2.5um), as depicted in Figure 2-1. By convention, when referring to
vibrational frequencies in the MIR region, the ranges are usually given in wavenumber

or cm~! and when referring to frequencies the wavelength or nm (nanometers) is used.

Increasing Energy Increasing Wavelength
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uvi] ! Infrared )
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-
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. . 3rd 2nd 1st Combination .
Ultra Violet Visible Overtone! Overtone | Overtone Bands Mid Far

10nm  390nm 700nm  1200nm 1600 nm 2000nm  2500nm  25000nm  1mm
Figure 2-1: FElectromagnetic Spectrum: from Gamma Rays to Radio Waves. Source:
Adapted from [11].

Figure 2—-1, depicts the relationship between frequency, wavelength and energy.
Frequency is the number of complete wavecycles to pass a fixed point in one second
(it is usually measure in Hz) and wavelength (symbolised \) is the distance that exist
between any two peaks of a wave. The electromagnetic spectrum encompass all the
frequencies from gamma and X-rays to radio waves. The first having high frequency,

lower wavelength and high energy that can cause ionisation of molecules and the
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latter have high wavelength, low frequency and low energy, that can cause nuclear

transitions [11].

The importance of understanding this division is due to the fact that in the
MIR region, specifically between 8500 to 12500 nm lies the ‘finger print region” where
molecular species have their characteristic or ‘fundamental’ transitions (vibrations),
that are used to make structural analysis of samples. In that regards, these fun-
damental molecular vibrations will experience oscillations, in the same way that a
mass-spring system will experience harmonics in time, but in the case of molecular

vibrations they are called overtones.

While the fundamental vibrations will occur in the MIR region, their overtones
and combinations of overtones will be experienced in the NIR region. These overtones
occur approximately % or % of the fundamental absorption wavelength and 2 or 3 times
the frequency, with the intensity getting weaker in each overtone. In terms of mode
of vibration a molecule of n atoms will experience 3n-6 functional modes of vibration,

while a linear molecules will experience 3n-5 modes.

2.1 Characteristics of the Infrared Region of the Electromagnetic Spec-
trum

When molecules are exposed NIR energy (light), the chemical bonds present
in the molecule will experience mechanical vibrations in two forms: 1) stretching,
which is a continuos change in the interatomic distance, that could be symmetrical
and anti-symmetrical and 2) bending, which is a change in bond angle that could be
symmetrical in-plane (scissoring), anti-symmetrical in-plane (rocking), symmetrical
out-of-plane (waging) and anti-symmetrical out-of-plane (twisting). NIR energy will

only cause the atoms in the molecules to vibrate and it will not cause electronic
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transitions as happens in the ultraviolet (UV) region of the electromagnetic spectrum.
That is why in UV spectroscopy we can get information about the electron structure

of the molecules we are analysing.

Figure 2-2 shows an example of a simple water molecule H,O (water) molecule
(on the left) and the type of vibrations it might experience when NIR light is passed
through it (on the right). This molecule could have an angle bending or have a

symmetric or anti-symmetric stretching.

O Angle
N g
H/ \ﬁ Bending
_ 0 0
Equilibrium l// \\‘ “'{' \I\-ll Symmetric
H— O——H H H

Anti-

” O\\_t ﬁ/ O\ Symmetric
H H

Figure 2—-2: NIR Vibration of water molecule. Source: The author.

The NIR region only contains overtones and combination bands, mostly overtones
of functional groups that absorb strong NIR energy; for instance functional groups
that are attached to an hydrogen molecule (X-H) as: O-H, N-H, C-H and S-H. Also,
R-H groups have the strongest overtones in this region since the dipole moment that
could be experience is high, experiencing R-H stretch and R-H stretch/bend in most

of the wavelengths.

The NIR region can be sub-divided into three regions, as shown in Figure 2-3:

the short wave NIR region (700nm to 1200nm), the middle NIR region (1200nm to
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1800nm), and long-wave NIR region (1800nm to 2500nm) [164, 107]. The importance
of this division is due to the fact that these regions encompass the overtones of the
fundamental vibration. For instance the short wave NIR region will encompass third
and second overtones, while the middle NIR region will encompass the second and
first overtones, and lastly the long wave NIR region will experience the first and

combination bands oscillations [133].

The occurrence of overtones is not random and they usually happens at integer
multiples of the fundamental vibration. For example the fundamental frequency of
C-H stretch vibration is near the 3000 cm ™! (3333 nm) frequency, so the first overtone
is around 6000 cm™! (1600 nm) and the second overtone near 9000 cm™' (1100 nm).
In the case of N-H, the fundamental frequency for its stretch vibration is near 3400
cm™! (2942 nm), so the second overtone is found near 7000 cm™! (1400 nm), and
the third near 10000 cm™! (1000 nm). The fundamental vibration for O-H is roughly
at 3550 cm~!. There are cases in which the overtones don’t follow the ‘geometric’
oscillation pattern described earlier and are called to be anharmonic, as is the case
of the water molecule which varies significantly with temperature. In general the

intensity of the vibration diminishes by a factor of 10 in each overtone.

The combination bands refer to the fact that in these frequencies there exist over-
laps in the overtones of fundamental vibrations. For instance the C-H combination
will occur near 44260 cm ™! (2242 nm) because that is given by the sum of the C-H
stretch that occurs near the 3000 cm™" (3333 nm) and the C-H bend that occurs at

1460 cm™! (6849 nm).

Figure 2—4 shows the anharmonic vibrations (not equally spaced) of a HoO (wa-
ter) molecule. The fundamental vibration happens at 2865nm in the MIR region,

while its oscillations happen in the NIR region. The first oscillation happens at 1940
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nm in the combination band region, the first overtone happens at 1430nm, the second

overtone at 960nm and the third at 740nm [28, 22].

Near Infrared Mid-IR
700-2500 nm 2.5-25 ym

I A

I ’ Fundamental \
Vibration

Combination

1st Overtone Band
2nd Overtone
3rd Overtone 0 m

740 nhm 960 nm 1430 nm 1940 nm 2865 nm
13513 cm-’ 10417 cm-! 6993 cm-! 5155 cm-! 3490 cm™!

Figure 2—-4: Fundamental vibration and overtones of a water molecule. Source: The
Author.

Since NIRS is based of combination and overlapping between of vibrating modes
the molar absorptivity in the NIR is quite small, making the spectra appear to be
confusing and even uninteresting, full of peaks and valleys (due to absorption effects)
and it is difficult or impossible to arrive to specific functional groups assignments for
individual absorption peaks [133], making the task of analysing NIR spectral signals to
some extent an interpretative one. Specific band assignment can be done via spiking
experiments. In this type of experiments known amounts of an analyte are added
(a spike) to the sample, and the sample is re-measured to determine if the spiked
amount added could be recovered or the its effect in the signal can be measured.
This type of corrections are made in order to build more robust calibration models

in NIR spectroscopy [125].

Despite these facts, NIR spectroscopy is still commonly used since it is a versatile
vibrational spectroscopy technology that is suited for analyzing many types of samples

(solids and liquids) and has many diverse applications. NIRS is an accurate and
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fast technique that has been used extensively in monitoring and quality control in
the bioprocessing and fermentation industries [127], and also applied to the food
processing industry [106, 112], and pharmacology [19, 70]. It is of high relevance in
biomedical and clinical contexts because it is a fast, reliable and inexpensive method

for biomarker discovery in biological fluids and tissues [89, 133].

2.2 Near-Infrared Spectroscopy in a Nutshell

Since NIR energy will cause specific molecular vibrations in specific molecules
and functions groups, then if we measure the light absorption pattern of a sample we
can have a notion of the molecular structure of a sample. We can do this measurement
toward the visible part of the electromagnetic spectrum with a UV — VIS — NIR
spectrometer or in the short, middle and long wave regions a normal NIR spectrometer
or a FT-IR spectrometer can be used on the long wave over 2000nm and into the
MIR region. Each one of these spectrometers have been designed and constructed
with appropriate optical elements, gratings, beam splitters and charge-coupled device

(CCD), to measure changes in specific wavelengths regions.

There exist various ways to measure NIR absorption, for instance: transmittance,
applied to solutions (often liquids and aqueous solutions) and (diffuse) reflectance,
applied to solids (powders and materials). Transmission spectroscopy where lights
passes through the sample typically in a configuration similar to the one shown in
Figure 2-5, with a thermal light source, typically a lamp Tungsten-Halogen or Xenon
or light emitting diodes (LED’s), lenses for collimating light into and out of the
sample cell, an spectrometer that will receive the light signal passed through the
sample and a detector that will save the transmittance information of the spectrom-
eter. In reflectance spectroscopy the light measured is the light reflected from the

sample and captured by the CCD detectors. In general the spectra produced from
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a NIRS experiment is known to fluctuate with temperature (specially in the case of

water and aqueous samples), thus a temperature controlled instrumental setting is

recommended.
AT
>
Light Spectrometer
Source \ = . |
Collimating Sample Lens 2
Lens 1 Cell or
Cuvette

Figure 2—-5: Typical NIR Ezxperimental Setting, in which the distance f, the focal point of
the lenses, is the distance from the light source to the lenses at the beginning of the setting
and the same distance from the lens to the spectrometer, and the distance d is the distance
between the lenses. Source: The author.

2.2.1 Sample Handling

NIRS measurement is specially used for aqueous samples since absorption of
substances present can be confirmed if a 1 mm path length cell is used in combina-
tion with a glass or quartz sample cell since absorption in these materials is barely

measurable.

Measurements in a NIRS are usually given as relative measurements of transmit-
tance (T) which can be represented as T = % also expressed T% = 100*T. where I,
denotes a reference measurement is obtained by letting pass light into the detector,
and I, measures the light transmitted out of the sample cell and perceived in the spec-
trometer. This amount of light is usually transformed to relative absorbance values
that are equivalent to transmittance and are calculated using the following formulas:

A=-— loglo(ﬁ—;) also expressed A = —logo(%) or A = 2 — log,,(%T).
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Finally, after all these transformations, the NIR spectral measurement is pre-
sented for inspection as a plot that will have absorbance (in relative absorbance units)
in the Y-axis and wavelength (one value per wavelength inspected, in the wavelength

region defined by the settings of the spectrometer) as a X-axis.

2.3 Uses of Near-Infrared Spectroscopy

Near-infrared spectroscopy (NIRS) produces a spectral profile of analytes and
small molecules present in them without the need of pre-processing or the use of
reagents to promote coloured reactions or soaps for fragmentation of peptides or lysis
of cell membranes reducing analysis time from hours to to just a few seconds [133].
It is also well suited when working with small liquid samples volumes and irregular
material surfaces [11]. But, in general when NIR is used to measure samples that

have weak light absorption the signals themselves are going to be low.

As is common to other spectroscopy techniques data acquired with NIRS requires
the expertise of a data analyst with knowledge of chemo-informatic methods to un-
derstand the data it generates and sufficient knowledge of chemistry associated with
molecular vibrations that might be causing the peaks and variations in the signals.

This concerns will be addressed later in this Chapter 3.

2.3.1 Medical and Clinical uses of Near-Infrared Spectroscopy

Common clinical chemistry laboratory techniques include quantitative and quali-
tative analysis of body fluids as whole blood, serum (blood without red or white cells),
urine, saliva, amniotic fluid, cerebrospinal fluid (CSF). Also it includes the analysis of
feces and in some cases such as biopsies the analysis of tissue [133]. NIRS is a suitable

technique that can replace or enhance most of the commonly used methodologies and
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equipment used for these analyses, providing a way to quantify the amount of the
constituent of the samples. One problem of using NIR in these settings is that one of
most abundant species found in biological fluids is water, which is known to dominate

and may out-shadows other NIR absorption signals [133].

NIRS is very attractive as a technology in the fields of clinical chemistry and
medical settings due to the possibility of developing non-invasive instruments that
can provide in vivo measurements. One of the most important advances in this

regards has been the measurement of glucose in blood.

2.3.2 Analysis of Serum

Serum might be one of the most studied biological fluids using NIRS. Probably
because of its abundance, since is routinely in medical examinations and collected
everywhere. Methods for acquisition, calibration, analysis of serum protein, triglyc-
erides and glucose using a NIRS system have been previously described by Hall and
Pollard [46]. Other of their studies have also focused in measuring total protein, al-
bumin, globulins, has been identified using a multiple linear regression (MLR) and a
Partial Least Squares regression for urea [47], suggesting a partial assignment to peaks
for albumin at 2178 nm, for globulins at 2240 nm and 2200 nm for urea. Furthermore,
a complete set of analyses including total protein, albumin protein, globulin protein,

triglycerides, cholesterol, urea, glucose, and lactate is described in [53].

Another study was set to study human serum albumin (HSA), globulin and
glucose and also proposed a method for selecting the best spectral regions as factors
for partial least squares algorithm [67]. A more recent study done in the Valencia
region of spain [38] used 447 serum samples to determine models for total protein,

albumin, total cholesterol and triglycerides using NIR spectral profiles. This last
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study, as many others, had as a main objective, using NIR methodologies to be a
candidate substitute for normal clinical blood work examinations recommended by

physicians.
2.3.3 Glucose Monitoring

Glucose is a monosaccharide sugar with molecular formula CgH150g, it is used in
the body as a source of energy. Insulin is an hormone that regulate its intake and is in
charge of transporting it from the bloodstream to the muscle, fat and liver cells to be
used as energetic fuels. Elevated serum glucose is the main cause for diabetes and the
development of its complication including: atherosclerosis, coronary artery disease,
diabetic kidney disease, urinary tract infections, stroke, peripheral artery disease,
blindness and in extreme cases amputation [35, 87]. Therefore the monitoring of this

molecule in patients and the early detection of its elevation in blood is critical.

NIR instruments have been designed for the analysis of blood glucose levels, not
only a rapid way to test for glucose in blood samples, but more importantly many
non-invasive instrumentation have been designed taking advantage of the fact that
under steady steady conditions sub-cutaneous glucose concentrations are at least 75%

similar to intra corporal blood concentrations [33, 140].

Nowadays glucose is measured on the skin and index fingers prominently [115].
However other places of the body such as: lips [90] ear lobe [63] and others have
been extensively studied have been studied with diverse results [14]. Also some have

applied secondary measurement to detect glucose levels, for instance using the patient

saliva [126].
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2.3.3.1 Commercial Instruments for Diabetics

Despite the technical difficulties caused by overlapping signals, weak NIR glucose
signals and the fact that it is complex to isolate glucose signals from the signals of
other constituent with signal-to-noise ratio. The 1550nm wavelength has been isolated
and chosen as a candidate for measuring glucose signals [3]. Based on this and other
findings commercial build monitoring instrument has been made and are currently

being sold for diabetic patients. This type of instrument take two forms:

1. The Invasive form (Blood Glucose meters): Here a droplet of blood is placed
in a film strip and inserted in an automatic machine designed to measure the
blood glucose levels in the tissue, but has the disadvantage of having to buy the
test strips and having to prick the finger every time and proceed to inject the
amount to insulin needed.

2. The Non-Invasive form (Instant Blood Glucose): Here glucose monitoring is
based on a sensor that is placed under the skin and is connected to an insulin
pump and a receiver that controls the glucose concentrations and shows real-time

updates on the screen

2.3.4 Near-Infrared Spectroscopy for Clinical Settings

Although most of efforts in NIRS have been dedicated to the task of determining
clever non-invasive ways to measure glucose in blood and tissues due of its impor-
tance in the production of metabolic energy and more importantly because its role
in diabetes, which is the 7th most common cause of death in the United States and
with increasing prevalence in Canada. We think that near infrared spectroscopy can

be used to investigate a wealth of other biological fluids, and tissues and provide an
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incredible amount of information in relation to other metabolic alterations and con-
ditions. Some areas we are interested are: NIRS measurements of neonatal medicine,

the rapid determination of infection levels or nutrition status.

2.3.5 Near-Infrared Measurements for Determining Infections in Biolog-
ical Fluids

There exist a growing interest at looking at infection using spectral techniques.
Want et al provides a comprehensive list of metabolites and metallic fragments that
are affected by nematode infections biological fluids measured by MIR [156]. However,
in the case of NIRS, few studies have investigated at infection and how they change
the spectral profile of a biological fluid. Sakudo et al [122] provided an overview of
the possibility of using visible and near infrared (Vis-NIR; 600-1100nm) spectroscopy
on biological fluids for the determination of viral infections in human patients. This
group has worked in the detection of spectral differences found in the nasal fluids of
infected and non-infected human patients for influenza around the 970nm water peak
[121, 120] and for human immunodeficiency virus (HIV) [123, 124], finding shifts in

the -OH vibration in water at 950 and 1030nm, respectively.

2.3.6 Applications of Near-Infrared Spectroscopy to Nutrition in Biolog-
ical Fluids

Most of the NIRS studies found related to nutrition were in the field of animal
science. The fecal NIRS field (F. NIRS) has mostly focused in the study of diet
chemistry, and through it, the physiological state of the animal, just by looking the
fecal content in both caged and free animals, for instance the case of giant pandas [160]
and white-tailed deer [62]. However, no work has been done in quantifying protein
contents in serum or any other nutrition parameters through a biological fluid or skin

NIRS measurement.
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2.3.7 Applications of Near-Infrared Spectroscopy to Tissue Analysis

Lately, NIRS have been successfully used for measurement of changes and metabolic
differences in tissue, for instance the case for different types cancer tissues [99, 77,
72, 73, 79]. Here NIRS has provided information for the determination of Alzheimer
[43]. Moreover, there has been more work on measuring infections in muscle through
muscle oxygenation saturation (SmO,), after dengue infection [136] and in wound

infections after surgery [60].

2.4 Near-Infrared Spectroscopy applied to Pregnancy and Neonatal Medicine

There exist a very limited number of NIRS studies in pregnancy and neonatal
medicine. These studies have focused on blood plasma, embryo culture, oxygenation

monitoring and amniotic fluid analysis.

NIRS have been successfully used for the the determination of metabolic profiles
for culture media for in-vitro fertilization [151, 149, 50, 150, 152]. While there are
important advances in this field, they are only concerning embryo cultured in-vitro

and are not related to fetal health.

In terms of fetal health and monitoring another area in which NIRS has been
used is fetal development for the non-invasive determination of placental oxygenation
in pregnant women [65, 52]. A recent review on the development of an analysis
methodology for the screening of the growth restricted fetus through placental tissue
oxygenation index in simulated data was published [2]. This study used previously
collected data in the 700-900nm region to simulated both well oxygenated and not

oxygenated experimental groups.
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One biological fluid that has been little investigated, despite the wealth of infor-
mation it provide is amniotic fluid. While amniocentesis, the extraction of amniotic
fluid from the amniotic sac for testing purposes, is a relatively simple and common
method performed on pregnant women, it is surprising that the amount of papers us-
ing NIRS for the analysis amniotic fluid is quite low. One author has used amniotic
fluid as a proxy measurement to lung maturity [84, 82, 83| and our research group
has used it for prediction of early preterm births in human pregnancies [110]. One
probable reason for this phenomenon might be the complexity of the amniotic fluid
matrix itself and most likely the great amount of water that it has, making it hard
to be measured in the NIR region, that has prominent water peaks, that could mask

real measurements.

This field is still developing and there exist limited amount of studies applying
NIR to the area of maternal-fetal. Moreover, after literature review we have identified
a number of relevant articles, none of which uses the NIR wavelength range we would

explore in this thesis, in the 1600-2400nm region.
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CHAPTER 3
Feasibility Study

A starting point for this thesis was the work we previously published in our lab-
oratory by Powers, Sanchez-Galan et al [110], in Appendix A. That paper presents
the analysis of NIR spectral profiles of amniotic fluid samples collected at 15 weeks of
gestation for the identification of distinct of prematurity profiles before 35 weeks of
gestational age compared to term samples at 37 weeks of gestation. The conclusion
was that two wavelet regions, selected by the genetic algorithm, corresponding to
third overtone CH3 and second overtone NH group vibrations distinguished prema-
ture births from term births. The NIR wavelengths ranged from 700-1050nm and two
different approaches for selection of wavelengths of interest for describing the condi-
tion were considered. The first approach used was a discovery driven approach where
‘spectral data was compressed then optimized by multilinear regression to create a
calibration model’, for the second approach we focused in spectral region integration,
summing and ratioing the values of specific NIR spectral regions. This approach was

further refined in the feasibility study, described below.

For the feasibility study, serum and amniotic fluid samples previously collected in
our laboratory were available from a study that measured serum and amniotic fluid
in pregnant mice subjected to three levels of infection compared to non-pregnant
mice. Distinct to our first study, we decided to use a different instrument, in this
case a long-wave NIR spectrometer (1600-2400nm) and a spectral region integration
approach where eight regions of interest were selected to assess if we could determine

NIR spectral changes in serum and amniotic fluid in pregnant mice.
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3.1 Pilot Study Protocol

This pilot study explored the possibility that NIR spectral analysis could identify
metabolomic differences in maternal and fetal serum and in amniotic fluid between
mice subjected to three different doses of a Heligmosomoides bakeri nematode infec-
tion. Serum from non-pregnant (n=43) and pregnant (n=24) CD1 mice subjected to
three levels of trickle nematode infection (sham or uninfected: 3 x 0 L3; low: 3 x 50
3 L3; high: 3 x 100 3 L3) was collected at day 19 of pregnancy (day of necropsy).
Amniotic fluid samples were also collected on the same date but only for pregnant
mice. Since the volume of amniotic fluid collected was scarce, samples that had 2 vials
of bulL were pooled resulting in 10uLL samples bringing the final number of amniotic

fluid samples to n=14.

The detailed description of this trickle infection protocol in mice has been pre-
viously described [101, 102]. Briefly, previously uninfected, non-pregnant mice and
primiparous pregnant mice (day 4 of pregnancy, defined as experimental day 0) were
received from Charles River (Quebec, Canada). Mice were randomized into 3 in-
fection doses, and infected on experimental days 2, 7 and 12 (days 6, 11 and 16 of
pregnancy) to allow 3 infections prior to parturition. H. Bakeri L3 were obtained by
faecal culture of stock parasites maintained in outbred CD1 mice (Charles River) in
our laboratory for over 15 years. Larvae were counted in 10 sham doses for accuracy
before infecting the mice. The same larval culture was used for all infections within
each set of mice. Animal ethics approval was obtained from the McGill (Macdonald
Campus) Animal Ethics Committee and complied with the regulations of the Cana-

dian Council on Animal Care [104].
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3.1.1 Hypothesis

Hypotheses were formulated using our biobanked mouse serum and amniotic fluid
samples. Our intent was to explore whether a maternal infection changed the NIR
metabolomic profile in serum and/or amniotic fluid of pregnant mice and in serum of

non-pregnant mice. We hypothesised that:

1. Differences will be found in NIR spectral samples between non-pregnant and
pregnant dams.

2. Significant spectral differences will be found between serum and amniotic fluid.

3. Different infection levels (sham or uninfected, low and high) will change the NIR
spectral profiles of biological fluids.

4. Different infection levels (sham or uninfected, low and high) will change the fol-
lowing pre-selected NIR spectral regions. The following eight regions of interest
were targeted:

e Three regions in the first NIR overtone bands: Region 1 (1650nm-1700nm, 6
wavelengths), Region 2 (1701nm-1750nm, 5 wavelengths), Region 3 (1850nm-
1899nm, 6 wavelengths).

e Four regions in the NIR combination bands: Region 4 (2050nm-2099nm, 6
wavelengths), Region 5 (2100nm-2130nm, 4 wavelengths), Region 6 (2130nm-
2200nm, 8 wavelengths), Region 7 (2275nm-2310nm, 5 wavelengths), Region
8 (2311nm-2370nm, 8 wavelengths).

5. That ratios of these eight regions, could be used to quantify the relative change

in NIR spectral signals.
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3.1.2 Instrumental Settings

The instrumental setting for NIR spectra collection consisted of a LABPOD NIR

spectrometer manufactured by Polychromix (Wilmington, Mass.) in the 1600-2400nm

wavelength range with a 24-bit resolution.

A 6.5 Watt power output Tungsten-

Halogen lamp (manufactured by BWTEK BPS101, B&W TEK, Newark, DE) was

used as a light source. For serum samples of dams and pups, a spectrometer system

in which light was collimated using a lens system into the sample cell was used. The

schematic and a photo instrumental setting are show in Figure 3—-1. For both ex-

perimental settings the sample cell used was an U-shaped flow cell with 1 mm path

length (Starna Cell, Inc)

Light Source

Sample Cell

Q Collimating Lens
0 Focusing Lens
‘Long Pass Filter

Computer

E

Long wave NIR
spectrometer

(a) Schematic of the instrumental setting

(b) Photo of the instrumental setting

Figure 3—1: Instrumental Settings with Collimating Lenses. Source: Adapted from [16]

For the amniotic fluid samples light was transmitted from the light source to

the temperature controlled sample holder via a fiber optics cable (38mm) and into

the spectrometer using via fiber optics (30mm). A schematic and a photo of the

instrument is shown in Figure 3-2.
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Temperature Controller

Light Source Sample Cell Computer

(a) Schematic of the instrumental setting (b) Photo of the instrumental setting

Figure 3—-2: Instrumental Settings with Fiber Optics. Source: The author.

3.1.3 Spectral Collection Protocols

Prior to spectrometric measurements, frozen samples were thawed on ice at room
temperature and spectra were acquired at room temperature for serum samples and at
23°C for amniotic fluid samples. A flow sample cell was filled with 10uL of serum and
40uL in the case of amniotic fluid samples (diluted of 1:3 in water). The sample cell
was cleaned between measurements by rinsing it with 1mL of 0.1M NaOH followed
by 5mL of distilled, deionized water. NIR spectra of deionized water samples (40uL)
were taken as references before processing of each sample and saved for posterior
spectral subtraction. NIR spectra for all experiments were collected as transmittance
values in the 1600nm to 2400nm wavelength range using the SpectralCodePlus v3.5
software. Each single spectra represented the average of 10 scans at an integration

time of 100ms over 100 wavelengths.

The choice of using deionized water was a reference sample since it matches the
main structures of biological fluids we set to investigate in terms of consistency, with
biological fluids being mostly composed by water . Moreover, the the acquisition
of water references served as a way to monitor the stability and reproducibility of
the NIR instrument over the course of the experiment, for instance to monitor the

temperature differences in the sample cell. If there is a substantial difference in the
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water spectra collected at the beginning of the experiment versus the water spectra
collected at the end of the experiment, this can indicate that an instrumental drift
(change in lamp intensity, saturation of the spectrometer, displacement of the sample
cell) happened through the experiment. In case these differences arrive the signals
can be manipulated with the use of detrending, that is used to remove linear trends

from a vector structure.
3.2 Spectral Data Processing

Analysing the NIR Signals: Matlab programming package (ver. R2012a;
The Math Works Inc., MA) was used for all steps of data processing and analysis
described in this section. Sample absorbance was calculated as a ratio between the
intensity of light absorbed by the sample (Is) and the intensity absorbed by the water

reference (Ir), using the following formula: Absorbance = —loglo(i—:)

Values between 1900nm-2050nm were set to zero to minimize the effect of the

high absorption water peak found around 1940nm [91, 163].
3.2.1 Pre-processing Techniques

The aim of pre-processing was to enhance features of the NIR spectra that could
carry important spectral information and to eliminate regions that are uninteresting
or full of noise [133]. For that cause we first smoothed and then mean-center the
signal. Figure 3-3 describes an example of in which a group of mock signals for

experimental group “red”, that will be used for explaining purpose.

Absorbance signals were smoothed for the existence of errors introduced by
fluctuations of the signal that might happen in-between samples by applying a 3-

point recursive boxcar-averaging algorithm [158], applying the following formula S; =
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Figure 3—-3: Conditioning of Mock NIR Spectral Samples. Source: The author.

Y 14+Y+Y41

3 , where Y'j is the point we are smoothing at wavelength j and Y;_; and

Y1 are the previous and following point in the series, respectively.

For this normalization we selected a window size of 3, which means each point
was averaged from 3 points, the point itself, the previous and the posterior points,
thus becoming recursive, using parts of its output as input for the next stage of
the algorithm. Figure 3-4 describes a working example in which a mock signal is
processed into windows of size 3 for each of the six wavelengths presented (A1 to Xg),

In a recursive manner.

1stpass=A; +A, +A,

39pass =N+ A, + A

Absorbance (a. u.)

[
[ 2pass=A,+A;+A,
[

Wavelength (nm) [

_— T - -

4thpass =\, + A + A,

Figure 3—4: Smoothing of Mock NIR Spectral samples. Windows size of three points.
Source: The author.
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3.2.2 Mean Centering

After the NIR spectral signal was smoothed then it had to be mean centered [147].
Mean centring calculates the average spectrum of the NIR signals and subtracts that
average from each spectrum. It shifts the values proportionally so they are translated
to be centered around zero (absorbance units) for each wavelength [133], which in

turn make more evident the greatest variations on the data.

It uses the following equation Mean Centered = x; — mean(x), where x is a
given wavelength and x; is a sample value for wavelength x. Figure 3-5 describes a
working example of in which a group of mock signals for experimental group “red”,

are processed using mean centring procedures.

5 — Median

\

o V V

A A, A; Ay A5 Ag Wavelength (nm)

w
|
] ] ] ] L]

Absorbance (a. u.)
|

Figure 3—5: Mean Centering of Mock NIR Spectral Samples. Source: The author.

3.2.3 Integration of Region of Interest

We focused our analysis to the first overtone region and combination bands re-
gions in the 1600 to 2400nm wavelength region of the NIR region of the electromag-
netic spectrum, where 1st overtone CH, SH, 2nd overtone C=0O and combinations
bands of OH, NH, NH+OH, CH+CH and CH+CC are known to have higher ab-

sorbance.
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In terms of the specific regions we selected 3 in the 1600-1900nm region (1st
overtone region): Region 1 (1650nm-1700nm, spanning 6 wavelengths), Region 2
(1701nm-1750nm, spanningb wavelengths) and Region 3 (1850nm-1899nm, spanning
6 wavelengths). Also, 5 regions were selected in the 2000-2400nm region (combina-
tion bands region): Region 4 (2050nm-2099nm, spanning 6 wavelengths), Region
5 (2100nm-2130nm, spanning 4 wavelengths), Region 6 (2130nm- 2200nm, span-
ning 8 wavelengths), Region 7 (2275nm-2310nm, spanning 5 wavelengths), Region

8 (2311nm-2370nm, spanning 8 wavelengths).

Figure 3-6, shows a visual interpretation of the integration of a mock NIR spec-
tral signal. The absorbance values for different wavelengths were divided into bins
representing regions of interest and summed up to represent one value for each NIR
spectral signal in the set. Wavelengths A\; and Ay were summed up and its value
represented the value of Region 1, the same happened for Ay and A5 for Region 3 and

A7 and Ag for Region 8.

Region 1 Region 3 Region 8

5 — _
4 :
3 . Region1=A;+A\,=15+25=4
/./‘ - . Region 3= A, + A;=3+3.5= 6.5
2 — . . . :
I - . - Region 8 = A, + Ay =-2-1.7 =-3.7
¢ o A A 9 T

A A A A A, As| A l‘/(/ Wavelength (nm)
2t :

Figure 3—6: Integration of NIR spectral signals. Source: The author.
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3.2.4 Ratios as Interactions

Immunology provides an interesting use of ratios that we set to explore with

our NIR spectral data. In immunology the ratio of two groups of T-helper cells,
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Type 1 (Thl) and Type 2 (Th2) cells, provides an idea of the status of depletion
states, balance and finally dominance that might happen (Thl or Th2 dominance)
in a specific metabolic state or disease [71]. This ratio of Th1/Th2 (often written
Th1:Th2), depicted in Figure 3-7, is very important since if provides a global view
of the interaction of Type 1 (Thl) cells, which are responsible of protective responses
against intracellular pathogens (viruses) and cell-mediated immunity and Type 2
(Th2) cells, that are known to antibody production and create responses against

extracellular pathogens (multi cellular parasites) [116].

Pro-Inflammatory
cytokines: lead the

attack to intracellular . .
TH 1 pathogens (viruses) How good is the patient
= , = fighting an infection, virus
Anti-Inflammatory di o
TH cytokines: lead the attack or disease
2 to extracellular pathogens

(multi cellular parasites)

Figure 3—7: Ratio of Th1/Th2 Cells Explained. Source: The author.

We thought that this notion of ratios was very useful since we were dealing with
different experimental and clinical conditions. Moreover, we set to interpret ratios as

interactions [6, 76] between the 8 NIR regions described in the previous section.

For instance, using a ratio between absorbance values Region 7 and Region 8,
regions that we might associate with lactate and glucose respectively, we get a mag-
nitude that represents the amount of change in Region 7 relative to Region 8, a

description is shown in Figure 3-8.

The relative amount
NIR spectral change in

Reg|0n7:8 = Region 7 when compared
To Region 8

Figure 3—8: NIR Spectral Region Ratio. Source: The author.
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When calculating we first determined which were all the possible combination.
This was made using the expressed as the binomial coefficient, expressed as the num-
ber of combination of regions that we would get if from the 8 regions we pick 2 at a
time, which is expressed in mathematical terms as (g), an operation which yields 28
combinations. After, each of the values corresponding for each of those 28 combina-
tions was calculated by simply dividend the absorbance values for a region, between

the values of another region.

3.2.5 Statistical Analysis: Determining differences between experimental
conditions

To determine difference between experimental conditions, all the NIR spectral
samples were first put together into a matrix, called Data, of size 'n X 36’, where n
is the number of samples and 36 the number of columns composed from the values
of the 8 original regions plus the 28 region ratios. Also, a vector of labels, called
Label, of size 'n X 1’, that contains labels or classes for the k£ experimental groups
was selected. In the case of the feasibility study & = 3 since we were exploring the
differences among 3 experimental groups. Figure 3-9, depicts these data structures.
Finally, a matching between the Labels vector with the rows in the Data matrix
provided the values for a given experimental group. So, if we have a Data matrix of
60 NIR samples, and only samples 1, 3, 45, 57 are assigned to experimental group 1
and the rest to experimental group 2, then the values for those 4 rows are statistically

compared against the remaining 56 rows.

Statistical Tests. As the values obtained for the regions and ratios were not
normally distributed among the experimental groups (confirmed via Shapiro-Wilk
test), spectral medians for each experimental group for each of the spectral regions

and regions ratios were compared using Kruskal-Wallis one-way analysis of variance.
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8 columns 28 columns 2

Data —=| Original Regions Region Ratios Labels =
n X 36 Region 1-8 Region 1:2 to Region 7:8 n X1

Figure 3—9: Data Matriz with integrated values for Regions and Ratios. Source: The
author.

Experimental group differences that were statistically significant after the Kruskal-
Wallis were also tested in a pairwise two-sided Mann-Whitney U test and a Bonferroni

correction was performed as a post-hoc test. In all instances a value of P<0.05 was

considered to be statistically significant.

3.2.6 Calculation of interquartiles regions for the NIR Spectral Signal

For the purpose of having a visual understanding of the distribution of the values
for each of the experimental groups, the upper and lower quartiles of the median signal
were calculated, and points for each wavelength were determined as borders for the
signal, as shown in Figure 3-10. Also, the interquartile region was calculated as the
area in between the upper minus the lower quartile and shaded for distinction, as

shown in Figure 3-11.

Absorbance (a. u.)

AN A A3 Ay A5 Ay Wavelength (nm)

Figure 3—10: Upper and lower Quartiles from Median Signal. Source: The author.
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Figure 3—11: Calculation of interquartile regions for Experimental Groups. Source: The
author.

3.3 Observations from the Feasibility Study

In this section the main observations resulted from the analysis of serum of
non-pregnant and pregnant mouse, and of amniotic fluid samples using the methods

described in the previous section.

3.3.1 Non-Pregnant Mouse Serum by Infection Status

Pre-processed NIR spectra for individual non-pregnant mice are shown in Fig-
ure 3-15-A and the spectra divided among the three experimental groups (uninfected,
low and high) in black, blue and red in Figure 3-15-B, respectively. The spectra
showed minimal variation among experimental groups with the exception of a peak
in Region 3 near the beginning of the water absorption band at 1900nm where there
was no overlap in their median signal (interquartile shaded area). Kruskal-Wallis test
of the Regions (Table 3—-1) showed that the only significant difference was for Re-
gion 3 in non-pregnant serum (P=0.02), where post-hoc analyses showed a significant
difference between low and high infection groups, but neither differed from sham or
uninfected groups, see Figure 3-12. Interestingly, no ratios or interactions among

regions were found statistically significant.
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3.3.2 Pregnant Mouse Serum by Infection Status

As with the non-pregnant serum, NIR spectra for individual pregnant mice are
shown in Figure 3-15-C and NIR spectra from the pregnant mice, divided by exper-
imental categories, is shown in Figure 3-15-D. Variation could be noted among the
experimental groups, with the sham or uninfected group behaving very differently
than the low and high infected groups, especially in the 1600-1800nm region. Statis-
tically significant differences are shown in Table 3-1 where four ratios were found to
be significant Region 1:2 (P=0.03); Region 1:4 (P=0.03); Region 4:8 (P=0.04); and
Region 5:7 (P=0.05). Post hoc analyses revealed that the difference in the Region
1:2 ratio was between sham and low infection, presented in Figure 3—13 and the dif-
ference in the Region 1:4 ratio was between sham and high infection, presented in

Figure 3—14. The other two ratios were not significant between experimental groups.

Table 3—1: Comparisons among infection categories for Non-Pregnant and Pregnant Mice

Region/Ratio | Uninfected Low High P Value
Non-Pregnant n=12 n=15 n=16
. —0.0034F 0.0054 —0.0278
Reglon 3 (:0.04, 0.01) | (-0.02, 0.03) | (-0.03, -0.00) | %017
Pregnant n="7 n=9 n==8
. 1.1048 1.2454 1.2614P
Reglon 1:2 (0.88, 1.15) | (115, 1.81) | (1.13, 1.50) | 026
. 0.3614 1.02545 0.740%
Reglon 14 1) 50 0.46) | (0.33, 1.42) | (0.57,0.97) | 031
. 0.37248 0.93348 0.27948
Reglon 4:8 (017, 0.82) | (0.52, 1.49) | (-1.30, 0.65) | V3
. 1.5894F 1.5724B 0.75618
Region 5:7 (1.32,2.30) | (1.19, 1.78) | (0.14, 1.35) | 040

3.3.3 Pregnant Mouse Amniotic Fluid by Infection Status

Amniotic fluid showed no variability in the shorter wavelengths between 1600 to
2100nm, but differences between experimental conditions were evident in the amniotic

fluid in the 2200 to 2400nm region shown in Figure 3-16-B. The spectral pattern of
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Figure 3—12: Difference in Region 3 for Non-Pregnant Dams Serum
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Figure 3—13: Difference between Uninfected and Low Infected Pregnant Dams
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Figure 3—14: Difference between Uninfected and High Infected Pregnant Dams
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Figure 3-15: NIR spectra of 48 non-pregnant samples (A, B), 24 pregnant samples (C,D).
Median spectral absorbance was divided by experimental groups (solid black line represents
the sham group, a blue line represents the low infection and a red line represents the high
infection groups) for serum from non-pregnant mice (B), serum from pregnant mice (D).

Shaded regions, with respective colors, represent the interquartile region (1Q-3Q).

44




the high infection group had an absorbance pattern towards the negative values. In
contrast, both sham and low infected categories show positive absorbance in the same
region. Kruskal-Wallis test revealed significant differences for Region 6 (P=0.04);
Region 3:5 (P=0.05); Region 3:7 (P=0.01); Region 4:7 (P=0.03); Region 6:7 (P=0.03);
and Region 7:8 (P=0.04). Interestingly, post-hoc analysis revealed no significant

differences among experimental groups.

Table 3—-2: Comparisons among infection categories for using Amniotic Fluid

Region/Ratio | Uninfected Low High P Value
Amniotic Fluid n=>5 n=>5 n=4
. 0.00248 0.01948 —0.02348
Region 6 (:0.03, 0.02) | (0.01, 0.02) | (-0.03,-0.01) | 020
. 0.56148 —0.82448 423348
Reglon 3:5 (-0.82, 3.28) | (-1.84, 1.68) | (1.42, 7.44) | 0090
. —0.04045 0.0434P —0.1954P
Region 3:7 (:0.27,-0.03) | (-0.03, 0.41) | (-0.35, -0.10) | V28
. —0.03248 0.07748 —0.11248
Reglon 4:7 (-0.21, 0.08) | (0.00, 0.46) | (-0.27,-0.03) | 020
. 0.13848 027648 0.06518
Region 6:7 (:0.09, 0.28) | (0.18, 0.58) | (-0.08, 0.14) | 0032
AB AB AB
Region 7:8 0.356 0.266 0.382 0.04

(0.27, 0.41) | (-3.60, 0.34) | (0.34, 1.52)

3.4 Interpretation of the Observations

Our feasibility study showed that maternal infection modified Region 3 in non-
pregnant mice whereas these same infection burdens produced differences in two ra-
tios, Region 1:2 and Region 1:4 during pregnancy. Interestingly, more NIR spectral
region differences were identified in amniotic fluid, but post hoc tests did not allow
detection of these differences by infection status. We can suggest that this may have

resulted from the small sample size.

In the case of pregnant mice, we found that the NIR spectral profile for serum dif-

fered from that of maternal amniotic fluid, implying that these are distinct metabolic
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Figure 3-16: NIR spectra of 14 amniotic fluid samples (A, B). Median spectral absorbance
was divided by experimental groups (solid black line represents the sham group, a blue line
represents the low infection and a red line represents the high infection groups) for am-
niotic fluid from pregnant dams (B). Shaded regions, with respective colors, represent the
interquartile region (1Q-3Q).
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pools. It is reasonable to suggest that since the experimental treatments were im-
posed on the dams both compartments perceive the insult and react in metabolically
different ways. However, this is in contrast to literature that suggests that there could

be correlation between the maternal and fetal compartments.

An interesting observation was noted when looking at Region 5 and Region 6 in
the 2100-2200nm a pattern emerged for pregnant dams, shown in Figure 3-17, for
uninfected samples median spectral values for Region 5 were low and were higher on

Region 6.
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Figure 3—17: Close up of the 2100nm-2200nm Spectral Region for Pregnant Dams
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3.5 Conclusion from the Feasibility Study

After developing a framework for the analysis of NIR spectral signals and apply-
ing this method to an specific set of mouse biological fluids we can summarise our

accomplishments as follows:

e We move from a previous study on serum where the 700 to 1100nm region was
analysed to a study involving both serum and amniotic fluid and in a different
wavelength region in the 1600nm to 2400nm, with most of the variability hap-
pening the later portion of the region (2000-2400nm), in wavelengths that are
be closer to the primary vibrations measured in the mid-IR region.

e Differences in NIR signals were noticed in two different fluids and in two con-
ditions (pregnancy and non-pregnancy), conditions which are the main basis of
the rest of the thesis

e We can measure the differences between experimental groups by first process-
ing the NIR spectra, integrating them in specific regions, making use of ratios
and then making use of statistics and analysis of variance test and post-hoc
comparisons.

e Despite the variations in the NIR spectral signals, which can be attributed to
concentration changes or bimolecular interactions in the sample, the integration
into regions of interest and the use of these ratios as a measurement of varia-
tion provides an interesting picture of the metabolic impact of the experimental

condition, which in this case was three levels of infection.

Taken together these results provide a sufficient evidence that we could use NIRS
in the 1600-2400nm to explore NIR spectral signal variations in serum and amniotic
fluid that could be associated with infection. This feasibility study as a whole forms

the basis and provides the methodological chemo-informatic framework that would
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be used in Study 1 (in Chapter 4), for the effects of diets and infections in mouse
serum; for the Study 2 (in Chapter 5), in which human amniotic fluid is used for the
determination of size at birth and lastly for Study 3 (in Chapter 6) for the analysis of
serum of pregnant indigenous women with multiple nutrition deficiencies and multiple

infections.
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4.1 Abstract

Recent advances in Near-Infrared (NIR) spectroscopy make it a suitable and
inexpensive candidate technique for the analysis of biological fluids and the determi-
nation of metabolic profiles. This study explored the possibility that NIR spectral
analysis could: 1) identify metabolomic differences in lactating mice (n = 22) that
were subjected to two levels of dietary protein (PD 6% and PS 24%) and two doses of
nematode infection, uninfected (UN) and infected (IN) and 2) determine if these dif-
ferences were similarly reflected in the serum of their nursing pups. Maternal serum
and serum pooled from the pups in each litter (n = 25) were collected on day 21
postpartum. A 4-way comparison of the four experimental groups (PS-UN, PS-IN,
PD-UN and PD-IN) was conducted for both dams and pups using 8 NIR spectral
regions: 1650-1700nm (Region 1), 1701-1750nm (Region 2), 1850-1899nm (Region 3),
2050-2099nm (Region 4), 2100-2130nm (Region 5), 2130-2200nm (Region 6), 2275-
2310nm (Region 7) and 2311-2370nm (Region 8). These regions and their ratios were
compared among the experimental groups using Kruskal-Wallis non-parametric tests,
followed by pair wise comparisons using Mann-Whitney U test. Overall significant
differences (P<0.05) were found in lactating dams between diets for three ratios Re-
gion 1:2, Region 1:7 and Region 2:7, reflecting a diet effect that was only observed in
the infected dams. In their pups infection resulted in differences for one single region,
Region 5, and 6 spectral region ratios: Region 1:4, Region 2:3, Region 2:3, Region 3:5,
Region 3:6, Region 6:7, Region 7:8 whereas protein deficiency resulted in differences
for 2 ratios: Region 2:6 and Region 2:7. In contrast to lactating dams, both maternal
PD and infection were reflected in pup serum, with the NIR spectral profile of PS-UN
pups differing from PS-IN pups (Region 1:4 and Region 3:6) and the NIR spectral
profile of PS-IN pups differing from PD-IN pups (Region 2:6). Taken together these

results suggest the the impact of infection and/or dietary protein deficiency affected
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the NIR spectral profiles not only of the mother, but especially the nursing pups,

even though they were not subjected directly to the experimental interventions.

4.2 Introduction

Near-infrared spectroscopy (NIRS) is a vibrational spectroscopy technique used
for the identification of molecules present in a sample by analyzing their constituent
chemical bonds [89, 164, 107]. NIRS is an accurate technique that has been used
extensively in monitoring and quality control in the bioprocessing and fermentation
industries [127], and also applied to the food processing industry [106, 112], and phar-

macology [19, 70].

It is of high relevance in biomedical and clinical contexts because it is a fast,
reliable and inexpensive method for biomarker discovery in biological fluids and tis-
sues [133]. It has also been used for the determination of metabolic profiles of culture
media for in vitro fertilization [50, 150, 151, 129, 132] and whole blood [44], serum
[46, 53] and amniotic fluid for lung maturity [82, 83], and for pre-term pregnancies
[110]. NIR spectroscopy has also been used in the context of pregnancy to monitor
fetal status associated with placental and cerebral oxygenation in humans [65, 165]

and in animals [17].

There is growing application of NIR spectroscopy to study the metabolic effect
of infections. However, most of spectroscopic efforts have focused on the utilization
of FT-IR [103] and 1H nuclear magnetic resonance (NMR) spectroscopy techniques
[81]. For instance, Wang et al [156] reviewed of NMR metabolic fingerprints of mice

infected by three intestinal parasitic worms ( Echinostoma caproni, Trichinella spiralis
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and Schistosoma mansoni). Sakudo et al [122] provided an overview of the possibility
for the application of visible and near infrared (Vis-NIR; 600-1100nm) spectroscopy
to biological fluids for the determination of viral infections in human patients. This
group has worked in the detection of spectral differences found in the nasal fluids of
infected and non-infected human patients for influenza around the 970nm water peak
[121, 120] and for human immunodeficiency virus (HIV) [123, 124], finding shifts in
the-OH vibration in water at 950 and 1030nm. Other researchers have used NIRS
to examine viral infections in an endophytic fungus [109] and bacterial infection in

Drosophila [7].

The relationship between malnutrition and the increased susceptibility to infec-
tion has been very well established and studied [21, 74, 68, 131]. Nutritional deficien-
cies are known to have negative effects on pregnancy and lactation, by restricting the
growth and development of the fetus and more importantly causing a poor immune
response to infection [139]. Moreover, protein deficiencies in pregnancy are known
to affect both the maternal health status and fetal development of muscle, joints
and bone, cause brain damage or severe birth defects [128]. Protein deficiencies have
an amplified negative effect in the presence of nematode or helminthic infections [94].
However, most studies that have evaluated the interrelationship between infection and
nutrition have focused on stress markers, such as cytokines, and free single molecules
in bodily fluids and tissues. Few have used NIR spectroscopy to study of the NIR
spectral changes in serum that are experienced by the nematode affected mice during

pregnancy.
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The overall objective of this study was to identify distinct NIR spectral profiles
in serum that could be associated with a nematode infection and protein deficiency
during pregnancy and lactation in mice and to their metabolic consequences on the
offspring. To the best of our knowledge this is a novel approach that can be used
for understanding infection and diets in the context of NIRS in the 1st overtone and

combination bands region (1600 to 2400nm) using serum samples.

4.3 Materials and Methods

Experimental Design. Using samples previously collected by our group [101,
102], we investigated both the impact of maternal protein deficiency and nematode
infection on the metabolomic profile in serum of lactating dams, as well as serum
from their nursing pups. We hypothesised that 1) diet and/or infection would result
in significant differences in one or more of our eight identified regions and/or their
interactions [54, 6], measured as ratios; and 2) that the NIR metabolomic profiles
would differ between the diet and infection levels in serum of lactating dams and

their nursing pups.

Experimental Design and Protocols. Samples from a previous animal study,
which received ethical approval from the McGill (Macdonald Campus) Animal Ethics
Committee and complied with the regulations of the Canadian Council on Animal
Care [104] were used to investigate both the impact of maternal diet and infection on
the NIR spectral profile in serum of lactating dams, as well as serum from their nurs-
ing pups. Serum was collected from CDI1 lactating dams (n=22) and serum pooled
from the their pups (n=25) at 21 days post-parturition. We hypothesized that 1) two

levels of dietary protein (protein sufficient, PS, 24% and protein deficient, PD, 6%)
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and two nematode infection levels of a trickle nematode infection (uninfected, UN
and infected, IN) would result in significant differences in one or more of our eight
identified regions and/or their interactions [6, 76], measured ratios; and 2) that the
NIR metabolomic profiles would differ between the diet and infections in serum of

lactating dams and their nursing pups.

NIR Spectral Integration into regions of interest. For the analysis of the
NIR spectral signals, a spectral integration approach was used. Instead of using all the
wavelengths for which spectra were collected, only specific wavelength regions, where
specific moieties are known to have a higher absorbance of light were considered.
Therefore, the 1600-2400 nm was selected because of the important higher energy
transitions in the 1st overtone region (1600-2000nm) and the combinations bands
region (2000-2400nm) where more intense absorption are found, and thus providing

the possibility of using for analytical purpose.

The 1600nm to 2400nm wavelength range was divided into eight regions: Region
1 (1650nm-1700nm, spanning 6 wavelengths), Region 2 (1701nm-1750nm, spanning
5 wavelengths) and Region 3 (1850nm-1899nm, spanning 6 wavelengths). Also, 5
regions where selected in the combination bands: Region 4 (2050nm-2099nm, span-
ning 6 wavelengths), Region 5 (2100nm-2130nm, spanning 4 wavelengths), Region 6
(2130nm-2200nm, spanning 8 wavelengths), Region 7 (2275nm-2310nm, spanning 5
wavelengths), Region 8 (2311nm-2370nm, spanning 8 wavelengths). The absorbance
values for each of these eight regions were integrated into one value per sample. A
similar approach, in which spectral regions or spectral windows are integrated and

related back to a set of specific moieties, has been used in the spectral of analysis of
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other NIR [5] and FT-IR [108] data.

Near-infrared spectroscopy instrument and spectral collection. Prior
to analysis, frozen samples were thawed on ice at room temperature and spectra were
acquired at room temperature. A flow sample cell was filled with 10 uL of serum.
The sample cell was cleaned between measurements by rinsing it with 1mL of 0.1M
NaOH followed by 5mL of distilled, deionized water. NIR spectra of water samples
(40 pL) were taken as references before processing of each sample and saved for pos-

terior spectral subtraction.

All NIR spectra were acquired using a NIR spectrometric system consisting of a
LABPOD NIR spectrometer (Polychromix, Wilmington, Mass.), a Tungsten-Halogen
lamp (BWTEK BPS101, B&W TEK, Newark, DE) as a light source and a U-shaped
flow sample cell with 1 mm path length (Starna Cell, Inc). NIR spectra for all exper-
iments were collected as transmittance values in the 1600nm to 2400nm wavelength
range using the SpectralCodePlus v3.5 software. Each single spectra represented the

average of 10 scans at an integration time of 100ms over 100 wavelengths.

Spectral Data Processing. Matlab programming package (ver. R2012a; The
Math Works Inc., MA) was used for data processing and analysis. Sample absorbance
was calculated as a ratio between the intensity of light absorbed by the sample (Is)
and the intensity absorbed by the water reference (Ir), using the following formula:-
log10 (Is/Ir). Values between 1900nm-2050nm were set to zero to minimize the effect
of the high absorption water peak found around 1940nm [91, 163]. Raw absorbance
signals were smoothed for the existence of systematic errors, first, by applying a

5-point recursive boxcar-averaging algorithm [158] and later by mean-centering to
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remove constant instrumental background from all the samples.

Statistical Analysis. To analyze the relative changes in these eight regions,
the notion of ratios or interactions was used to compare one region to another. Ratios
were calculated by dividing the mean centered absorbance values from different NIR
spectral regions. Previously, this approach has been used by our group in the deter-

mination of spectral regions associated with pre-term pregnancies in human amniotic

fluid [110].

As the values obtained from the integrations of the 8 regions and their ratios were
not normally distributed among the experimental groups (confirmed via Shapiro-Wilk
test), spectral region medians were compared among experimental conditions using
Kruskal-Wallis one-way analysis of variance. These medians were presented as values
and the values for the 1st and 3rd quartile, which were values above and below the

median of an integrated spectral region or region ratio.

Kruskal-Wallis one way analysis of variance was used to determine the combi-
natorial effect of two levels of infection (uninfected and infected) and two levels of
diet (protein sufficient and protein deficient) thus creating a four-way comparison for
the PS-UN, PS-IN, PD-UN and PD-IN experimental conditions. In contrast with a
normal ANOVA test, no interaction term between diet and infection (Protein lev-
els x Infection levels) was analyzed, due to the fact that we were using integrated
spectral regions instead of continuous measurements or concentrations for a specific

analyte and ratios capture the interaction between moieties that was of interest to us.
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Experimental group differences that were statistically significant after the Kruskal-
Wallis were also tested in a pairwise two-sided Mann-Whitney U test and a Bonferroni
correction was performed as a multiple comparison post-hoc test. In all instances a

value of P<0.05 was considered statistically significant.

4.4 Results

Maternal Serum. NIR spectral profiles for maternal serum are shown in Fig-
ure 4-1-A. Visualization of NIR spectral medians of the experimental groups, shown
in Figure 4-1-B, revealed distinct spectral profiles, but also overlapping variability of

the interquartile region (shaded) of the spectral signals.

Diet Impact on Lactating Dams. A comparison of the experimental groups,
shown in Table 4-1, showed that three ratios were significantly different between the
PS-IN and the PD-IN for: Region 1:2 (P<0.01), Region 1:7 (P=0.02) and Region
2:7 (P=0.02). In the three cases the ratios had higher median values for Region 1 in
the PS and higher absorbance values for Region 7 in the PD. Figure 4-2-A shows,
in the form of a bargraph, the difference between the PS-IN and PD-IN, with PS-IN
having higher values for the Region 1:2 ratio and lower values for PD-IN, but no
diet difference was found between the uninfected groups. Two other ratios Region
1:6 (P=0.03) and Region 2:6 (P=0.03) differed, however, post-hoc analysis did not

characterize the group differences.

There was no significant infection impact in the maternal serum. However, inves-
tigating the NIR spectral signal of the 4 experimental groups, we found an interesting
pattern in the 2100-2200nm range (Region 5 and Region 6). For the lactating dams
(Figure 4-3), those mice exposed to the most extreme condition, for instance those

with the combined impact of PD and infection had higher values for Region 5 and
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lower values of Region 6 compared to those with the control group in the PS-UN

experimental group.

Another pattern emerged in the 2100-2200nm wavelength range (Region 7 and
Region 8) for lactating dams. In this case we saw a graded response where PS-UN
>PD-UN >PS-IN >PD-IN, with the uninfected (PS-UN and PD-UN) groups having
higher absorbances values shown in Figure 4-4-A. In contrast, for pups, shown in
Figure 4-4-B, the infected (PS-IN and PD-IN) groups showed higher absorbance

than their uninfected counterparts (PS-UN and PD-UN).

Pups Serum. NIR spectral profile for nursing pups is shown Figure 4-1-C.
Visualization of medians of the experimental groups (Figure 4-1-D) revealed distinct
spectral profiles, but also overlapping variability of the interquartile region (shaded) of
the spectral signals for the PS-IN, PD-UN and PD-IN, experimental groups. However,
the PS-UN category showed a very distinct pattern, with lower absorbance values than

for the other 3 experimental groups.

Infection Impact on Nursing Pups. Maternal infection had a much broader
impact on the NIR spectral profile of pup serum, despite the fact that the infection
burden was applied to the dams and not the pups (shown in Table 4-1). For Region 5
(P=0.01), PS-UN pups had higher values than the PS-IN pups. The same differences
were not found for PD pups as there was no difference in spectral profiles between
PD-UN and PD-IN. In contrast PS-UN differed from PS-IN in one region: Region 5
(P=0.01) and six region ratios: Region 1:4 (P=0.014), Region 2:3 (P=0.014), Region
3:5 (P<0.01), Region 3:6 (P<0.01), Region 6:8 (P<0.01) and Region 7:8 (P<0.01).

In four of this cases PS-UN had higher ratios than the PS-IN pups, this pattern of
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difference is illustrated with a bargraph for Region 1:4 in Figure 4-2-B. For the re-
maining two cases PS-IN pups had higher values than the PS-UN pups, this difference

is illustrated for Region 3:6 in Figure 4-2-C.

Diet Impact on Nursing Pups. A comparison among the experimental
groups, shown in Table 4-1, showed that two ratios, Region 1:7 (P=0.02) and Region
2:7 (P<0.01), were significantly different between the PS-IN and the PD-IN groups.
Results showed higher median values for Region 1 in the PS and higher Region 7 in
the PD, whereas PS-IN and PD-IN differed in two ratios: Region 2:6 (P=0.021) and
Region 2:7 (P=0.01), with PS-IN having higher ratios than the PD-IN group. These

differences are presented as a bargraph for Region 2:6 ratio is shown in Figure 4-2-D.

4.5 Discussion

Infection and diet can modify the NIR spectral profile of biological fluids, in gen-
eral, infection accounted for the spectral changes in the metabolic profiles of maternal
serum, whereas both maternal diet and infection impacted the pups who were not ex-
posed directly to the nutritional deficiency and/or nematode infection. In particular,
diet, but not infection, modified the spectral profiles of the maternal serum between

PS-IN and PD-IN experimental groups for Region 1:2, Region 1:7 and Region 2:7.

In the pup’s serum there were two differences between PS-IN and PS-IN, for
Region 2:6 and Region 2:7, with Region 2 having higher values. However, most of the
differences were found in the NIR spectral profile of PS-UN and PS-IN, for one single
region, Region 5 and six region ratios: Region 1:4, Region 2:3, Region 3:5, Region 3:6,
Region 6:8 and Region 7:8 In general, PS-UN had higher ratios for Region 5, Region
1:4, Region 2:3, Region 6:8 and Region 7:8, and lower ratios for ratios for Region 3:5

and Region 3:6, than their PS-IN counterparts.
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Taken together these results suggest that the growing fetus was experiencing the
maternal insults even though the diet and infection treatments were applied to the
dams, suggesting that the lactating dams, which received the experimental treatments
beginning in pregnancy, continue to transfer the infection and dietary insults to their
nursing pups offspring post-partum. Our results are important in the context of the
study biological fluids using NIR studies since they demonstrate that NIR spectral
regions change between healthy and unhealthy mice suffering a chronic nematode

(H.bakeri) infection and a single nutrient deficiency, in our case protein deficiency.

PS-UN vs. PS-IN. Pups in the control group (PS-UN) showed higher ab-
sorbance values in Region 1, Region 2, Region 5, Region 6 and Region 7. In contrast
their infected counterparts showed higher values in Region 3, Region 4 and Region 8.
The increase in values for Region 8 in PS-IN mice might be associated with glucose
which is a molecule that is known absorb in this region, and more importantly is a

metabolic fuel for developing and for the growing fetus [95].

Diet Effects. Interestingly, two ratios were similar in both maternal and pup
serum. Both, Region 1:7 and Region 2:7 were higher in PS infected compared to PD
infected dams and nursing pups. Given that the diet differences emerged in infected
animals, we can suggest that adequate dietary protein is particularly important in
nematode infected mice. However, whether this similarity is related to metabolic
imprinting in utero, to transfer of nutrients through milk from the mother to the
pup, or to a non-biological association arising with NIR spectral profiles and data

processing, can not be fully determined.

Infection Effects. Our results suggests that infection had an impact in the

spectral changes seen in Region 7 and Region 8 for both lactating dams and pups.
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For lactating dams, higher absorbance values were found in these regions, in the non-
infected mice (PS-UN and PD-UN). In contrast, the response in the pups was inverse,
with both infected groups (PS-IN and PD-IN ) having higher absorbance values for

Region 7 and Region 8.

Strengths of the Study. We employed a spectral integration approach in
which we measure the differences resulted in the NIR signal of serum of lactating
dams and their pups subjected to either protein deficiency and/or infection burden.
The use of ratios was proposed as an analysis methodology that was used to explain
metabolic changes, that is, how certain spectral regions, stabilize or decrease in rela-
tion to others. Despite the small NIR absorbance signals resulting from our analysis,
by smoothing, zeroing the water peak, mean centering and more importantly the use
of ratios, we were able to detect significant statistical differences in eight targeted
spectral regions. Taken together, these results show that metabolomic responses of
the foetus and the neonate to either a gastrointestinal nematode infection and/or
maternal dietary protein deficiency differ, implying that the fetal compartment as
well as the nursing pup continue to alter their metabolism throughout the duration of
the maternal exposure to either stressor. It is clear that the long-term consequences

of these adaptations need further exploration.

Limitations of the study. The small number of samples and small sample
volume was a limitation, as we were not able to build strong predictive models, or
models based on regression or classification techniques. However we were able to
determine regions of interest for specific diet and infection conditions. The use of
non-parametric statistics, Kruskal-Wallis ANOVA and Mann-Whitney Test, were of

great benefit for the assessment of experimental group differences, they make the
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interpretation of NIR absorbance signals harder since it translate the measurements
to a ranks metrics. Moreover, in terms of presentation it might confuse a reader,
since the NIR spectral signals are presented as figures and next to their statistics as
tables, this is specially true for the bargraphs that we used to represent the pair-wise
differences. Use of a spectroscopic instrument based on collimated lenses and the lack
of temperature introduced more scattering thus more variability in the NIR spectral
samples, and therefore impacted on our results, given the small sample size. In con-
trast to the PS experimental groups, we did not pick distinct spectral profiles between
the PD experimental groups, possibly due to small sample size, or that biochemical
adaptation to protein deficiency overrides infection status and is likely similar in both

experimental groups. This requires further investigation.

Conclusion. We showed that NIRS could be used to identify specific differ-
ences resulted from a nematode infection and distinct protein deficiency during preg-
nancy and lactation. We found that even when the infection and diet burden where
the subjected to the dams, the effects were visible in both the dams and their nurs-
ing pups. In general terms maternal serum differed from pup serum, and there was
a diet effect only in the infected dams. For pups differences were found for both
nutrition and infection effects that were present in the pups, with the NIR spectral
profile of PS-UN pups being different from PS-IN pups and the NIR spectral profile
of PS-IN pups differing from PD-IN pups. Our approach using NIR spectral profiles
of maternal and with neonatal serum explored the degree to which these in which a
chronic (trickle) nematode infection and protein deficiency would result in lingering
metabolic consequences for the fetus and /or nursing pups. No one to date has consid-
ered that exposure during lactation could impact the offspring not directly exposed

to either stressor and possibly be transferred through milk.
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Figure 4-1: NIR spectra for lactating dams (A, B) and pups (C, D). Median spectral
absorbance divided by infection burdens and diets groups (solid black line represents the
(PS-UN), a green line represents the (PS-IN), a blue line represents (PD-UN) and a red
line represents the (PD-IN) for dams (B) and pups (D). Shaded regions, with respective
colors represent the area between the first and third quartiles (1Q-3Q).
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BRIDGING STATEMENT: Study 1 to Study 2

In the previous chapter we analyzed near-infrared spectral profiles in lactating
dams and their pups and were able to distinguish different profiles as a result of
dietary interventions and infection burdens. We observed differences in the spectral
profiles of serum from pregnant and lactating mice and importantly in their offspring
where there was a greater number of significant differences in NIR spectral profiles,
indicating that fetal programming could be occurring in the pups despite experimental

treatment not being applied directly to them.

However, this was a controlled experiment using a mouse model of a human
hookworm with controlled doses of a H. bakeri nematode infection and some of these
differences will be further explored in a larger human study where individuals have

multiple nutrient deficiencies and multiple infections in Chapter 6.

In the next study we wanted to further explore, using a larger human population
(n=590) and in a different biological fluid, the possibility of the early metabolic
imprinting influencing fetal growth, in particular in the case of large-for-gestational
age infant. Recently others have shown using 2nd trimester amniotic fluid that there
exist early metabolic changes that are associated in the programming of large-for-

gestational age infant [146, 9, 10].

We approach this serum analysis using the same methodological framework, that

is, the integration of eight NIR spectral regions and use of non-parametric statistics.

69



Also, we were interested in investigating if maternal BMI had an impact on fetal

development early in gestation.
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5.1 Abstract

Near-infrared (NIR) spectroscopy of amniotic fluid has been used to characterize
fetal lung maturity and for the identification of prematurity <35 weeks. However, this
approach has been seldom used to classify infants according to birth weight for ges-
tational age. We explored the possibility that NIR spectral analysis of 2nd trimester
amniotic fluid (AF) would identify early metabolic differences in birth weight among
appropriate- (AGA, n=494) and large- (LGA, n=>51)-for-gestational age infants. A
secondary objective explored whether AF profiles of AGA and LGA infants differed by
maternal pre-pregnancy BMI classifications normal (BMI<24.9 kg/m?, n=310) versus
overweight /obese (BMI>25 kg/m? n=168). Amniotic fluid samples were analyzed
using NIR spectroscopy (1600-2400nm). The resulting spectra were pre-processed
and eight regions of interest were selected: Region 1- 1650-1700nm, Region 2 -1701-
1750nm, Region 3 1850-1899nm, Region 4 2050-2099nm, Region 5 - 2100-2130nm,
Region 6 - 2130-2200nm, Region 7 - 2275-2310nm and Region 8 - 2311-2370nm.
These regions and their ratios were compared among the experimental groups using
Mann-Whitney U-test and Kruskal-Wallis one way ANOVA test, followed by post-hoc
comparisons. By 15 wks gestation, fifteen AF spectral region ratios differed between
AGA and LGA infants. LGA infants had (1) higher AF values for Region 8 relative
to Region 1, Region 2, Region 3 and Region 4, (2) higher values for Region 6 relative
to values found in Region 3 and Region 4, Region 8 and Region 5 and (3) higher
values for Region 5 and Region 2 relative to Region 3 and Region 4. In contrast,
AGA infants had (1) higher values for the ratio of Region 3:8, Region 3:7, Region
3:6 and Region 3:5 and (2) higher values for the ratios of Region 4:8, Region 4:6, Re-
gion4:5. In addition, AGA infants had lower values for Region 2:4 and higher values
for Region 1:2, Region 1:8 and Region 2:8 compared with LGA infants. Further subdi-

vision by maternal BMI categories showed that only AGA infants of overweight /obese
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(BMI>25kg/m?) mothers had higher values for Region 8 compared to normal weight
mothers (BMI<24.9 kg/m?; surprisingly this maternal BMI-based difference did not
exist for LGA infants. Neither did AF differences exist for other integrated spectral
nor ratios between AGA and LGA infants of overweight/obese mothers. In contrast,
in normal weight mothers, 2nd trimester AF of these LGA infants had higher ratios
of Region 7 relative to both Region 5 and Region 4 and a higher ratio of Region 3
relative to Region 4 when compared to their AGA counterparts. NIR spectral profiles
of 2nd trimester AF differed between LGA and AGA infants and these AF differences
emerge early in pregnancy in normal weight but not overweight /obese mothers. These

results suggest that maternal BMI does not underscore these perturbations.
5.2 Introduction

Near-infrared spectroscopy (NIRS) is a vibrational spectroscopy technique that
identifies small molecules present in a sample by relying on vibrational properties
of their constituent chemical bonds. NIRS is an accurate and fast technique that
has been proposed and used and in the context of clinical and medical diagnostics
of biological fluids [46, 30, 45, 133]. It has been used a diagnostic tool for metabolic
fingerprinting of cell culture media [114], for assessing viability of embryo cultures
[50, 150, 151, 129, 132], for the calculation of total protein [98] and for identifying
viral infections in biological fluids [122, 121, 120] and for fetal lung maturity using

amniotic fluid [82, 83].

The influence of maternal health during pregnancy and its long-term conse-
quences for fetal health is well known. Recently researchers have been examining
the possibility that metabolic imprinting begins much earlier in pregnancy [111, 41,
36, 37, 2] and that there are important early metabolic changes that can be associated

with the development of gestational diabetes mellitus [10, 144], or are associated with
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infant birth weight [9, 145] and differences in gestational age [34, 42, 40, 88, 146, 37].
Moreover, the influence of maternal BMI on fetal macrosomia and ultimately on birth
weight is also well known [57, 130] and is based on the presumption that obesity is
the major cause of fetal programming for LGA infants. However there is a growing

concern about the increasing prevalence of LGA births in normal weight mothers [23].

Previously we compared NIR differences between 2nd trimester amniotic fluid
samples from mothers delivering at term vs. late pre-term and concluded that there
were distinct metabolomic profiles between these conditions. Several wavelength re-
gions that might be associated to proteins, carbohydrates, fats, polyols, and water
were identified [110]. The overall objective of this human study was to assess the
possibility of identifying, in 2nd trimester amniotic fluid (AF), distinct NIR spectral
profiles associated with births of appropriate-for-gestational-age (AGA) and large-
for-gestational-age (LGA) infants. Also, we were interested in determining if ma-
ternal body-mass-index (BMI) would further alter the spectral profiles of amniotic
fluid (AF) of AGA and LGA infants early in pregnancy. To achieve this goal, a 4-
way comparison among the median NIR profile of amniotic fluid of AGA and LGA
infants from mothers with normal weights (BMI <24.9 kg/m?) and obese mothers
(BMI > 25 kg/m?) was conducted by integrating the absorbance values of eight NIR
wavelength regions: 1650-1700nm, 1701-1750nm, 1850-1899nm, 2050-2099nm, 2100-
2130nm, 2130-2200nm, 2275-2310nm and 2311-2370nm.

5.3 Materials and Methods

Recruitment of Study Population: From 1998 to 2004, pregnant women (n=790)
undergoing routine, age-related amniocentesis, at St. Mary‘s Hospital Center in Mon-
treal, Canada, were approached to participate in this prospective study. Signed con-

sents allowed researchers to collect frozen amniotic fluid samples, following age-related
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genetic testing, for subsequent biochemical analyses and to review maternal medical
records. Ethics approval was obtained from Institutional Review Boards of McGill,
Montreal Children‘s Hospital, and St Mary‘s Hospital Centre. Medical record infor-
mation collected following delivery included pre-pregnancy weight, BMI, age, parity,
ethnicity, infant gestational age, gender, and birth weight. Infant gender, gestational
age, and birth weight were then used to calculate birth-weight-for-gestational-age [75].
Gestational age was based on physicians estimates using last menstrual period and

uniform hospital protocols.

Exclusion criteria included the existence genetic abnormalities, multiple preg-
nancies, gestational diabetes mellitus or pre-eclampsia (n=73), mothers with BMI
of <18.5 kg/m?, and mothers giving birth to small-for-gestation age (n=45). In ad-
dition, other exclusion criteria were having incomplete clinical files, and lastly the
presence of abnormal NIR spectral profile or spectral profiles collected outside the
acceptable temperature range of 24.3 +1 °C (n=127). The final total number of NIR

spectral samples included in the study was 545.

Experimental Design. Two retrospective analyses of 2nd trimester AF were
performed. First, we compared 2nd trimester amniotic fluid NIR spectral profiles
between the AGA (n=494) and LGA (n=51) birth categories. Secondly, these NIR
spectral profiles were further subdivided by maternal BMI using the clinical cut-
offs of normal (>18.5-<24.9 kg/m? n=310) and overweight/obese (>BMI 25 kg/m?,
n=168).

NIR Spectral Integration into regions of interest. For the analysis of the
NIR spectral signals, a spectral integration approach was used. Instead of using all the
wavelengths for which spectra were collected, only specific wavelength regions, where

specific moieties are known to have a higher absorbance of light were considered.
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Therefore, the 1600-2400 nm was selected because of the important higher energy
transitions in the 1st overtone region (1600- 2000nm) and the combinations bands re-
gion (2000-2400nm) where more intense absorption are found, and thus providing the
possibility of using for analytical purpose. The 1600nm to 2400nm wavelength range
was divided into eight regions: Region 1 (1650nm-1700nm, spanning 6 wavelengths),
Region 2 (1701nm-1750nm, spanning 5 wavelengths) and Region 3 (1850nm-1899nm,
spanning 6 wavelengths). Also, 5 regions where selected in the combination bands:
Region 4 (2050nm-2099nm, spanning 6 wavelengths), Region 5 (2100nm-2130nm,
spanning 4 wavelengths), Region 6 (2130nm- 2200nm, spanning 8 wavelengths), Re-
gion 7 (2275nm-2310nm, spanning 5 wavelengths), Region 8 (2311nm-2370nm, span-
ning 8 wavelengths). The absorbance values for each of these eight regions were
integrated into one value per sample. A similar approach, in which spectral windows
are integrated and related back to a set of specific moieties, has been used in the

spectral of analysis of other NIR [5] and FT-IR [108] data.

Near-infrared spectroscopy instrument and spectral collection. Prior
to analysis, frozen samples were thawed on ice at room temperature and NIR spec-
tra were acquired at room temperature (around 24°C) for amniotic fluid samples. A
flow sample cell was filled with 10 pL of amniotic fluid. The sample cell was cleaned
between measurements by rinsing it with 1mL of 0.1M NaOH followed by 5mL of
distilled, deionized water. NIR spectra of water samples (40 pL) were taken as refer-

ences before processing of each sample and saved for posterior spectral subtraction.

All NIR spectra were acquired using a NIR spectrometric system consisting of a

LABPOD NIR spectrometer (Polychromix, Wilmington, Mass.), a Tungsten-Halogen
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lamp (BWTEK BPS101, B&W TEK, Newark, DE) as a light source and a U-shaped
flow sample cell with 1 mm path length (Starna Cell, Inc). NIR spectra for all exper-
iments were collected as transmittance values in the 1600nm to 2400nm wavelength
range using the SpectralCodePlus v3.5 software. Each single spectra represented the

average of 10 scans at an integration time of 100ms over 100 wavelengths.

Spectral Data Processing. The Matlab programming package (ver. R2012a;
The Math Works Inc., MA) was used for data processing and analysis. Sample ab-
sorbance was calculated as a ratio between the intensity of light absorbed by the
sample (Is) and the intensity absorbed by the water reference (Ir), using the fol-
lowing formula: -logl0 (Ir/Is). Values between 1900nm-2050nm were set to zero to
minimize the effect of the high absorption water peak found around 1940nm [163, 91]
Raw absorbance signals were smoothed for the existence of systematic errors, first,
by applying a 3-point recursive boxcar-averaging algorithm [158] and later by mean

centering to remove constant background from all the samples.

To analyze the relative changes in these eight regions, the notion of ratios or in-
teractions was used to compare one spectral region to another. Ratios were calculated
by dividing the mean centered absorbance values from different spectral regions. Also,
it should be noted that ratios represent interactions between two chosen integrated
spectral regions [6, 76]. Previously, this approach has been used by our group in
the determination of spectral regions associated with pre-term pregnancies in human

amniotic fluid [110].

Statistical Analysis. As the values obtained from the integrations of the 8
regions and their ratios were not normally distributed among the experimental groups
(confirmed via Shapiro-Wilk test). Spectral region medians for AGA and LGA ex-

perimental groups were compared between this two experimental conditions using a
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Mann-Whitney U test. The results are presented as medians and their values for the
1st and 3rd quartile. A 4-way comparison among the median NIR profile of amniotic
fluid of AGA and LGA infants from mothers with normal weights (BMI <24.9 kg/m?)
and obese mothers (>BMI 25 kg/m?) was also conducted. For those spectral regions
that showed significant differences, a two-sided Mann-Whitney U test was applied

with a Bonferroni test applied for post-hoc multiple comparisons.

A regression model with birth weight as dependent variable was built to deter-
mine which integrated spectral regions and/or ratios might be associated with birth
weight when LGA infants were combined with AGA infants. This model was built
using Stata Statistical Software: Release 11. (StataCorp. 2009. College Station, TX:
StataCorp LP.). This regression model included a variable representing the intercept,
knowing that birth weight cannot be zero and thus the regression never will pass
through the origin [119, 29]. Moreover, since the spectra were mean centered and
then summed, we anticipated that values for integrated spectral regions might indeed
be zero. Also, the resulting model was checked after for multicollinearity by looking
at the variance inflation factor (VIF) [100]. If the VIF factor for a specific spectral
region was less than 5, it was eliminated from the model and the model was then

re-calculated.
5.4 Results

Population Characteristics. Key population characteristics are summarized
in Table 5-1 for age, pre-pregnancy weight, gestational age, and parity. On average,
this population consisted of mostly healthy mothers (3946ys), on their second or
third pregnancy and giving birth AGA (91%) or LGA (9%) infants. The AGA and

LGA experimental groups were further subdivided among normal BMI normal and
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overweight and obese BMI categories, with the AGA group having 62% in the nor-
mal BMI category and 29% in the overweight and obese category and 3% and 6%

respectively for the LGA.

Integration of spectral region Regions for Amniotic Fluid (AF). Pro-
cessed NIR spectra for the 2nd trimester amniotic fluid samples of pregnant women
(n=>545) is shown in Figure 5-1-A. A simple inspection of the spectral profiles for all
AF samples revealed that variability of the absorption values were evenly distributed

across all wavelengths.

Samples were also classified according to intrauterine growth conditions: AGA
(n=494), and LGA (n=51). These experimental groups are presented as spectral
medians for each wavelength as solid red, black and blue line, respectively, in Figure
5-1-B. In this figure, AGA and LGA experimental groups, showed the same variability

across all wavelengths.

Fifteen ratios differed between AGA and LGA infants. These were divided into
two subgroups (Table 5-3); 1) those ratios that were higher in LGA infants com-
pared to AGA infants and 2) the 13 ratios that were lower in LGA infants compared
to AGA infants. In the first case, two Region 4 ratios - Region 1:4 (P=0.01) and
Region 2:4 (P<0.01) showed that higher Region 1 and Region 2 relative to Region
4 were associated with birth of LGA infants. For the second case the following ra-
tios - Region 1:2 (P<0.01), Region 1:8 (P<0.01), Region 2:8 (P<0.01), Region 3:8,
(P<0.01), Region 4:8 (P<0.01), Region 5:8 (P<0.01) and Region 6:8 (P=0.02), were
lower for LGA compared to AGA. Other ratios were lower in LGA compared to AGA
infants. There were: Region 3:5 (P<0.01), Region 4:5 (P=0.01), Region 3:6 (P=0.01),
Region 4:6 (P=0.02), Region 5:6 (P=0.04) and Region 3:7 (P<0.01), suggesting that
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higher values for Region 3 and Region 4 were associated with birth of an AGA infant.

Comparison of AGA and LGA by Maternal BMI Categories. As shown
in Figure 5-2 the median for AGA and LGA infants subcategorized by BMI classifi-
cations (normal and overweight /obese) are represented in black, red, green, and blue
solids lines and their inter quartile values as shaded areas of the same colors. The
spectral signals for the four categories were similar from 1600nm to 1900nm, with
LGA-overweight /obese having in general a lower absorbance. In the 2050-2400 re-
gion, the AGA experimental group shows a U-shaped pattern, with high absorbance
values around 2050nm, lower around 2200nm and high again towards the 2300nm.
The LGA groups showed lower absorbance values, around Region 7 and Region 8§,

regions associated with Region 7 and Region 8.

Comparison of the overall AF spectral patterns for the four subgroups.
We noticed that the AF of all LGA infants were metabolically similar in the NIR
spectral regions from 2300-2400nm despite different maternal pre-pregnancy BMIs.
Furthermore, NIR spectral signals of AGA infants, regardless of maternal BMI, were
more similar between 2300-2400nm; these spectral regions might be associated with
Region 7 and Region 8, suggesting that early pregnancy perturbations may be associ-
ated with fetal growth trajectories. Moreover, the spectral profile representative of the
LGA infants from mothers with normal pre-pregnancy BMIs parallels that for AGA
infants and only begins to diverge in the spectral region characterized by Region 7,
again suggesting changes in Region 8 metabolism that is reflected in 2nd trimester AF.

Finally the mean spectral profile of LGA infants for both overweight /obese mothers
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differed from the other 3 experimental groups for most NIR spectral regions, suggest-
ing that many more shifts in metabolism have occurred early in pregnancy for these

individuals.

Median values and confidence intervals for our four experimental groups are
shown in Table 5-3. Differences were found in one single region, Region 8 (P=0.03);
otherwise there was a difference in the Region 3:8 ratio (P=0.02). Also two ratios
to region 4, Region 1:4 (P=0.01), Region 2:4 (P<0.001) and two ratios to Region 5:
Region 3:5, (P=0.05) and Region 4:5 (P=0.04) differed as did three ratios to Region
7: Region 3:7 (P=0.02), Region 4:7 (P=0.02) and Region 5:7 (P=0.02). Post-hoc
comparisons revealed five types of differences: 1) Differences between AGA infants
regardless of maternal BMI status, which were only found for Region 8, shown in Fig-
ure 5-3-A; 2) Differences between normal AGA infants and overweight/obese LGA
infants for Region 3:8, shown in Figure 5-3-B; 3) Differences among normal BMI
infants: Region 5:7, shown in Figure 5-3-C; 4) Differences between normal LGA in-
fants and AGA infants regardless of BMI status: Region 1:4, Region 2:4 and Region
4:7, shown in Figure 5-3-D; and 5) Global differences that did not yield post-hoc

differences for Region 3:5, Region 3:7 and Region 4:5.

Regression model for infant size at birth. Results from the overall re-
gression model for birth weight are described in Table 5-4. The overall model was
statistically significant (R? = 0.03, P<0.001) with three significant spectral region ra-
tios Region 5:7 (P=0.02), Region 3:7 (P=0.02), and Region 4:8 (P=0.01) entering the
model. The first ratio was positively related to birth weight whereas the remaining

were negatively associated with birth weight. There were other integrated spectral
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regions that were significant after the stepwise regression, but were removed due to
collinearity (VIF >5): specifically: Region 1 (VIF=11.10); Region 7 (VIF=50.64)
and Region 6 (VIF=79.33). All of the other ratios did not emerged as significant

differences.

5.5 Discussion

Our study population consisted of mothers undergoing age related amniocen-
tesis (age 37 £ 6 ys). The population consisted of 9% of LGA births, which are
values comparable to the Canadian population at large [157]. One of our objec-
tives was to determine if there were significant spectral differences between AGA
and LGA infants. We hypothesized that NIR spectral profiles of 2nd trimester AF
might reflect metabolic differences in fetal growth between AGA and LGA infants
in second trimester amniotic fluid, if indeed early differences in growth trajectories
might emerge early in pregnancy (as early as 2nd trimester) as suggested by other
studies [9, 10, 37, 146, 26, 42, 110, 69]. Several important observations emerged: 1)
First, distinct AF NIR spectral profiles were found for LGA and AGA infants by the
2nd trimester; 2) values for Region 8 were lower for AGA infants of normal weight
mothers compared to obese/overweight mothers but spectral profiles for this region
did not different among LGA infants, despite changes in maternal BMI; 3) in general
comparisons of AGA and LGA in normal weight mothers revealed higher Region 7
to both Region 4 and Region 5 and higher Region 2 to Region 4 for LGA infants
and higher Region 3 and Region 4 for AGA infants and 4) a final multiple regression
model for ratios for birth weight for all infants combined showed 3 ratios emerging.
Region 5:7 positively associated and Region 3:7 and Region 4:8 negatively correlated
with larger infant birth weights, suggesting that more amides, possibly urea [163]

or ceramides [93] and higher Region 8 and Region 7 were associated with birth of
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LGA infants. Taken together these results suggest the early emergence of distinct
metabolic profiles for LGA and AGA infants that are reflected in amniotic fluid by

second trimester.

BMI. The effects of maternal BMI on infant size are very well documented,
and it is especially well known that mothers who are overweight or obese are more
likely to have LGA infants [96, 153]. Contrary to this, our results suggested the
early emergence LGA infants in normal weight mother and that metabolic differences
existed between AGA and LGA infants within the normal BMI categories but the 2nd
trimester of pregnancy. For mothers with normal BMI Region 1:4, Region 2:4, Region
3:7, Region 4:5, Region 4:7 and Region5:7 differed between AGA and LGA, suggesting
that different spectral profiles emerge early in pregnancy and that it can be detected
in amniotic fluid. In contrast in mothers with BMI > 25, no differences were found in
the amniotic fluid. Only Region 3:5 and Region 3:8 differed across the AGA normal
and the overweight/obese LGA, suggesting a trend for these spectral regions. For
both ratios the AGA had higher values for Region 3, which is associated with Region
3 and lower Region 5/Region 8 absorbance values compared with NIR spectral profile
of the LGA overweight/obese. Moreover, the suggestion that maternal overweight
or obesity might influence metabolic profiles and can be reflected in NIR spectra of
amniotic fluid was supported only by differences found in Region 8. There were no
differences between the two LGA categories by maternal BMI, suggesting that there
were no differences and more similarities in fetal compartment early in pregnancy.
Whereas a number of studies have described the association higher maternal weight
to LGA, there is an emerging growing concern about normal weight mothers giving
birth to LGA infants [66, 166, 138, 57]. This study points to distinct early metabolic
perturbations occurring in LGA infants of normal weight mothers. Taken together

these data suggest that the mechanism of fetal programming of a LGA infant occurs in
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mothers with a normal BMI and may be distinct from LGA associated with mothers

with BMIs >25. This will require further investigation

Region 8. Disturbances in Region 8 were evident by the beginning of the sec-
ond trimester, and were influenced by maternal pre-pregnancy BMI. We saw a relative
increase in Region 8 in our LGA infants compared to our AGA infants. Overall, we
saw an increase in Region 3:7 when we compared across our BMI categories, where
the amniotic fluid of overweight and obese mothers that gave birth to LGA infants
had higher values relative to Region 3. We also saw that AGA infants of normal
mothers differed from AGA infants from overweight and obese mothers, whereas the
same difference did not emerged among LGA counterparts, suggesting that Region

8 alone is not sufficient to explain the metabolic perturbations that underscore the

birth of an LGA infant.

Region 4:8. Another ratio that emerged in relation to birth weight was Region
4:8, where higher absorbance values of Region 4 was associated with birth of a LGA
infant. One of the many molecules that could be associated with the Region 4 might
be related to polyphenols. There is evidence that associates higher polyphenols with
less diet induced obesity and with increase anti-oxidant capacity. Interestingly higher

values in Region 8 in AF have been associated with both LGA and GDM [146, 9, 10].

Region 3:7. Interestingly AGA infants had higher Region 3 relative to Region
6, Region 5, Region 7 and Region 8. Higher Region 3 could be associated with
phosphate (ATP) production. However the only one that emerged in the overall
model was Region 3:7, suggesting less Region 3 and more Region 7 in amniotic fluid
of LGA infants. One suggestion that could be related to increased amniotic fluid
Region 7 might be hypoxia. However, a recent study [56] showed that there were

no differences in lactic production among SGA, AGA and LGA infants and they
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concluded that hypoxia could not explain differences in birth weight. Other causes

of increased Region 7 in LGA infants need further exploration.

Region 5. A third important ratio was Region 5:7. In our results, it was asso-
ciated with LGA infants, suggesting that birth of an LGA infant was associated with
higher abundance n 2nd trimester AF of amides (urea) and amines (purine, pyrim-
idines and indoles, where tryptophan is an example of the latter). This in line with
results relating higher amides, the primary one being urea, with earlier kidney devel-
opment in the LGA infant [31] and with more ceramide for brain development [93]
and with tryptophan is reportedly higher concentrations in the AF of 2nd trimester

[59], which may to be the case in our LGA populations.

Finally the results of the regression model for birth weight suggest that Region
5:7 and are positively related with birth weight, while Region 3:7, Region 4:8 were
negatively associated with birth weight. These results show that higher Region 5
is associated with increasing birth weights between (1.2 to 5.2 kg) and increased
organ development of the LGA infants. Lower values of Region 3 and Region 4 were
associated with birth of an LGA infant, moreover higher values of Region 8 and

Region 7 relative to Region 4 and Region 3 start to indicate positive fetal growth.

Strengths and Limitations. This study presents evidence for the existence
of early programming of an LGA infant regardless of maternal BMI using a large
biobanked library of frozen AF samples. Although these findings were measured in
older women undergoing age related amniocentesis, they raise the possibility that a
similar outcome might be occurring in the general population. Despite the fact our
NIR spectral absorbance signals were small when compared to our previous studies
[110], the use of the median of the groups and the new application of ratios helped

us uncover differences among the experimental groups. The use of non-parametric
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statistics, Kruskal-Wallis ANOVA and Mann-Whitney Test, were of great benefit
for the assessment of experimental group differences, they make the interpretation
of NIR absorbance signals harder since it translate the measurements to a ranks
metrics. Moreover, in terms of presentation it might confuse a reader, since the NIR
spectral signals are presented as figures and next to their statistics as tables, this is
specially true for the bargraphs that we used to represent the pair-wise differences.
The differences between LGA infants from BMI normal and overweight /obese divided

are still not evident and will require further investigation.

Conclusion. Our results are important because they provide evidence for the
early emergence in amniotic fluid of distinct metabolic profiles between AGA and
LGA infants. They also show important metabolic differences by the 2nd trimester
between AGA and LGA infants, with notable difference between AGA versus LGA
in normal weight mothers than in overweight or obese mothers. This suggests that
the mechanism of fetal programming of a LGA infant is not only determined by
maternal BMI but may already be occurring and affecting other metabolic pathways.
Moreover, we were able to show that the integration of integrated spectral regionand
their ratios can be used to separate between birth outcomes, but still cannot be used
to distinguish between classes of LGA infants in clinical settings as a more robust

discriminatory model would.
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Table 5—1: Maternal Characteristics

General Characteristics (N=545)

Age (ys) (N=534)

37 £ 6

Gestational Age (wks) (N=543)

39.5 £ 2

Infant size by Gestational Age (N=545)

AGA 194 (91%)
LGA 51 (9%)
BMI (kg/m?) by Gestational Age Category (N= 478)
AGA
Normal (>18.5 and < 24) 294 (62%)
Overweight and Obese (>25) 140 (29%)
LGA
Normal (>18.5 and <24) 16 (3%)
Overweight and Obese (>25) 28 (6%)
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Table 5-2: Comparison between AGA and LGA

Region/Ratio AGA LGA P Value
n=494 n=51
Lower in AGA and Higher in LGA
Reglon 1:4 (-0.85%1(?.00) (-o.c}é,l(?g.OO) 0-010
Reglon 2:4 (_0.827,7()2.01) (-0.(?2'??8.00) 00067
Higher in AGA and Lower in LGA
Reglon 1:2 (-o.(l)'zl,g(?.m) (-0.52',1%(7).00) 0.005%
Reglon 1:3 (-0.8'2%55.00) (-0.8i2,1§.00) 0.001%
Reglon 2:8 (-0.82%8(31.00) (-0.82,2?3.00) 0.005%
Reglon 3:5 (-0.(%4?906.00) (-0.848,705.00) 0.004%
Region 3:6 (-0.8'3%8(()).01) (-o.gé??é.om 0.014
Region 3:7 (-0.857,28.02) (-0.853,5302) 0.001%
Reglon 3:8 (1.?6?81?24) (1.82,1()1?21) 0.001%
Region 4:5 (0.71;817.65) (0.814,112?04) 0.014
Region 4:6 (0.601.?01??29) (o.%ﬁg.)@zx) 0.018
Reglon 4:8 (1.&1,141?60) (0.9()36,1712.51) 0.003*
Reglon 5:6 (o.féil%%go) (0.59?3?67) 0.041
Reglon 5:8 (0.504?412.21) (0.53,2%(.)99) 0-010
Region6:8 (0.2()2,81()2.75) (-0.(1)%(?302.52) 0-019
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Table 5—4: Multiple Linear Regression for birth weight in kg for LGA and AGA infants
combined

Birth weight (in kg) (n=>545)
Region/Ratio | § Coefficient P value
Intercept 3.46 <0.001
Region 5:7 0.05 0.02
Region 3:7 -0.03 0.004
Region 4:8 -0.02 0.001
R?=0.03 P<0.001
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Figure 5—1: Smoothed and mean centered NIR spectra of 590 amniotic fluid samples (A).
Median spectral absorbance grouped by size corrected for gestational age and area comprised

between the 1st and 3rd quartiles (B). AGA and LGA groups and areas are represented in
red, black and blue solids lines and shared areas respectively.
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Figure 5-2: Median spectral absorbance and area comprised between the 1st and 3rd quar-
tiles for AGA and LGA infants grouped by maternal body mass index (A), BMI groups
are represented as solid lines, normal AGA, overweight AGA, normal LGA and overweight
LGA, obese groups and areas are represented in black, red, green, and blue solids lines and
shared areas respectively.
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Figure 5-3: Kruskal-Wallis Comparison by BMI and Birth Weight Categories. Difference
between AGA Normal and AGA Overweight (A and B), Difference between AGA Normal
and LGA Normal (C) and Difference between LGA Normal and AGA groups (D)
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BRIDGING STATEMENT: Study 2 to Study 3

In the Study 1 we showed that NIR spectroscopy was able to used to identify
differences in the levels of nematode infection and single protein deficiency for mice.
In Study 2, we focused on two pregnancy outcomes (LGA and AGA) and the ways
it might change the signals of amniotic fluid. Moreover, we linked maternal BMI

information to further classify the outcomes.

In this next chapter we propose to investigate if NIR spectroscopy could distin-
guish between multiple infections and multiple micronutrient deficiencies in a human
population. For this we analyzed the NIR spectral signals of serum samples (n=190)
from pregnant indigenous women in Panama who have a range of micronutrient de-
ficiencies (vitamin A, vitamin D, vitamin B12 and folic acid) and multiple infections
(oral and skin). Moreover we set to investigate if any NIR spectral signals changes
could be associated with fetal growth status using the fundal height to gestational
age (FH:GA) ratio, a notion of health status that is often used in pregnancy in rural

environments.

The importance of this last study is threefold: first, we expand the infection and
nutrition paradigm from Study 1 that explored a controlled macronutrient deficiency
and single nematode infection on mice and put to test in a larger scale since, we are
going to look into human samples from a rural setting (an indigenous community) were
both, multiple infections and multiple nutrition deficiencies are abundant. Second,
our results might be used as a suggestion for an important policy change regarding

the supplementation of pregnant women in rural Panama requiring both vitamin D
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and folic acid throughout pregnancy. Third, the results from this study can help
elucidate question regarding what type of infection or which micronutrient could be
further explored in human serum. Moreover, this study set the base for further
investigations in the development of a portable NIR instrument that could be used

to detect these deficiencies in a rural setting.

We approach this serum analysis using the same methodological framework of
Study 1 and Study 2, that is, the integration of eight NIR spectral regions and use of

non-parametric statistics.
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6.1 Abstract

Metabolomic approaches using near-infrared (NIR) spectroscopy have been used
to identify metabolic differences in uninfected and infected hosts, however, they have
not been applied to identification of multiple nutritional deficiencies nor to multiple
infections during pregnancy. We explored the possibility that NIR spectral analysis
would identify differences in a) maternal micronutrients deficiencies (A, D, B12, folic
acid), b) presence/absence maternal infections (skin and oral) and c) whether the
combination of these micronutrients deficiencies and infections would have an impact
on fundal height, a measurement of in utero growth. Maternal serum samples (n=190)
were analyzed using NIR spectroscopy, their spectral signals were divided into 8 NIR
spectral regions: 1650-1700nm (Region 1), 1701-1750nm (Region 2), 1850-1899nm
(Region 3), 2050-2099nm (Region 4), 2100-2130nm (Region 5), 2130-2200nm (Region
6), 2275-2310nm (Region 7) and 2311-2370nm (Region 8). These regions and their
ratios were compared among the experimental groups using Mann-Whitney U test.
Also, a similar comparison was done for 2nd and 3rd trimester on the fundal height
to gestational age (FH:GA) variable. Overall significant differences were found for
vitamin D, B12 and folic acid. Oral infections were significant for 2nd trimester,
however not for the 3rd trimester. In terms of growth, FH:GA was associated with
vitamin D and folic acid in the 2nd and 3rd trimesters; B12 emerged only for the
2nd trimester only. In conclusion our results suggest that NIR spectral changes is
able to discriminate between micronutrient deficiency or sufficiency stares, however
the presence or absence of infections were non-trivial to determine. These results
are important, because they become the starting point for the analysis of biological
fluids in rural context. Finally, this is a first attempt to examine at both multi
micronutrients deficiencies and infections in the same pregnant women using NIR

spectroscopy.
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6.2 Introduction

Near-infrared spectroscopy (NIRS) is a vibrational spectroscopy technique that
has been previously used for identifying viral infections in biological fluids including
serum [122] and nasal fluids [121, 120], but there is still much left to be done in other
types of infections such as those caused by nematodes and other infections that are
pertinent in rural areas lacking water systems and latrines. These populations are
known to be highly vulnerable to various infections and have prevalence for poor
growth and other conditions enhanced by malnutrition [97, 25]. Little work has been
done for the simultaneous characterization of the impact of dietary deficiencies and

infections burdens during pregnancy on fetal growth [68, 74].

The influence of maternal health during pregnancy and its long-term outcomes
on fetal growth is known [1]. It is a main concern in developed countries but it is espe-
cially critical in developing countries and in rural areas where extreme poverty exists
and where nutrition deficiencies and infections coexist and are known to affect women
in childbearing age [155]. A major cause for concern in these type of environments is
intrauterine growth restriction (IUGR), also known as fetal grow restriction (FGR),
often observed prenatally by low fundal height over gestational age and postnatally by
low birth weight (LBW), or when an infant is born small-for-gestational age (SGA).
Both conditions are long term predictors of childhood stunting [18]. Another factor

that affects normal infant growth are micronutrient deficiencies [32, 12].

The overall objective of this study was to assess the possibility of identifying dis-
tinct NIR spectral profiles and spectral regions representing molecules and integrated

spectral of interest that could be associated with the prevalence of micronutrient
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deficiencies (vitamin A, vitamin D, B12 and folic acid) and presence or absence of
infections (oral and skin) in pregnant women belonging to the Ngabe-Bugle , indige-
nous community in rural Panama. We hypothesized that 1) by using near-infrared
spectroscopy we could see changes in the spectral profiles of serum samples from preg-
nant women with multiple infections and multiple micronutrient deficiencies and that
we would be able to associate these NIR spectral profiles with fetal growth using the

FH:GA measurement.

6.3 Materials and Methods

Samples Collection and Study Population. This study was conducted in
the Ngabe-Bugle indigenous C'omarca, an indigenous administrative area in Western
Panama in the province of Chiriqui. Over 90% of the population lives in extreme
poverty and households rely on small-scale agriculture (corn, tubers and pif), or sea-
sonal labor (coffee, sugar cane, livestock). Untreated river or stream water is delivered
to 35% of homes by gravity through plastic tubes, 30% of homes have latrines, and
homes lack electricity. Cooking is done on wood stoves and organic waste is used as

fertilizer [48].

From this population n=213 pregnant women were selected to participate in the
study and 10mL of venous blood samples were collected over a four month period,
mostly via medical consultations. Also, relevant medical information such as: an-
thropometric measurements, including height and weight, clinical exam for infections
including skin and oral (caries and gingivitis) was also gathered either from medical
records or directly by a member of the research team during the medical consultation.
As a measure of fetal growth, fundal height (FH) was measured using a measuring

tape. Fundal height is described as the distance from the pubic symphysis to the top
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of the uterine fundus. It is a well-defined measure that can be used in rural settings
and is an alternative to the ultrasound measurements done in hospitals when com-
pared to gestational age (GA) [159]. This measurement is based on the assumption
that fundal height is more or less an indicative measurement that can be related to

gestational age within an error margin of 1 to 3 cm.

Serum Analysis Protocols. Analysis for vitamin A (n=209) was done on-
site in the San Felix Hospital, at the Gorgas Memorial Institute, at University of
Panama and Institute of Scientific Research and High Technology Services INDI-
CASAT (Panama City). Vitamin D, folic acid and vitamin B12 were assayed in Mon-
treal, Canada, on sera stored at -20°C. Vitamin D (total 25(OH)D) was measured
in Montreal using the LIAISON direct competitive chemiluminescence immunoas-
say (Agilent Technologies, Waldbronn, Germany; minimum detectable concentration
9.98 nmol/L). Folic acid and vitamin B12 (minimum detectable concentrations 1.45
nmol/L and 22.14 pmol/L respectively) were measured using immunoelectrochemilu-
minescence with a ROCHE 241 Modular E170, Elecsys Module (Basel, Switzerland).
The definition of sufficiency and deficiency groups among the samples was done by
using the clinical cut-offs for micronutrient deficiencies as follows: for water soluble
vitamins: <10nmol/L for folic acid, and <150pmol/L for vitamin B12 [24] and for fat
soluble vitamins: <30ug/dL for vitamin A [27] and <50nmol/L for vitamin D [105].
In the case of infections, classes were defined using a binary variable taking as values

presence or absence of a given infection.

Exclusion Criteria. A detailed description of the collection methodology, in-
clusion and exclusion criteria, procedure of the medical consultation and interview

and respective ethical approvals are described in the materials and methods sections
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in previous studies carried in our group [161, 141, 39, 167]. The participants in their
first trimester (gestational age less or equal to 12 weeks) were excluded because fun-
dal height is an appropriate measurement only for the late second (gestational age
between 13 and 26) and third (gestational age greater or equal to 27 weeks) trimesters
of pregnancy [159]. This resulted in a final sample size n=192. Since 3 samples did
not have fundal height measurements the number was reduced to n=189. Another
exclusion criterion was set for the number of samples per clinical category. Infections
and nutrition conditions with less than 10 samples in a category (sufficiency or defi-

ciency state, or presence or absence of an infection), were excluded.

Calculation of the fundal height to gestation age ratio. Part of the ob-
jectives of this study was to find a way to relate NIR spectra, or spectral regions,
to growth outcomes of fetal health. A variable describing the growth relationship
between fundal height to gestational age, FH:GA was created for this purpose. It
relates the fundal height measurement to that of gestational age (which ranged from
5 to 42 weeks among participants) and can be used as a rough estimate of fetal growth
and intra uterine development. A value of FH:GA > 1 indicates a healthy growth

and a value of FH:GA <1 indicate an individual with compromised growth.

NIR Spectral Integration into regions of interest. For the analysis of the
NIR spectral signals, a spectra integration approach was used. Instead of using all the
wavelengths for which spectra were collected, only specific wavelength regions, where
specific moieties are known to have a higher absorbance of light were considered.

Therefore, the 1600-2400 nm was selected because of the important higher energy
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transitions in the 1st overtone region (1600- 2000nm) and the combinations bands re-
gion (2000-2400nm) where more intense absorption are found, and thus providing the
possibility of using for analytical purpose. The 1600nm to 2400nm wavelength range
was divided into eight regions: Region 1 (1650nm-1700nm, spanning 6 wavelengths),
Region 2 (1701nm-1750nm, spanning 5 wavelengths) and Region 3 (1850nm-1899nm,
spanning 6 wavelengths). Also, 5 regions where selected in the combination bands:
Region 4 (2050nm-2099nm, spanning 6 wavelengths), Region 5 (2100nm-2130nm,
spanning 4 wavelengths), Region 6 (2130nm- 2200nm, spanning 8 wavelengths), Re-
gion 7 (2275nm-2310nm, spanning 5 wavelengths), Region 8 (2311nm-2370nm, span-
ning 8 wavelengths). The absorbance values for each of these eight regions were
integrated into one value per sample. A similar approach, in which spectral windows
are integrated and related back to a set of specific moieties, has been used in the

spectral of analysis of other NIR [5] and FT-IR [108] data.

Near-infrared spectroscopy instrument and spectral collection. Prior
to analysis, frozen samples were thawed on ice at room temperature and spectra were
acquired with a temperature controller set for 23°C. A flow sample cell was filled with
40 pL of serum. The sample cell was cleaned between measurements by rinsing it
with 1mL of 0.1M NaOH followed by 5mL of distilled, deionized water. NIR spectra
of water samples (40 puL) were taken as references before processing of each sample

and saved for posterior spectral subtraction.

All NIR spectra were acquired using a NIR spectrometric system consisting of a
LABPOD NIR spectrometer (Polychromix, Wilmington, Mass.), a Tungsten-Halogen
lamp (BWTEK BPS101, B&W TEK, Newark, DE) as a light source and a U-shaped
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flow sample cell with 1 mm path length (Starna Cell, Inc). NIR spectra for all exper-
iments were collected as transmittance values in the 1600nm to 2400nm wavelength
range using the SpectralCodePlus v3.5 software. Each single spectra represented the

average of 10 scans at an integration time of 100ms over 100 wavelengths.

Spectral Data Processing. Matlab programming package (ver. R2012a; The
Math Works Inc., MA) was used for data processing and analysis. Sample absorbance
was calculated as a ratio between the intensity of light absorbed by the sample (Is)
and the intensity absorbed by the water reference (Ir), using the following formula:
-log10 (Is/Ir). Values between 1900nm-2050nm were set to zero to minimize the effect
of the high absorption water peak found around 1940nm [91, 163]. Raw absorbance
signals were smoothed for the existence of systematic errors, first, by applying a
5-point recursive boxcar-averaging algorithm [158] and later by mean centering to

remove constant background from all the samples.

Statistical Analysis. To analyze the relative changes in these eight regions,
the notion of ratios or interactions was used to compare one spectral region to an-
other. Ratios were calculated by dividing the mean centered absorbance values from
different spectral regions. Previously, this approach has been used by our group in
the determination of spectral regions associated with pre-term pregnancies in human

amniotic fluid [110].

As the values obtained from the integrations of the 8 regions and their ratios were
not normally distributed among the experimental groups (confirmed via Shapiro-Wilk
test), spectral regions medians were compared among experimental conditions using

Mann-Whitney U-test. These medians were presented as values and the values for
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the 1st and 3rd quartile, which represented values above and below the median of an

integrated spectral region or region ratio.

Some medians and confidence intervals were negative in value due to a mathe-
matical artifact of the calculation of ratios that arise when dividing positive values
above the mean between negative values below the mean or vice-versa. Because we
wanted to compare differences among experimental groups using mean-centered NIR
spectral values of our selected regions, the sign component of our medians was not
as relevant as the absolute value to our interpretation. We interpret this comparison
of positive or negative medians to say the average value was above or below the me-
dian. For this we present the confidence intervals for comparison purposes among the

groups.

6.4 Results

Population Characteristics. From the maternal information files there were
n=192 mothers in total with n=83 in their second trimester and n=109 in their third
trimester. The mean maternal age was 2447 years old and parity was 3.7 for both
groups. As expected for fundal height, mothers in the second trimester had a lower
(18.3 £0.7 c¢m) than those on the third trimester (31.1 + 0.36 cm). In terms of mi-
cronutrient deficiencies, 8% of the mothers were vitamin A deficient in the second
trimester and 1% in the third; 59% of the mothers were vitamin D deficient in the
second trimester and 66% in the third; 80% of the mothers were vitamin B12 deficient
in the second trimester and 92% in the third and 23% of the mothers were folic acid
deficient in the second trimester and 27% in the third. For infections we found that
22% of the mothers had a skin infection in the second trimester and 20% in the third;

also, 20% of the mothers had oral infection in the second trimester and 27% in the
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third trimester.

Processed NIR spectra for pregnant women samples from the second trimester
(n=80) and from the third (n=109) trimester are shown in Figure 6-1-A and Figure
6—-1-B, respectively. An inspection of the both spectrum revealed greater absorption
and variability in the longer wavelengths of 2050-2400nm which corresponded to the

integrated regions: Region 5, Region 6, Region 7 and Region 8.

Second trimester. Spectra divided by experimental conditions for second
trimester are shown in Figure 6-2. In this figure the spectral medians of the de-
ficient /infected group in red and the median of the sufficient/non infected group in
black. The spectra for serum divided by micronutrient deficiencies are shown from top
to bottom: vitamin A (n=36 and n=46, sufficient and deficient, respectively, Figure
6—2-A), vitamin D (n=31 and n=>52, Figure 6-2-B), vitamin B12 complex (n=12 and
n="71, Figure 6-2-C), and folic acid (n=70 and n=13, Figure 6-2-D). A general com-
mon trend that was observed in the median spectral signal, in Figure 6-2, was that
the micronutrient deficient groups had a lower absorbance for Region 7 and Region
8, respectively. Also it was possible to observe that there was a significant overlap
between in the inter-quartile regions (depicted in Figure 6-3 as red and black shaded

regions) for sufficient and deficient mothers.

In examining the integrated NIR spectral regions (Table 6-1), statistical differ-
ences were found for vitamin D, B12 and folic acid. For vitamin D there were differ-
ences between sufficient and deficient for 6 spectral region, with values for Region 3
and Region 7 being higher in the sufficient group. In contrast, vitamin D deficient

women had higher values for Region 1, Region 2, Region 4 and Region 5 relative to
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Region 6 and Region 7. Figure 6-6-A describes, in the form of a bargraph, the differ-
ence between Vitamin D sufficient and deficient groups for the spectral region ratio of
Region 5:7, with the sufficient group having higher values, than their deficient coun-
terparts. A similar patter was observed for Region 1:6 is shown in Figure 6-6-C, where
the sufficient group had higher values when compared to their deficient counterparts.
For B12, just one ratio differed with B12 sufficient having higher Region 3 relative to

Region 4. Interestingly, no NIR spectral region differences where found for vitamin A.

For folic acid we observed 3 single spectral group regions that were significant,
with Region 6, Region 7 and Region 8 higher in deficient mothers. In addition 4
ratios differed, with Region 3 relative Region 1 and Region 2, Region 6 relative to
Region 2 and Region 5 higher in the deficient groups. For folic acid sufficient mothers
higher values were found for Region 1 and Region 2 relative to Region 3 and Region
6, and Region 5 relative to Region 6. Figure 6-6-B shows the difference for Region
1:3, where the deficient group had higher values compared to the sufficient group.

The similar pattern was observed for Region 2:6 shown in Figure 6-6-D.

In the case of infections, skin (n=68 and n=15, Figure 6-2-E) and oral (n=73
and n=10, Figure 6-2-F), showed higher absorbance in Region 8, when compared to
the non-infected group (black and red respectively). When looking at the spectral
regions for infection, Table 6-1, only one statistical differences was found for oral

infection in Regionl:2 (P=0.01).

Third trimester. NIR spectral patterns divided by micronutrient deficiencies
and infection conditions for third trimester are shown in Figure 6-3. As with Figure

62, the panels on the left represent micro nutrients, from top to bottom: vitamin
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A (n=65 and n=43, sufficient and deficient, respectively, Figure 6-3-A), vitamin D
(n=39 and n=70, Figure 6-3-B), vitamin B12 complex (n=18, and n=91, Figure 6—
3-C), and folic acid (n=88 and n=21, Figure 6-3-D). A visual examination of the
spectral patterns showed that for Vitamin A and D the spectra for sufficient and de-
ficient groups have very small signal showing minimal absorbance, while in the case
of B12 and folic acid the profiles for the deficient group has in both cases a lower
absorbance. As with Figure 6-2, for 2nd trimester the plots in Figure 6-3 for 3rd
trimester showed significant overlap between the inter-quartiles for both sufficient and
deficient groups. One notable difference can be seen in the shaded region for folic

acid, where a very distinct peak is found in Region 8.

In examining the differences between integrated spectral (Table 6-2) several dif-
ferences were found for vitamin D for four spectral regions and for eight ratios. For
single integrated spectral regions: Region 1 (P=0.03), Region 2 (P=0.03), Region
3 (P=0.03), Region 4 (P=0.03), differed with the deficient group having higher ab-
sorbance than the sufficient group. Two distinct ratio patterns occurred, for ratios
involving Region 6 and ratios involving Region 8. In the case of ratios to Region
6, where Region 1:6 (P=0.02), Region 2:6 (P=0.02), Region 5:6 (P=0.03) had lower
medians in the deficient group when compared to the sufficient one. This differ-
ence is shown for Region 5:6 in Figure 6-7-A. The ratios involving Region 8: Region
1:8 (P=0.03), Region 2:8 (P=0.03), Region 3:8 (P=0.02), Region 4:8 (P=0.02), and
Region 5:8 (P=0.03), had higher values for Region 8 in the deficient group when
compared to the sufficient vitamin D group. This difference is shown for Region 3:8

in Figure 6-7-B.
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For folic acid there were three single regions, Region 6 (P<0.01), Region 7
P<0.01), and Region 8 (P<0.01), in which the folic acid sufficient group had higher
values. There were also two region ratios: Region 1:6 (P=0.05) and Region 2:6
(P=0.04), where Region 6 had higher median values in the deficient group. This

difference is shown for Region 1:6 in Figure 6-7-C.

For NIR spectral profiles, the following infections were characterised for skin
(n=88 and n=21, Figure 6-3-E) and oral infections (n=92 and n=30, Figure 6-3-F)
for the infected mothers it was observed that the spectral values had lower absorbance
when compared to non-infected mothers. As with the other conditions a significant
overlap existed between in the inter-quartile regions (depicted in Figure 6-3 as red

and black shaded regions) for sufficient and deficient mothers.

Analysis of the FH:GA as Proxy Variable of Fetal Growth. The popu-
lation distribution for FH:GA is depicted in Figure 6—4-A with mothers in the second
trimester in red circles and mothers in the third trimester as blue squares. For the
second trimester there were 46 (57%) of the mothers that had a FH:GA ratio under
the 0.95 cut-off point, whereas in the third trimester there were 97 (89%) of the moth-
ers with FH:GA <1 (Table 6-3). Boxplots of the FH:GA ratio variable for second and
third trimester are shown in Figure 6-4-B. In this boxplot we see that the mothers
in our study on average are below a value of 1 for the FH:GA ratio with medians
of 0.92 and 0.89, for 2nd and 3rd trimester respectively. Despite the fact that were
more mothers in the third trimester than the second there was more variability in

the distribution in the latter, where extreme values ranged from 0.4 up to 1.5. In
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contrast, for the third trimester values clustered around the median.

Definition of cut-offs for the Fundal Height. Based on the values and
the overall distribution of the FH:GA variable, samples were divided by trimester.
Different cut-offs values were investigated (Table 6-3), but only those cut-offs that
created an appropriate sample size in each experimental group for comparison, were
selected for each trimester. A final cut-off of 0.95 for 2nd trimester and of 1.00 for
3rd trimester were chosen for NIR spectral divisions for FH:GA, resulting in n=80
mothers in their second trimester and n=109 in their third trimester. The spectral

medians are shown in Figure 6-5-A and Figure 6-5-B, respectively.

NIR spectral medians for both the 2nd and 3rd trimesters showed a similar
pattern with the median for samples below the cut-off, depicted as a solid red line,
having lower absorbance than the median for samples above the cut-off, depicted as
a solid black line; differences were most prominent in Region 8. Also we observed
that 2 spectral regions (Table 6-4) Region 3 (P=0.05) and Region 4 (P=0.04), and
one region ratio, Region 3:7 (P=0.04) differed between those above and below the
medians for the second trimester. For third trimester only one ratio differed Region

6:8 (P=0.04) with Region 8 being higher in those samples with FH:GA < 1.00.

6.5 Discussion

Maternal serum is a complex biological fluid that is usually analyzed during
pregnancy for determination of pregnancies at increased risk of Down‘s syndrome
[117] or physical malformations such as neural tube defects [117]. Less is done for

the detection of malnutrition or defects caused by maternal infections. Near-infrared
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spectroscopy is a technology that might be used to provide a rapid way to identify
metabolic changes in biofluids. In the present study we analyzed NIR spectra of
serum collected from pregnant women living in conditions of extreme poverty in
rural Panama and investigated how multiple micronutrient deficiencies and infections
might affect the NIR spectral profiles of maternal serum samples and how these
NIR spectral profiles might be related to a fetal growth. This is a first attempt to
assess both multiple micronutrients deficiencies and infections using NIR spectroscopy
in the same serum samples. Major findings included: 1) The impact of vitamin
deficiencies were similar for both trimesters with vitamin D and folic acid being
important modulators in both the 2nd trimester and 3rd trimester. However, the
number of significant integrated spectral regions differed between 2 nutrients. For
Vitamin D significant differences were found for NIR spectral ratios to Region 6 and
Region 7 for 2nd trimester and Region 6 and Region 8 for 3rd trimester, whereas for
folic acid differences were found for ratios to Region 3 and Region 6 for 2nd trimester
and ratios to Region 6 in the 3rd trimester. 2) a single region ratio, Region 3:4, was
found to be a significant for B12 and only in the 2nd trimester but vitamin A did not
appear as a factor for either trimester; 3) Finally, there were differences in the NIR
spectral regions related to FH:GA for each trimester. In the second trimester Region
3 and Region 4 were associated with FH:GA > 0.95, whereas in the third trimester

increased Region 6:8 was associated with FH:GA < 1.

Vitamin D. Differences in NIR spectral regions were found for Vitamin D
for both 2nd and 3rd trimester. In the 2nd trimester 6 spectral region ratios were
significantly different between sufficient and deficient, whereas in the 3rd trimester 4
single spectral regions and 8 spectral region ratios differed. However, three of them:
Region 1:6, Region 2:6 and Region 5:6, emerged for both trimesters and were in the

same direction, with higher values for Region 6 associated with vitamin D sufficiency.
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Interestingly, in the 3rd trimester, four single spectral regions (Region 1, Region 2,
Region 3, Region 4) differed with higher values in the deficient group. However when
they were ratioed to other groups, higher values were associated with the sufficient
group; only Region 8 and Region 5 were associated with the deficient group. Taken
together this data suggest that vitamin D deficiency may play a more important role
both in the second and third trimester of pregnancy. As suggested by our results,
vitamin D may play an important role in Region 8 and Region 5 metabolism relative
to Region 3, Region 4, Region 6 and Region 2, which is in line with other reports that
show that vitamin D deficiency is associated with the development GDM [64], poor
bone growth [78], brain development [4, 49] and pre-eclampsia [51], which prevalent

in this Panamanian population [154].

Folic Acid. Similar to vitamin D results, folic acid deficiency was related to
distinct metabolic perturbation in both the second and third trimesters. In both the
second trimester and third trimester, Region 6, Region 7 and Region 8 were higher
in folic acid deficient mothers in both trimesters. However, in the 2nd trimester 4
other ratios differed, whereas the 3rd trimester only 2 spectral region ratios differed,
only one of which (Region 1:6) was the same for both trimesters. In the later case,
higher values of Region 2 was associated with deficiency. For folic acid higher values
for Region 6 were associated with deficiency. Given that folic acid emerged in both
trimesters, this finding would emphasize the importance of continued folic acid sup-
plementation in both trimesters, an idea that has been recently suggested by others

92].

111



FH:GA. In our study, we explored the possibility that micronutrient deficien-
cies might be related with specific NIR spectral regions that in turn would be asso-
ciated with FH:GA. In the second trimester, we found that FH:GA was associated
with Region 4 and both being associated with a sufficient B12 status. In the third
trimester, the relation between NIR spectral region with FH:GA was associated with
increased Region 6:8 and higher values for Region 6 in turn were associated with both

vitamin D and folic acid deficiency.

Strengths and Limitations. In this study we were able to find distinct
metabolic profiles for several vitamins in the serum of indigenous Panamanian women.
Moreover, we were able to find specific spectral profiles despite the presence of other
infections burdens and micronutrient deficiencies. Interestingly, several integrated
spectral and some ratios, were sufficient to determine difference between the suffi-

ciency /deficiency and presence/absence of multiple conditions.

A weakness of this study was that there were no controls as most women had
multiple infections and multiple deficiencies. To create a control we would need to
reexamine our data to see if we could identify a sufficient sized subset that might be
infection free and might not have multiple nutrient deficiencies. Currently only 3%

of the population is healthy, which still too small a sample for statistical analyses.

Conclusion. This study provides a methodology for the application NIRS anal-
ysis to serum samples. Our results also suggest that NIR could be used to determine
differences between sufficient and deficient states for Vitamin D and folic acid for

women in for both 2nd and 3rd trimesters. NIRS was not able to identify distinct
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metabolic profiles for presence/absence of infections; only oral infection revealed dis-
tinct NIR profile and only in 2nd trimester. Taken together suggesting that NIRS
might be used in a portable instrument to screen for vitamin deficiencies in marginal-
ized pregnant women in rural populations, but not their infection status. Finally,
our study using NIRS has yet to provide a clear picture of the candidate spectral
regions that might be used to study fetal growth, nevertheless our results suggest

some interesting areas for further exploration.
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Table 6-1: Comparisons between Spectral Group Regions divided by Micronutrients and
Infection for 2nd Trimester

Micronutrients
Region/Ratio | Sufficient Deficient | P Value

Vitamin D n=46 n=36

. 0.465 1.006
Reglon 1:6 (:0.06, 0.11) | (-0.03, 0.22) | V12

. 0.381 0.796
Reglon 2:6 (:0.05, 0.10) | (-0.02, 0.18) | VO

. 1.254 1.126
Reglon 3:4 (011, 0.09) | (-0.04, 0.19) | V38

. 0.260 0.475
Reglon 5:6 (:0.07,0.07) | (0.01,0.17) | O

. 0.015 —0.046
Region 5:7 (:0.03,0.07) | (-0.02, 0.11) | %04

. 0.190 —0.035
Region 6:7 (0.11,0.13) | (-0.09, 0.18) | 010

B12 n=12 n="71

. 1.458 —0.106
Reglon 3:4 (:0.07,0.09) | (-0.05, 0.21) | V%

Folic Acid n="70 n=13

. 0.070 1.674
Region 6 (:0.05,0.21) | (-0.05,0.09) | 0

. —0.202 —0.704
Reglon 7 (0.04,0.17) | (-0.04, 0.07) | 002

. 0.232 —0.782
Region 8 (:0.07,0.21) | (-0.10, 0.07) | V1

. 1.118 0.432
Reglon 1:3 (:0.04,0.18) | (-0.07, 0.06) | V%4

. 0.911 0.313
Reglon 2:3 (:0.02,0.10) | (-0.04, 0.03) | V%

. 0.648 0.186
Region 2:6 (-0.08, 0.18) | (022, 0.01) | 038

. 0.428 0.129
Region 5:6 (048, 0.13) | (-1.18, -0.24) | 090

Infection
Region/Ratio | Not-Present Present P Value

Oral n="73 n=10

. 1.253 1.230
Region 1:2 (:0.05,0.16) | (0.01,0.21) | 01
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Table 6-2: Comparisons between Spectral Group Regions divided by Micronutrients and

Infection for 3rd Trimester

Micronutrients
Region/Ratio | Sufficient Deficient | P Value
Vitamin D n=39 n="70
. 0.040 0.078
Region 1 (-0.08, 0.14)) | (-0.03,0.25) | 03
. 0.027 0.063
Reglon 21 g 99 0.75) | (0.22,0.75) | 003
. —0.011 0.066
Reglon 31 5 06, 0.11) | (-0.02, 020) | 003
. —0.012 0.055
Reglon 4 (008, 0.13) | (-0.03, 0.18) | 93
. 0.510 0.916
Region 1:6 1 04 0.07) | (c0.02, 0.11) | 202
. 0.046 0.009
Reglon 1:8 117 0.13) | (008, 0.20) | 03
. 0.385 0.737
Reglon 2261 66 0.66) | (-0.65,-0.02) | 02
. 0.034 0.006
Reglon 2.8 |4 55 1.46) | (-1.26, 0.77) | 003
. 0.035 —0.011
Reglon 3:8 1 4 53 199y | (1.23,1.20) | 002
. 0.030 —0.007
Reglon 4:8 (0.70, 1.28) | (0.74, 1.37) 0.02
. 0.283 0.438
Reglon 5:6 1 g g4 171y | (102, 1.81) | 003
. 0.023 0.004
Reglon 58 1 65939y | (173, 2.41) | 003
Folic Acid n=18 n=91
. 0.065 —0.094
Region 6 (:0.05, 0.21) | (-0.05, 0.17) | V%
. ~0.198 —0.685
Region 7 (-0.04, 0.17) | (-0.04, 0.14) | V02
. ~0.038 —1.234
Region 8 (:0.05, 0.19) | (-0.08, 0.12) | V08
. 0.849 0.306
Reglon 1:6 1 04 0.15) | (007, 0.10) | 90
. 0.685 0.242
Reglon 2261 59 0.10) | (-0.04, 0.07) | 04
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Table 6—3: Number of samples divided by different Cut-offs divided by Trimesters
2nd Trimester

FH:GA (n=80) | # Below (%) | # Above (%)
0.85 27 (34) 53 (66)
0.90 35 (44) 15 (50)
0.95 16 (57) 31 (42)
1.00 62 (77) 18 (22)
1.05 66 (82) 14 (17)
1.10 71 (39) 9 (11)

3rd Trimester
FH:GA (n=109) | # Below (%)

0.85 32 (29) 77 (71)
0.90 57 (52) 52 (48)
0.95 77 (71) 32 (29)
1.00 o1 (84) 18 (16)
1.05 102 (94) 7 (6)
1.10 105 (96) 1(4)

Table 6—4: Mann-Whitney Tests for Fundal Height divided by Trimesters

2nd Trimester | FH:GA < cut-off | FH:GA > cut-off | P Value
Region/Ratio Group n=46 n=36
. 0.026 —0.059
Region 3 (-0.08, 0.14) (-0.13, 0.04) 0.0
. 0.026 —0.050
Region 4 (-0.07, 0.11) (-0.10, 0.03) 0.04
. —-0.073 0.061
Region 3:7 (-0.06, 0.13) (-0.11, 0.05) 0.04
3rd Trimester | FH:GA < cut-off | FH:GA > cut-off | P Value
Region/Ratio n=91 n=18
. 0.112 —0.034
Region 6:8 (-0.17, 0.13) (-0.12, 0.06) 0.04
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Figure 6—1: Smoothed and mean centered NIR spectra of serum for n=80 second trimester
serum samples (A) and n=109 third trimester serum samples (B)
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Figure 6—2: Median spectral absorbance for maternal serum for mothers on their second
trimester divided by micro-nutrients: Vitamin A (A), Vitamin D (B), B12 (C), Folic Acid
(D) and infection types: Skin (E), Oral (F). A solid black line represents the control group
(samples which are sufficient or do not have the infection) and a red solid line represents
the unhealthy group (nutrient deficient or compromised by the presence of an infection).
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Figure 6-3: Median spectral absorbance for maternal serum for mothers on their third
trimester divided by micronutrients: Vitamin A (A), Vitamin D (B), B12 (C), Folic Acid
(D) and infection types: Skin (E), Oral (F). A solid black line represents the control group
(samples which are sufficient or do not have the infection) and a red solid line represents
the unhealthy group (nutrient deficient or compromised by the presence of an infection).
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CHAPTER 7
General Discussion: Major Findings and Future Directions

7.1 Major Findings

In this thesis we explored the application of NIR in the 1600-2400nm region,
and applied it to two biological fluids in three studies. We chose maternal and fetal
serum and amniotic fluid in order to see if distinct metabolic profiles emerged with
different nutritional status and infections. In addition we wanted to explore whether
NIR would distinguish between patterns for both nutritional and infection status.
We started with a controlled animal study where we analysed serum samples to
determine if protein deficiency (PD) and/or nematode infection changed the NIRS
profiles in mice exposed to a fixed diet (PD 6% vs PS 24%) and/or nematode infection
(Uninfected (0%), Infected dose of H. bakeri). From there we moved into a human
study where we analyzed NIR spectral profiles of amniotic fluid in a much larger
sample set to determine if in-utero NIR spectral profiles differed between LGA and
AGA infants. We concluded with a third study in which we analyzed NIR spectral
profile of serum samples collected from pregnant indigenous women, that experienced
both multiple infections and multiple nutrient deficiencies to assess if any of these
profiles could be associated with in utero growth, as measured by fundal height or
more specifically a FH:GA ratio. Our principle major findings from these studies

were as follows:

1. In our feasibility study, we were able to successfully show that we could use NIR

in a controlled laboratory setting, in a nematode infection model. We focused
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on a pregnancy model, achieving results regarding the presence of infection,
however not the dose-response effect expected a prior:.

2. In our first study, we observed differences in the spectral profiles of serum from
pregnant and lactating mice and even more importantly in their offspring, where
we found a greater number of significant differences in NIR spectral profiles,
indicating that fetal programming could be occurring in the pups despite exper-
imental treatment not being applied directly to them.

3. In our second study, we determined that there were NIR spectral differences
in the 2nd trimester amniotic fluid of mother delivering infants in AGA and
LGA categories. Moreover, these difference were evident in the amniotic fluid
of normal BMI mothers, and not overweight/obese mothers, suggesting distinct
metabolic profiles in the 2 populations.

4. In our third study, we concluded that NIR spectroscopy was able find specific
differences between multiple micronutrient deficiencies by 2nd and 3rd trimester

but less so for infection in pregnant indigenous women in Panama.

Taken together these results demonstrate that our approach, using NIR spectral
profiles in the 1600-2400nm regions, is able to capture part of the metabolic pertur-
bations that occur in maternal and fetal systems during pregnancy. We can further
suggest that distinct NIR profiles emerged in this spectral region, that distinguished
between clinical conditions including nutrient status (sufficient/deficient), infection
status (presence/absence), growth (below and above a certain cutoff, i.e: AGA vs
LGA and FH:GA above and below a population mean). This allowed us to distin-
guish one condition from another, as has been successfully done for lung maturity

[82, 83], embryo [132, 149, 151], infections [122, 121, 120).
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The research effort presented in this thesis is far from being exhaustive, and
applies to the specific context of maternal-fetal medicine, a context in which a non-
invasive intervention could be extremely beneficial. However we developed an analysis
methodology that could be easily modified and applied to other types of spectral
data. More than a biomarker discovery method we think this thesis presents a proof
of concept for the use of long wave NIRS for the determination of spectral regions

related to clinical conditions.

In the larger context the results presented in this thesis might be later used as the
basis for the development of a non-invasive portable measurement device that could
be either used in the clinical or rural settings applied in the context of maternal-fetal

medicine for measurements of macro and micronutrients.

7.2 Biological Conclusions: What we did learn? What remains to be
explored?

This thesis gave us the opportunity to learn about maternal and fetal conditions
and candidate predictors of their outcomes (such as: preterm birth, gestational age
and growth) and the biological implications that might be related. In general in our
studies we were only able to characterize the presence or absence of a deficiency, so

our results might be used as a screening method, but not as a diagnostic tool.

In our feasibility study (Chapter 3) we expected to observe a dose response
difference in NIR spectral profiles related to infection levels (sham, low and high),
however it was not evident. Despite this we can suggest based on Chapter 6 that
our approach could be used to distinguish between different levels, for instance, of
micronutrient deficiencies for vitamin D (sufficient, deficient or insufficient) [85], and

the same for vitamin A, folic acid and B12.
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In our mouse serum study (Chapter 4) we were able to determine differences
regarding diet and infections and this was despite the limitation of having small
sample size (n = 22 for lactating dams and n = 25 for pups). However these findings
were not further tied to a growth outcome, so further investigations are required.
Possibilities include the introduction of crown-to-rump-length (CRL) measurements
and therefore exploring the impact of PD and/or nematode infection on in-utero

linear growth.

When we started the analysis for our amniotic fluid study (Chapter 5), we started
comparing SGA, AGA and LGA. However, after examining at the results of the
multiple comparison test, we observed that the SGA category was not significantly
different from either AGA or LGA. As recent studies have suggested [80, 113], we
believe that SGA category has metabolic implications that should be studied on its
own, but controlling for gestational age and prematurity including maternal BMI
may be required. The reasons for this could be many, since SGA is a multifactorial
condition. As well, in a previously published study by our groups we determined that
prematurity could also be determinant of SGA, something that we did not control
for in this population [110] (see Appendix A). Thus we chose to report the difference
between AGA and LGA and in addition studied the impact of BMI and maternal
characteristics on the NIR spectral signals. Moreover since NIR spectral changes
were evident in the LGA and AGA infants coming from normal weight mothers,
but not for LGA infants coming overweight/obese mothers. These results suggest
that maternal BMI does not underscore these perturbations, which will need further

investigation.

For our pregnant serum fluid study (Chapter 6) we were able to determine NIR

spectral differences in micronutrients (vitamin D and folic acid for Both 2nd and 3rd
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trimester), and oral infection for 2nd trimester. Also, differences were evident for
FH:GA in the 2nd and 3rd trimesters. We observed quite different spectral profiles
for each trimester, something that should be taken into consideration if we were to

build a portable instrument.

7.3 Strength and Limitations

Near-infrared spectroscopy analysis of biological fluids is an area of research that
requires knowledge of very diverse subjects from chemistry, engineering, multivariate
statistics and the life sciences. This technique has the advantages of being a rapid
analysis method, especially if one compares it to other quantitative and qualitative
separation and analysis procedures used for candidate biomarker discovery and the
determination of influential molecules in clinical and health conditions and perturba-
tions. The strengths and limitations of our studies are many, but we feel they can
be summarised into categories related to the nature of NIR signals, the experimen-
tal setting used for their measurement, the NIR signal processing and the statistics

applied to the determination of differences in NIR spectral data.

7.3.1 Targeting Specific Moieties and Molecules in the Near-Infrared Re-
gion

The results of the studies presented in this thesis used a combination of NIR

spectral information and clinical information related to maternal and infant conditions

for the definition of experimental groups and therefore for the assessment of the

changes in the NIR spectral signal that these conditions might cause. However, one

of the big limitations of our methodology is that our results can not be used to

infer strongly about the biology or metabolic mechanism that may cause them. To
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overcome this caveat we should assign specific moieties and molecules to our integrated

spectral regions.

One way to do this will be to look closely to the regions we are integrating over
and to look to the specific moieties that have been assigned by previous studies in
literature. In this regards looking at both the NIR presented in Figure 2-3 and the
‘Atlas of interpretative NIR Spectroscopy’ [163], we see that Region 1 (1650-1700nm)
and Region 2 (1701-1750nm), could be associated with first overtone CH, CHy, C'Hj,
ArCH and SH. Region 3 (1850-1899nm), could be associated with RCOyH. Region
4 (2050-2099nm), could be associated with R — OH and CON Hy(R). Region 5
(2100-2130nm) and Region 6 (2130-2200nm), could be associated with R — N H,
CONH;y(R), C — C and CH — O. Region 7 (2275-2310nm) and Region 8 (2311-
2370nm), could be associated with combination band CH, CHs, CHz and H>O.
With this information we could look at the structure of known molecules that have
this moieties present in their structure and that are realised to maternal-fetal health
and are present in the biological fluids we are measuring. Using this list of molecules
we can spike our samples and measure the spectral changes that the NIR signal

experience relative to concentration of the known molecules that we added.

Spiking the samples with known concentrations might be possible for serum sam-
ples which are denatured and therefore no matrix interactions could arise. However,
the complexity of amniotic fluid, being a viscous fluid made of biochemically active
mixture of water, electrolytes, proteins, carbohydrates, lipids, phospholipids, urea
(among many other components), will make the interpretation of the spiking of these
samples more difficult, mostly because we would not be able to control the multiple

interactions that could arise in this dynamically changing fluid.
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Another way to make specific assignments that would not need the spiking of
samples but could be to use the information previously collected for both amniotic
fluid and serum samples for glucose, lactate, amino acids, urea and fatty acids that
was made available to us with the samples. These measurements could be binned
and associated with the spectral regions that we integrated in our methodology, for
instance glucose measured can be matched to absorbance values in Region 8, the
same for lactate in Region 7, amino acids (amines) for Region 7, urea for Region 6
and fatty acids to Region 1. By doing this we could build calibration curves relating
the known concentration to the measured concentrations as it is commonly done for

spectral measurements using chemometrics.

7.3.2 Experimental Setting Differences

In our studies we used two different instrumental settings (described in Chapter
3), therefore we feel that we must comment about the insights that the use of each
instrument provided. For instance, the use of lenses (used in feasibility study, study
1 and study 2) versus the use of fiber optics (used in study 3) for light guidance.
On the one hand building an instrument with lenses, was advantageous, because it
is easier to tweak and fix the spectrometric system to accommodate for an specific
set of samples (by adjusting the optical path length in the sample cell). But, at the
same time, it is easier to get error signals because of water droplets adhering to the
lenses and making light reflect scatter in many more directions, thus not collimating
uniformly into the spectrometer. On the other hand, fiber optics ensure that the light
passes from the light source to the sample cell and then to the detector system, which
is crucial in absorbance measurements. Another crucial change in the instrumental
setting was the introduction of a temperature controller, which kept the sample cell

temperature stable within a 0.5 degrees of variation.
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7.3.3 Wavelength Range Selected

Despite the instrumental differences in the two settings, NIR spectral signals
from both indicated that there is less variability in the 1600 to 1900nm region in
the 2 biological fluids (amniotic fluid and serum) and more variability in the 2100 to
2400nm region, regardless of the experimental condition. This starts to suggest the
use of longer wavelengths in the combination region (2100-2400nm), where molecular
groups such as: C' — H, CH,, CHs, H,O, C — C, CH — O and R — N Hy are known
to have higher absorbance of NIR light, suggesting that further studies can target on

this region for the analysis of biological fluids.

7.3.4 Pre-Processing of NIRS Spectral Signals

Since NIRS absorbance signals are small, pre-processing of the signal is highly
recommended for the elimination of noise, since it helps to get the most information
possible from a single sample and at the same time get rid of the errors (instrumental
drift, operator error). In our studies we used smoothing and mean-centering for
preprocessing. We also tried using the raw signal (instead of absorbance values) and
used auto-scaling for pre-processing but with different results. Raw signals did not
provided any separation of signals and auto-scaling augmenting the variability of the

signals, which in turn yielded no separation between experimental groups.

We suggest that other pre-processing methods could be also explored. For in-
stance, pre-processing using the derivatives of the signals which is used to separate
overlapping peaks by making background constant in the first derivative and zero in
the second derivative. However, there are inherent disadvantages of applying deriva-
tives, for instance the decrease in the signal-to-noise ratio as higher derivatives are

used since noise always is present as broad peaks in the signal and the difficult of
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interpretation of negative signals. There are also methods that correct for scatter-
ing effects that could be useful. Examples of this are: 1) Standard normal variate
(SNV) transformation, used to minimize slope variation effects; or 2) Multiplicative
scatter correction (MSC), which corrects all samples in a group, based on the average

spectrum of a target or ideal sample spectrum, could be used [15].

In terms of reduction of noise there are a few statistical methods that are com-
monly applied to NIR that can be used in our spectral data, such as adaptive filtering,
in which the systems captures not only the signal but also senses the environment in
which it was produced, adapting the filter applied to the signal before its final ac-
quisition to reduce noise. Moreover, a different implementations of Wiener filtering,
where the goal is to estimate the spectral signal of interest from a real one that is

noisy [158, 164, 61].

After signals were preprocessed, we integrated (summed) the absorbance values
in the regions we set to investigate. One idea was to calculate the average of the
region, as this could eliminate the sum of negative absorbance which produces neg-
ative absorbance values for the spectral regions we investigated and which are quite
difficult to interpret since they do not represent depletion of a specific molecule in

the samples, but just happen as an artifact of the preprocessing.

One correction that was suggested in the early stages of this project was to only
work with the positive part of the spectral signals by adding a constant offset value.
This offset was defined by first finding the minimum (negative) value of each spectral
signal, calculating the absolute value of the signal and adding that value to all the
values of the signal. Another idea was to implement a normalization function to
make the signals to be between 0 and 1 absorbance units and thus just work with the

positive part of the signal, by calculating the normalized version of a signal, using
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Si—Smin

o=t where Smin is the minimum

the following formula: Normalized(S;) =
absorbance value found for the spectra S;, Smaxz is the maximum absorbance value
found for S;. However, both of these approaches did not make the separations between

groups bigger, nor facilitated the interpretation of the results.

7.3.4.1 Working with Ratios

The use of ratios while analysing NIRS signals is not new. A major commercial
non-invasive clinical application of NIR ratios is used to separate between condi-
tions in pulse oximetry [135, 137, 118]. In the pulse oximetry measurements a ratio

is calculated between the pulsatile components (DC) and the nonpulsatile (AC) or

AC\=660nm/DCr=660nm
AC\=940nm/DCxr=940nm

steady-state parts of the signal at 660nm and 940nm, as: S =

is then related to an O, saturation value.

In our implementation, ratios resulted an useful way to investigate the differences
between experimental conditions by dividing an integrated region of the signal and
comparing it to another region. However, the problem of working with ratios was
that our signals had both negative and positive parts and in general signals were
rather small (less than +0.25 absorbance units). Having negative values becomes
confusing when calculating a ratio between two regions that have negative median
value. Mathematically, the division of two negative values is a positive number (a.e

Ratio = :—1 = 1), which in biological terms is hard to interpret.

Another issue with the mathematical nature of ratios, happened when calculating

a ratio and the denominator is big, as the value for our ratios become small, for

example, % = 0.1 and in the general case limmﬁm% = 0. When the denominator
is small, the values become big, for example, % = 10 and in the general case the

smaller the denominator the bigger the value, which gave rise to very high dispersion
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of values (positive and negative) and not normal distributions. As a consequence we
used of non-parametric statistics in the calculation of difference among experimental

groups using Kruskal-Wallis and Mann-Whitney tests, respectively.

7.3.4.2 Building higher order models

Part of the abnormalities of the NIR spectral signals we measured is that they
came from highly multicollinear variables [15], calculated from regions of interest.
In our case even highly efficient dimensionality reduction algorithms as: Principal
Component Analysis (PCA) or even a powerful clustering and visualisation methods
as Self-Organized Maps (SOM’s) were not able to find meaningful correlations in our

datasets.

A few other methods has been suggested to deal with this problem, for instance
the use of Bayesian methods (Bayesian regressions, Bayesian clustering methods),
in which the correlation can be introduced into the models as a form of priors,
thus weighting in favour of regions that are less correlated. In the same vein other
approaches that could be applied are the ones based on penalization methods, in
which a penalty could be imposed to those statistical significant models that favour

correlated spectral regions or their ratios.

Both multiple linear and logistic regressions were used to group together the
spectral regions ratios as factor in order to build a more robust model to distinguish
between the experimental categories, but did not yield significant models. Moreover,
2D Bayesian probability plots were made to use the factors found significantly differ-
ent to distinguish between maternal BMI categories and AGA and LGA categories,
however the results were limited and the models had a low sensitivity and specificity

and were not able to distinguish the LGA infants from the AGA, which might be
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caused by a power issue related to minimum sample size, due to the fact that there
were almost 10 times more samples in the AGA experimental group than in the LGA

experimental group.

7.4 Implications and Future Directions

7.4.1 Instrumental

In this thesis we explored the 1600-2400nm region and provided interesting re-
sults in terms of the biology of metabolic profiles related to maternal and fetal health
conditions. In terms of specific results for micronutrients, we could foresee the devel-
opment of a portable instrument, for measuring NIR spectral signal on patients on
site. In order for this to happen we would have to extrapolate our findings, identifying
the third overtones of those same spectral regions we found to be significant, but in

the 700-1100nm region, where the NIR light absorption on the skin is higher.

Based on the results of this thesis, we think that a micro-nutrient instrument
could be developed to monitor vitamin D and folic acid deficiencies. However, it
is known that for this type of development we would need to spend a considerable
amount of time in characterisation of light penetration on different skin tones, and
since it might be targeted to be used in a developing country setting, it might be im-
portant other cultural factors, as well as a better understanding of how micronutrient
deficiencies interact with other infections at the metabolic level, and how they might

relate to the NIR spectral readings one might need to analyse.

In our results we were able pick up some spectral differences in amniotic fluid,
however in our pregnancy study we were not able to determine any difference between

SGA and AGA. We believe this differences could be studied more successfully using a
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different wavelength range or even a difference methodology, such as Raman or FT-IR

spectroscopy.
7.4.2 Statistics and NIR spectral signal analysis

Differences in the NIR spectral signals of the biological fluids analysed in this
thesis were determined by non-parametric statistics (some of the reasons were de-
scribed in the previous subsection), using either Mann-Whitney U-test for binary
comparisons and Kruskal-Wallis one-way analysis of variance for multiple group com-
parisons. In the case of multiple comparisons P-values were adjusted to account to the
effect of multiple comparisons using a Bonferroni correction. The Bonferroni method
creates a new acceptable tolerance value by dividing the set P-value («) between the
number, n of binary comparisons possible among the m groups, calculated by the
binomial coefficient (Tg) It is a very “conservative” method, that has strong assump-
tions about the independences of the test it makes, however it is prone to determine

a high number of false negatives.

There exist other multiple comparison methods that are less restrictive and have
less independence assumptions that could be suitable for the analysis of NIR spectral
absorbance values, especially if we are working with ratios from integrated regions
which are highly dependent, for instance: Holm [55], which uses a stepwise (iterative)
method to modify the rejection criteria while keeping a strong control of the family-
wise error rate. A newer method called False-Discovery Rate method introduced by
Benjamini & Hochberg [8], defines a ratio of the number of Type I errors calculated
by the number of group comparisons. Since NIR spectral data is highly correlated

and the multiple comparison test highly dependent this approach could be beneficial.
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7.5 Conclusion

Taken together the findings from our three studies suggest that the long wave
NIR spectroscopy can be used to identify several candidate NIR spectral regions.
Moreover, we provide a first list of candidate regions that could be further explored
ior the elucidation of the metabolic changes related to maternal-fetal health. After
these studies, it is not clear, how could these regions could be related to infections in
mice nor in human biological fluid, with the exception that some candidate spectral
regions could be important to study the potential impact of infection transfer that
can occur through lactation as a lingering effect that could influence growth and

development.

We conclude this thesis knowing the important implications of our results. Our
approach opens new avenues into the exploration of different instrumental settings,
with the suggestion of using different statistical strategies and using or extrapolating
our results to other wavelength range (either Mid-IR or shorter wavelengths). Also,
it provides new data analysis challenges that we foresee addressing in the near future,
for instance the use of bayesian probability plots and gaussian mixture models as has
been proposed elsewhere [143, 168] to provide a visual interpretation of the data, that
would quantify the difference and not merely state of their existence. Also, providing
a full probability model that quantify the separations as a distribution more than just
saying where the separation happens. Moreover, it opens doors to think about other
ways to combine clinical and NIR spectral data to provide more robust candidate

biomarkers.
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This pilot study investigated the possibility that metabolomic differences exist in second trimester of women delivering at term
(=37 weeks, n = 216) and preterm (<35 weeks, n = 11). For this retrospective study, biobanked AF samples underwent
near-infrared (NIR) spectral analysis using wavelengths from 700 to 1050 nm. Spectral data was compressed then optimized by
multilinear regression to create a calibration model. The resultant model was able to classify term and preterm births based on
differing AF metabolomic profiles with a sensitivity and specificity of 100%. When groups were classified using a prematurity
index (PI), there was a statistical difference (P < 0.001) between the predicted preterm group (P10.77 + 0.08) and the term group
(PI 1.00 £ 0.02). In conclusion, the 2nd trimester AF samples showed distinct differences in metabolomic profiles between patients

delivering preterm as compared to those at term in functional groups related to proteins, carbohydrates, fats, polyols, and water.

1. Introduction

Preterm birth, defined as birth prior to 37 weeks of
gestation, is a leading cause of infant morbidity and mortality
worldwide [1] and has been increasing [2, 3]. Since 1990, the
number of preterm births has risen by 20% [4] and is even
more significant when the increased costs associated with
preterm pregnancies are considered [5]. However, despite
advances in identifying some of the causes of preterm birth
[6], our understanding of the physiologic process leading to
preterm labor is poorly understood [7].

A growing body of literature has been examining possible
proteomic markers for preterm labor and for intrauterine
infection, a leading cause of preterm labor [6], in maternal
serum [8, 9] and in amniotic fluid [9, 10]. None has
produced significant positive predictive value for preterm
births. On the other hand, metabolomics, which is the
summation of ongoing cellular activity and downstream of
protein metabolism [9, 11], may provide another interesting
approach.

Metabolomics is the measurement of multiple small
molecules in various tissues and fluids. These small
molecules are the products of protein metabolism and
cellular function within an organism. When examined as
a whole, these metabolites can be viewed as biomarkers of
a functional phenotype [12]. In the case of preterm labor,
differences in metabolomic profiles found in amniotic fluid
are thought to be possible since biological processes of
the fetus and the mother both impact on its biochemical
composition.

One successful approach to measure metabolomic
profiles uses near-infrared (NIR) spectroscopy. The use
of NIR vibrational spectroscopy preserves the matrix of
constituent metabolites and provides important information
about the interactions among the various constituents in
situ. This can provide insight into metabolism, based on rela-
tional properties that cannot be captured when individual
components are measured. Metabolite profiling using NIR
spectroscopy has been used to detect disease in different



TaBLE 1: Population Demographics.

Maternal/Fetal Characteristics® <35 weeks — >37 weeks P

Gestational Age (wks) 348 +2.4% 393+19 N/A
Maternal Age (yrs) 37517 376+24 04
Pre-pregnancy BMI (kg/m?) 23.8+43 23.8+49 0.6
Amniocentesis Week 155+0.8" 152+1.0° 0.8
Birth weight (g) 2555+ 540 3429 + 623 <0.05
Parity 1.2 +0.6 1.1+1.1 <0.05

“Data are reported as means = standard deviation. Population characteris-
tics for mothers delivering in term (n = 216) and preterm (n = 11). *Range
is 28.5-35.1 weeks. TRange is 14-17 weeks. ¥Range is 12-20 weeks.

scenarios where discrimination between groups is an objec-
tive [13]. Specifically, the application of NIR spectroscopy to
amniotic fluid has been used to predict fetal lung maturity
[14, 15]. Differences in these metabolomic profiles obtained
by NIR spectroscopy also employ multivariate regression
models and optimization functions [16, 17].

This pilot study was undertaken to test the hypothesis,
using NIR spectroscopy, that differences in the metabolomic
profile exist in second trimester amniotic fluid samples for
term (=37 weeks) compared to preterm births (<35 weeks).
We propose that identifying the existence of a metabolic
fingerprint for preterm labor early in pregnancy could be
of major importance in the appropriate ongoing monitoring
of at-risk pregnancies and the development of a better
understanding of the biologic basis of preterm labor.

2. Materials and Methods

This was a retrospective cohort study, approved by both the
McGill Institutional Review Board and St. Mary’s Hospital
Center (Montreal, Canada). The population included 227
subjects recruited between 2000 and 2003 who provided a
small volume of amniotic fluid for spectral profiling using
NIR. Women were subdivided into term and preterm cate-
gories. Inclusion criteria for term births (N = 216) included
age-related amniocentesis for genetic testing and a singleton
pregnancy with no fetal complications. The preterm group
included only patients with premature rupture of members
(PROM) and/or preterm labour and a spontaneous vaginal
delivery; patients who were induced or had a C-section were
excluded. Demographics of the study participants are listed
in Table 1. The two study groups were similar with respect
to both maternal age and maternal BMI. The AF samples
were obtained following genetic testing and stored at —80°C;
there is minimal source of biochemical error resulting from
repeated freezing and thawing of amniotic fluid [18, 19].

To determine the feasibility of estimating true premature
births using spectral analysis of 2nd trimester amniotic fluid
collected at 12-20 wks gestation, a calibration model was
constructed using a set of AF samples with known birth
outcomes in the NIR region of the spectra (700-1050 nm).
This spectral region is known to contain functional group
information on overtone bands of CH, NH, and OH moieties
[20]. Glucose, proteins, fatty acids, oils, and myoglobin have
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been identified as contributing to the absorbance in this NIR
region [21-23].

Prior to analysis, frozen AF samples were thawed at
room temperature (25°C) for 30 minutes. NIR profiles were
analyzed using a reflective spectrograph with a CCD detector
(B&W TEK, Newark, DE) in randomized order. A flow
sample cell with 10 mm path length was filled with 15 ul of
sample media. Spectra were recorded from 700-1050 nm at
room temperature (25°C + 1°C). The spectrophotometer
was set to measure absorbance relative to air, and a signal
average of 200 measurements with an integration time of
100 ms for each measurement was used. This measurement
procedure involved rinsing the sample cell with 1 ml of 0.1 M
NaOH followed by 5 ml of distilled, deionized water. The last
injection of water was used to record a reference spectrum.

Quantification of the sample properties from NIR
spectra consisted of determining the most parsimonious
combination of variables in selected wavelength domains
using a genetic algorithm optimization [16]. In this method
preprocessing based on Haar wavelets, which is similar to
jpeg compression of images, was used to objectively select
wavelength regions. A combination of wavelength regions
that most parsimoniously estimated prematurity index was
determined by inverse least-squares regression, using a
genetic algorithm optimization. The model investigated is of
the form

Y =ap+ax; +axy + -+ Xy, (1)

where Y is the dependent variable or prematurity index
(PI), x1,%2,...,x, are independent variables (i.e., integrated
wavelength region), and ag,a1,...,q, are the coefficients
determined from a set of calibration x’s. Many models were
screened using the GA which is based on genetic principles
such as mating, crossover, and mutation, to select the
wavelength region that best separates the term and preterm
groups [16].

Each sample was estimated independently using a leave-
one-out cross-validation approach in a continuous multi-
linear model. For each individual in the population, the
coefficients @ to a, of (1) were calculated by inverse
least-squares regression using an independent calibration.
Estimates of prematurity index were obtained by applying
(1) with the determined «, parameters and the x-values of
a monitoring set. Fitness of the model for each wavelength
region selected was calculated as the squared difference
between the mean of the term and preterm groups divided by
the sum of the pooled variance. A higher fitness corresponds
to better separation between the two groups as calculated by
a Student’s t-test. Subsequent to the estimated prematurity
index (PI) optimization, notched box plots, Student’s -
test results, and a receiver operator curve (ROC) were used
to separately determine the statistical characteristics of the
groups. The optimum value for the sensitivity and specificity
was determined from the ROC [24, 25].

Additionally, spectra were examined using the major
chemical groups present in the 700-1050nm region of
the NIR spectra. Molecular absorbance regions in the NIR
related to H,O, ROH, CH,, and NH3; were defined using
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FIGURE 1: Raw data from 227 NIR spectral profiles of AF samples
plotted relative to air. The boxes labeled A and B show the regions
selected by a genetic algorithm, which give the best separation of
term and preterm groups.

known standards [20]. Means and standard deviations
were then calculated for normal (=37 wks) and preterm
(=35 wks) using these integrated regions. Likewise, ratios of
pairs of selected functional groups (NH3/CH,, NH3/ROH,
CH,/ROH CH,/ROH, NH3/H,0, and CH,/H,O) were
determined to characterize concentration shifts in glucose,
proteins fats and oils relative to water as well as polyols,
which may play important roles in maintaining ATP concen-
trations, cellular redox potential, and in drawing water and
solutes across the placenta [26].

All statistical analysis was done using the MATLAB (the
Math Works Inc., MA) programming package.

3. Results

Population characteristics are described in Table 1. As
expected, gestational age and birth weight differed. Figure 1
describes NIR spectral differences for each individual in
the range of 700-1050 nm. Of all of the possible wavelet
combinations, only two wavelet regions were needed to
develop the best model to distinguish preterm from the
term births. Those wavelet regions selected by the genetic
algorithm were at 872-879 nm (region A) and 943-954 nm
(region B), respectively. The first wavelength region corre-
sponded to third overtone CH3 and second overtone NH
group vibrations [21]. This wavelet was negatively correlated
with concentrations of chemicals absorbing in this region.
Wavelet B selected an absorbance region characterized by
aliphatic alcohol functional groups and third overtones from
CH vibrations in the 943 to 954 nm wavelength range. These
were negatively correlated with preterm births.

A parsimonious calibration model was constructed with
the 2 wavelets selected by the genetic algorithm. Using these
regions, the prematurity index (PI) was calculated. Each data
point represented a blind estimation of the optimal separa-
tion value using the rest of the data for calibration. Results
are represented in Figure 2 as notch box plots showing the
statistical distribution for each group of classified samples
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F1GURE 2: Box plots comparing the prematurity index for term and
preterm births.

[25]. A relative prematurity index (RPI) was calculated as a
percentage of the median of the normals. The size of each
box was determined by the quartile distribution about the
median of the data. The median of the term group was
1.00 + 0.02 and was 0.78 = 0.08 for the preterm group.
Notches of box plots, which do not overlap, have different
medians at the 5% confidence level [25].

In addition, the mean and standard deviations of
preterm and term prematurity indices were 0.77 + 0.08 and
1.00 + 0.02, respectively (P < 0.001). Table 2 summarizes
the results of the model’s validation. Using only the
2 components for the calibration model, AF samples
were classified into preterm and term groups with 100%
sensitivity and specificity determined by a ROC curve.
Positive and negative predictive values were 100% (Table 2).

To further understand the relationship of the measured
spectra to prematurity, differences in the amniotic fluid
metabolomic profile between preterm and term infants
arising from changes in selected spectral regions were
examined. Regions selected for integration of the various
functional groups as well as normalized spectra for the
means for both the normal and preterm groups are shown
in Figure 3. There were substantial metabolomic differences
in the spectra between term and preterm infants. As well,
ratios of the integrated signals from the different functional
groups (Table 3) suggested nonsignificant trends in the
concentrations of functional groups relative to water and/or
polyols. There was a relative increase in concentration of
protein as compared to carbohydrates and fats (NH/CH
ratio) even though both decrease in total concentration as
reflected in theNH/H,O and CH/H,O ratios. There was also
nonsignificant increase in the NH/ROH ratio and a decrease
in the CH/ROH ratio related to preterm births.

4. Discussion

Previous studies have shown gestational length is difficult to
predict [9]. Genomics, proteomics, mass spectroscopy, and
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TABLE 2: Results for the cross-validation of the calibration model and diagnostic statistics.
Preterm pregnancies Control term pregnancies
No. of group 11 No. of group 216
Prematurity index (PI) (X + sd) 0.77 + 0.08* Prematurity index (Xs + sd) 1.00 + 0.02
True positives 11 True negatives 216
False negatives 0 False positives 0
Sensitivity 100% Specificity 100%
Positive predictive value 100% Negative predictive value 100%
*P value < 0.001.
14 TABLE 3: Means and standard deviations by functional groups for
term and preterm births?.
o 0.5 1 Functional group Gestation period®
E; oy ratios Preterm < 35 weeks®  Term > 37 weeks
_% 0. \/ PRk b | NH/CH* 3.49 £ 0.5 3.43 0.8
: e ] 1 NH/ROH' 238+ 03 2.36 + 0.4
% NH o) \\\\ CH/ROH* 0.69 + 0.0 0.69 + 0.0
& =051 \ NH/H,08 2.28+0.2 229 +0.2
CH/H,0" 0.67 0.1 0.69 = 0.1
~14 o ‘Data are reported as means + standard deviation. Birth outcomes and

700 750 800 850 900 950 1000 1050
Wavelength (nm)

FiGure 3: Normalized spectral absorbance for term and preterm
groups. A solid line represents the term group (=37 weeks), and
the dashed line represents the pre-term group (<35 weeks). This
region of the spectrum consists of the 2nd and 3rd overtone
absorption from CH, NH, and OH functional groups. Differing
concentrations of proteins, fats, and carbohydrates in the matrix
lead to increased or decreased absorbance in the spectral region
corresponding to the functional groups. The result is essentially
a metabolome fingerprint for preterm and term births using 2nd
trimester amniotic fluid.

other assays have been used for analysis of maternal and fetal
biofluids with poor success rates [8, 9, 14, 15]. In contrast,
the results of this pilot study showed that NIR spectral
waveforms differed significantly in the range 700-1050 nm
between term and preterm births. Varying concentrations
of several functional groups contributed to the variation
in these spectral analyses, confirming our hypothesis that
metabolomic differences exist early in pregnancy in the
amniotic fluid of second trimester pregnancies between
subjects delivering preterm and those delivering at term.
Although the spectral features are broad, absorbance is
still directly related to the concentration of CH, NH, and OH
functional groups within the matrix. These differences seen
in the preterm group corresponded to CHs and NH (region
A), aliphatic alcohols and CH functional groups (region
B). Presence of proteins, water, and polyalcohols in AF are
well known and can differ in concentration from sample to
sample [26]. Our findings are intriguing in that they suggest
the underlying processes ultimately leading to preterm
delivery are present between 12 and 20 weeks of gestation.

second trimester amniotic fluid functional groups ratios for mothers
delivering in term (n = 216) and preterm (1 = 10).

bAll the differences between term and preterm groups were nonsignificant
at a confidence level of 10%, with the exception of NH/CH which had a P
value of 0.090.

€It is important to mention that one sample that had a gestational age
of 35.1 was discarded as an outlier. Its exclusion from this ratio analysis
was primarily because it had a gestational age 2 weeks above the mean
and also was 500g heavier than the average of the group. *Relative
amount of protein to carbohydrates/fats. TRelative amount of protein to
modified polyalcohols.*Relative amount of carbohydrates/fats to modified
polyalcohols. SRelative amount of protein to water. TRelative amount of
carbohydrates/fats to water.

Prior studies have focused on identifying biomarkers present
in amniotic fluid at the onset of preterm labor [8, 9, 14, 15].
Likewise, limitations such as AF samples taken after 22
weeks gestation, destructive analytical methods, and small
populations plague many existing techniques [6, 9, 10, 14,
15]. Others have cited inability to distinguish preterm from
term groups [10] and low positive predictive values [9].

Techniques from proteomics and genomics also have
characterized few biomarkers in AF, thus limiting the
amount of information about bioprocesses that might be
associated with the amniotic fluid matrix [9-11]. The
differing metabolomic profiles seen here in early pregnancy
may represent an abnormal metabolic process in the fetus
that ultimately predisposes the pregnancy to insults resulting
in preterm labor and delivery. In addition, many recent
technologies using proteomics and genomics rely on invasive
procedures, expensive equipment, and technical expertise
[6, 8-10]. The use of metabolomics with NIR spectroscopy
is relatively inexpensive, easy to use and can characterized a
metabolomic fingerprint resulting from multiple biological
processes.
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These results, however, should be considered prelimi-
nariy since the number of patients in the preterm delivery
group is small. Despite this, our data using spectral analysis
were able to distinguish between preterm and term deliveries
with 100% sensitivity and specificity, which supports the
potential diagnostic possibilities of this technique. Even
though we were not able to identify specific differences in the
ratios of the functional groups, probably owing to our small
sample size, the strength of our results lies in the power of
the spectral analysis to extract meaningful information about
the metabolic profile from the 2nd trimester AF matrix that
was associated with distinct metabolomic fingerprints early
in pregnancy in our preterm and term deliveries. Moreover,
the suggested metabolomic profiles were consistent with pre-
vious studies that show increased protein in amniotic fluid of
premature infants [27], alterations in polyols in [IUGR infants
[26] and with a higher incidence of oligohydramnios [28].

Our results raise the question of whether obtaining
metabolomic profiles of amniotic fluid in early pregnancy
will help obstetricians identify those pregnancies destined
to deliver preterm. Additionally, it may be possible to
develop a noninvasive probe to analyze the NIR spectra of
amniotic fluid on an ongoing basis. If future studies using
larger sample sizes confirm these findings, this information
would indicate that a “problematic metabolomic profile”
emerges very early in pregnancy and could lead to much
earlier identification of prematurity and earlier decision for
potential therapies.
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