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Abstract: Physical exercise has been associated with the modulation of micro RNAs (miRNAs),
actively released in body fluids and recognized as accurate biomarkers. The aim of this study was to
measure serum miRNA profiles in 18 horses taking part in endurance competitions, which represents
a good model to test metabolic responses to moderate intensity prolonged efforts. Serum levels
of miRNAs of eight horses that were eliminated due to metabolic unbalance (Non Performer-NP)
were compared to those of 10 horses that finished an endurance competition in excellent metabolic
condition (Performer-P). Circulating miRNA (ci-miRNA) profiles in serum were analyzed through
sequencing, and differential gene expression analysis was assessed comparing NP versus P groups.
Target and pathway analysis revealed the up regulation of a set of miRNAs (of mir-211 mir-451,
mir-106b, mir-15b, mir-101-1, mir-18a, mir-20a) involved in the modulation of myogenesis, cardiac
and skeletal muscle remodeling, angiogenesis, ventricular contractility, and in the regulation of
gene expression. Our preliminary data open new scenarios in the definition of metabolic adapta-
tions to the establishment of efficient training programs and the validation of athletes’ elimination
from competitions.

Keywords: mi-RNA; physical exercise; gene expression; stress

1. Introduction

While regular physical activity is known to be beneficial for health, prolonged or
high-intensity exercise can cause stress due to duration and inability of humans and horses
to adapt physiologically to these conditions [1–5].

Competitive sports are known to be demanding and stressful for both human and
animal athletes. In particular, endurance is one of the most challenging among equestrian
disciplines; endurance horses are susceptible to metabolic imbalance due to dehydration,
acid balance and electrolyte abnormalities, substrate depletion and heat accumulation,
which can result in life-threatening conditions [6]. Indeed, equine endurance competitions,
which have recently gained popularity worldwide, are governed by the rules established by
National and International Equestrian Federations (FEI), which implement strict regulations
to safeguard and ensure the welfare of animals [7].

Endurance horses are subjected to specific training that induces the physiological
adaptations required for carrying out prolonged moderate intensity exercise on different
types of ground surfaces and under different weather conditions, by modulating their
energy metabolism towards aerobic conditions [8]. However, when horses are poorly
trained, or high speeds are required, anaerobic pathways may be recruited. Endurance
athletes also develop hypervolemia, which, when coupled with splanchnic vasoconstriction
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physiologically triggered by stress hormones, enables maintaining of good central blood
pressure and satisfactory perfusion of the main organs. Prolonged physical exercise can
also induce changes in coagulation systems, immune modulation, and vascular integrity,
and is known to have negative effects on health and welfare [9]. Indeed, the homeostatic
disruptions that occur during long competitions have been suggested as the main causes of
certain pathological conditions such as myopathies, colic, laminitis, diaphragmatic flutter,
cardiac arrhythmias and massive rhabdomyolysis [7]. Therefore, it is essential to find early
biomarkers that can promptly identify subjects at risk and prevent dysmetabolism.

Evidence has been found that alterations in circulating miRNA (ci-miRNA) expression
are induced by physical exercise and endurance [10–12].

Among the RNAs, micro-RNAs (miRNAs) are highly conserved regulatory molecules
that play active roles in cell differentiation, proliferation and metabolism. MiRNAs drive
post-transcriptional down-regulation and bind to mRNAs, with a one-to-many (and vice
versa) relationship with their targets, in that a gene can be regulated by different miRNAs,
and the same miRNA can regulate different genes [13].

MiRNAs can be released into the bloodstream within apoptotic bodies, extracellular
vesicles (i.e., exosomes), high/low-density lipoproteins (HDL and LDL) or as active protein
complexes (RNA-binding proteins) [14,15]. Stable ci-miRNAs can be found in plasma
and/or in serum, many of which are tissue-specific and signatures of certain physiological
and/or pathological conditions [12]. Physical exercise has recently been associated with the
modulation of small noncoding RNAs in the bloodstream depending on type and duration
of the physical activity [16]. Therefore, ci-miRNAs have been proposed as biomarkers for
evaluating human athletic performance and were recently used in our previous study on
endurance riding [17].

The aim of this research is to acquire a deeper molecular knowledge of responses to
prolonged moderate-intensity exercise in endurance horses and to identify ci-miRNAs
related to nonphysiological responses. To this aim, the ci-miRNA transcriptional profiles of
horses that successfully finished an endurance race were compared using high-throughput
sequencing and those with severe metabolic disorders after a competition were elimi-
nated. Our hypothesis is that differentially modulated ci-miRNA in horses after a race
elimination could provide clues to a reduced adaptation to exercise stress leading to low
performance syndromes and diseases. We therefore tried to obtain a transcriptional picture
of the multiorgan response and gain a better understanding of the molecular basis of
this phenomenon.

2. Materials and Methods
2.1. Ethics Statement

The study protocol was reviewed and approved by institutional Ethics Committee of
University of Perugia (license No. 2019-32). All procedures were performed in accordance
with the approved guidelines. Owner informed consent and the approval of the Ground
Jury President and the Veterinary Commission President of the event were obtained before
initiation of study procedures with the animals.

In order to correctly report research on live animals, the manuscript was prepared follow-
ing the ARRIVE guidelines (https://arriveguidelines.org/, accessed on 8 December 2021).

2.2. Sample Collection

For this study, eighteen Arabian horses, thirteen females, four geldings and one
male, aged from 6 to 13 years old (median 9 years old) engaged in 80–160 km national
and international competitions held in the same season of 2018 in Italy were recruited.
During competition at least every 40 km there is a compulsory veterinary inspection (vet
gate) to determine if the horse is fit to continue as indicated by FEI Endurance Rules
(available at: https://inside.fei.org/fei/disc/endurance/rules, accessed on 8 December
2021) including irregular gait (i.e., lameness) or metabolic reasons, such as failure to
recovery maximum heart rate (i.e., 64 beats per minutes) cardiac arrhythmia, clinical signs
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of metabolic instability, excessive fatigue, heat stroke, colic, myopathy, severe dehydration
or excessively high temperature by evaluation of heart, gut sound, mucous membrane
colour, capillary refill time and muscle tone.

The horses enrolled were divided into two groups based on veterinary gates inspec-
tion results: Performer (P) was composed of 10 subjects that successfully completed the
competition at free speed and Non Performer (NP) constituted the remaining eight subjects
that were eliminated at different stages of the competition (Table S1).

Peripheral blood was collected from the jugular vein using a vacutainer with and
without anticoagulant at the end of race or at the intermediate veterinary examination that
resulted in elimination of the horse from the competition within 30′. The serum samples
were obtained by centrifugation at 400× g in a bench-top centrifuge for 15 min, immediately
after collection and then stored at −80 ◦C until biochemical tests and miRNA isolation.

2.3. Blood Count and Biochemical Analysis

A complete blood count with leukocyte differential assessment was performed using
a laser haematology analyser (Sysmex XT-2000iV; Sysmex, Kobe, Japan). The analysis
included white blood cells (WBCs), red blood cells (RBCs), mean corpuscular volume
(MCV), haemoglobin (Hb), platelets (PLTs) and mean platelet volume (MPV), haema-
tocrit (HCT), mean corpuscular haemoglobin (MCH), mean corpuscular haemoglobin
concentration (MCHC) and red blood cell distribution width (RDW). Selected biochemical
parameters were also analyzed with an Hitachi 904 automated biochemistry analyzer
(Boehringer Mannheim, Baden-Wurttemberg, Germany) including urea, creatinine, total
bilirubin (Tbil), aspartate aminotransferase (AST), γ-glutamyltransferase (GGT), creatine
kinase (CK), lactate dehydrogenase (LDH), total proteins (TPs) and albumin (Alb). For
blood count and biochemical analysis, Student’s t-test was applied to identify differences
between continuous data between group NP and group P.

2.4. RNA Extraction and Library Preparation

Total RNA extraction was carried out using the commercial miRNeasy Serum/Plasma
Advanced kit (Qiagen, Venlo, The Netherlands) following manufacturer’s instructions.
For better evaluation, the miRNA differences between the two groups, spike-in sequences
were added to the lysis buffer at the beginning of the RNA extraction procedure (2.5 µL
of Spike-in solution per 600 µL of serum for each subject) using the QIAseq miRNA
Library QC Spike-in kit (Qiagen, Venlo, The Netherlands), which provides 52 spike-in
phosphorylated at 5′, an essential feature for the library preparation [18]. Adding these
plant origin sequences allowed us to obtain quality control for the sequencing process
and to normalize the results in terms of the number of sequenced fragments for each
miRNA. The RNA quantity and quality was evaluated with NanoDrop 2000 (Thermo
Fisher Scientific, Waltham, MA, USA) spectrophotometer and microfluidic electrophoresis
respectively (Bioanalyzer 2100 Agilent Technologies, Santa Clara, CA, USA). The TruSeq
Small RNA Library Illumina (Illumina Inc., 5200 Illumina Way, San Diego, CA, USA) kit
was used for library construction following the manufacturer’s instructions, and fragments
were sequenced on a NextSeq500 Illumina (Illumina Inc., 5200 Illumina Way, San Diego,
CA, USA) instrument with 75bp single-end chemistry.

2.5. Bioinformatic Analysis

Raw reads in fastq format were quality checked with FastQC (https://www.bioinf
ormatics.babraham.ac.uk/projects/fastqc/, accessed on 8 December 2021) and trimmed
with Trim Galore 0.5.0 software for the removal of low-quality sequences and adapters
(https://www.bioinformatics.babraham.ac.uk/projects/trim_galore/, accessed on 8 De-
cember 2021). The Bowtie2 [19] aligner of the Tuxedo suite was used to align cleaned reads
adopting a three-step alignment strategy: (i) on the spike-in set used in the experiment;
(ii) on the mirbase 22 hairpin database (Release 22.1) (http://www.mirbase.org, accessed
on 8 December 2021) for the unmapped reads on spike-in and (iii) on the horse reference
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genome (equcab3) [20], for the unmapped on miRNA database (Figure 1). After the align-
ment procedure, the dataset was normalized for spike-ins data through the RUVSeq [21]
R package. Briefly, RUVSeq uses spike-in reads to extrapolate correction coefficients for the
samples that are integrated, among other confounding effects (i.e., sex), into the differential
gene expression (DGE) evaluation analysis model implemented in edgeR [22]. A PCA plot
from expression data is available in Figure S1. Expression levels were measured as count
per million (CPM) and parameters set for DGE comparing the NP to the P group with
an absolute log2-fold change (logFC) > 1.5 and an adjusted p-value for multiple testing
correction applying the Benjamini-Hochberg method (FDR) < 0.05.

Figure 1. Experimental design (cream background) and bioinformatic pipeline (cadet blue background).

Target Genes and Enrichment Analysis

Human or murine orthologue of all the differentially expressed miRNAs, according to
the DGE analysis from edgeR, were retrieved using miRbase (http://www.mirbase.org,
accessed on 8 December 2021) software and used to identify putative genes (predicted
and/or validated) targeted by these miRNAs. The most frequently sequenced human or
murine miRNA form IDs (3p or 5p) were selected as input in the miRWalk 3.0 webtool
(http://mirwalk.umm.uni-heidelberg.de, accessed on 8 December 2021). A unique list
of predicted and validated targets was identified for each miRNA, specifying also the
miRNA site of action with respect to the targeted mRNA: 3′UTR, 5′UTR or CDS (cod-
ing region). Only the genes targeted by five or more miRNAs were selected for the
downstream analyses.

The Cytoscape 3.7.1 suite [23] was used to build a Protein-Protein Interaction Network
(PPI) using the IMEx database, which contains nonredundant information derived from
the major public protein databases. The clusterMaker 2.0 a Cytoscape application [24]
with the “gLay” option was used to highlight different clusters within the network based
on the number and type of connections between the nodes. Clusters with a number of
interactions greater than 30 were inspected for Gene Ontology (GO) enrichment analysis

http://www.mirbase.org
http://mirwalk.umm.uni-heidelberg.de
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carried out for the related biological process through the BiNGO application [25]. Results
were filtered with a corrected FDR < 0.05 (Benjamini Hockberg correction). A summary of
the experimental design and the bioinformatic pipeline is depicted in Figure 1.

3. Results
3.1. Hematology and Clinical Chemistry Analyses

The hematology and clinical chemistry assays evidenced values of hematocrit (p < 0.01),
hemoglobin (p < 0.01), total protein, albumin (p < 0.01), urea (p < 0.05) and creatinine
(p < 0.01) significantly higher in the Non Performer (NP) group compared to that of Per-
former (P) group whereas classical exercise biochemical markers such as creatine phos-
phokinase (CPK), aspartate-transaminase (AST) and lactic-dehydrogenase (LDH) values
were not significantly different between the two groups, even after normalizing for the
kilometers runs (Table S2).

3.2. Sequencing Statistics

The sequencing depth average was ~18,380,000 reads; of these, the 77.72% passed the
trimming step. Two samples (P2 and P3) showed an unusually higher percentage (81% and
61% respectively) of discarded reads due to poor quality and/or length. Only the reads
mapped exactly one time on miRBase 22 or EquCab3 annotated as sequences referable to
miRNA were used for downstream analyses. Sequencing results and alignment rates are
summarized in (Table S3).

3.3. Differential Expression Analysis of miRNA

After the statistical analysis with edgeR, starting from a cleaned dataset of 288 miRNAs,
a total of seven differentially expressed (FDR < 0.05) were found. All of these were up-
regulated (logFC ≥ +1.5) in the NP group compared to P group (Table 1).

Table 1. Differentially expressed miRNAs (NP vs. P).

miRNA logFC logCPM FDR

eca-mir-211 4.9223101 0.1280119 0.0015486

eca-mir-15b 4.6239495 3.7887133 0.0027720

eca-mir-451 2.1155572 9.8706133 0.0092029

eca-mir-18a 5.4076681 1.2325327 0.0092029

eca-mir-20a 3.2246991 2.7407456 0.0175767

eca-mir-106b 2.4277831 4.8328315 0.0213777

eca-mir-101-1 2.0112158 7.7859690 0.0213777

3.4. miRNA-Target Evaluation and Pathway Analysis

Targets of each miRNA, for all the binding sites (3′-UTR, 5′-UTR and CDS of the target)
were individualised from mirWalk analysis (Table 2). All the target lists were merged in
order to produce a unique series of 16 genes that were selected according to the number of
miRNAs they targeted, setting the threshold of at least five (Table 3).

These genes were used to create a PPI network to identify clusters of proteins retrieved
from the IMEx database. The total network contained 481 nodes and 657 edges; the
major protein clusters, i.e., those with more than 30 interactions, are reported in Figure 2,
where proteins are indicated of central nodes that correspond to target genes which have
the highest number of interactions with other proteins correlated to similar biological
functions. Gene Ontology (GO) enrichment analysis with BiNGO was performed on
these major clusters (Table S4). The most enriched GO terms for the TTN cluster related
to cardiac function and the apoptotic process such as “muscle structure development”,
“muscle organ development”, “cytoskeleton organization”, “muscle contraction”, “cardiac
myofibril assembly”, “regulation of apoptotic process” and “regulation of programmed
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cell death”. Regarding AGK cluster central node “mitochondrial transport”, “lactate
biosynthetic process” and “negative regulation of glucocorticoid secretion” were among
the main enriched terms. “Response to stimulus”, “response to stress”, “regulation of
immune system process” together with “cell cycle”, “cell migration” and “cytoskeleton
organization” were the main enriched GO terms for the cluster with MACF1 central node,
while USP49 seemed to be related to protein folding. Terms related to translation regulation,
such as “miRNA mediated inhibition of translation”, “regulation of translation, ncRNA-
mediated” and “negative regulation of translation, ncRNA-mediated”, were among the
main enriched biological processes found for the SYNE1 central nodes cluster. Complete
data from GO analysis for all the PPI clusters are reported in Table S4.

Table 2. Target gene consistencies of each miRNA detailed with respect to the binding site.

miRNA ID Target 3′-UTR Target 5′-UTR Target CDS Total Target

mir-101-3p 315 43 322 680

mir-106b-5p 1442 263 1435 3140

mir-15b-5p 1102 285 1623 3010

mir-18a-5p 1550 356 2242 4148

mir-20a-5p 1167 183 1038 2388

mir-211-5p 2161 844 2626 5631

mir-451-5p 171 44 409 624

Table 3. Target genes selected on the miRNA consensus analysis (recognized by at least five differen-
tially expressed miRNAs).

Target Genes miRNAs # of miRNA

TTN mir-101; mir-106b; mir-15b; mir-18a; mir-20a; mir-211 6

MACF1 mir-101; mir-106b; mir-15b; mir-18a; mir-20a 5

SYNE1 mir-101; mir-15b; mir-18a; mir-20a; mir-211 5

TDRD12 mir-106b; mir-15b; mir-18a; mir-20a; mir-211 5

USP49 mir-101; mir-106b; mir-15b; mir-18a; mir-211 5

ACTR8 mir-101; mir-106b; mir-15b; mir-18a; mir-211 5

AGK mir-101; mir-106b; mir-15b; mir-20a; mir-211 5

CACNA1B mir-106b; mir-15b; mir-18a; mir-20a; mir-211 5

COL6A5 mir-101; mir-106b; mir-15b; mir-18a; mir-211 5

FAM227A mir-106b; mir-15b; mir-18a; mir-20a; mir-211 5

HECW2 mir-106b; mir-15b; mir-18a; mir-20a; mir-211 5

PGM2L1 mir-106b; mir-15b; mir-18a; mir-20a; mir-211 5

PKD1L2 mir-101; mir-106b; mir-18a; mir-20a; mir-211 5

RIMBP2 mir-106b; mir-15b; mir-18a; mir-20a; mir-211 5

VPS13A mir-101; mir-15b; mir-18a; mir-20a; mir-211 5

ZBTB37 mir-101; mir-106b; mir-18a; mir-20a; mir-211 5
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Figure 2. Cluster of proteins derived from clusterMaker 2.0 cytoscape application. Central nodes (red) indicate most
relevant proteins. Clusters in boxes refer to networks between mouse proteins.

4. Discussion

The molecular mechanisms underlying successful adaptation to stress associated
with prolonged or high-intensity exercise remain poorly understood. In this study, the
miRNA expression profiles of equine athletes competing in national and international
endurance races were analysed. The differences observed in the number of circulating
miRNAs between the nonperforming (NP group, eliminated by the competition) and
performing equine athletes (P group, those who successfully finished the competition)
were investigated.

Comparing the hematological and biochemical profiles of the two experimental groups,
NP horses showed signs of severe dehydration, as they had higher values of hematocrit,
hemoglobin, creatinine, total plasma proteins, albumins, and increased protein catabolism
indicated by higher serum urea concentration. High levels of muscle enzyme markers
(including for example creatine phosphokinase (CPK), aspartate-transaminase (AST) and
lactic-dehydrogenase (LDH)) were found, as expected, in both groups’ serum (Table S2).
However, no significant differences were observed among P and NP horses in enzymes.
This confirmed the low correlation between these serum enzymes levels and the poor
performance of equine athletes as suggested by other authors [26]. This evidence indicates
that deeper knowledge is needed about molecular events modulating the response to
physical stress that can also lead to metabolic alterations and low performance. miRNAs
are ideal molecules for this purpose due to their properties and their fast response to
physiological stress [12,16]. The results show that besides skeletal muscle tissues (SMTs),
other tissues may be involved in an equine athlete’s adaptation to exercise-induced stress,
since physiological stress induced by exercise triggers multiorgan responses in skeletal
muscle, vasculature, heart and lung [27]. Garciarena et al. suggested that endurance train-
ing can improve cardiac function by “transforming” pathological cardiac hypertrophy into
a physiological state [28] during which miRNAs have been described as key players [29].
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However, it is important to note that NP horses were eliminated from the competition due
to metabolic disorders including long recovery times.

As a whole, the results seem to indicate that the NP horses failed to adapt to exercise-
induced stress. We observed, indeed, an increase in mir-101 plasma levels in these horses,
which is in contrast to what was observed in trained horses [30]. Mirna-101 plays an
important role in cardiac hypertrophy [31], and can be decreased by endurance training [32].

Interestingly, our results also showed high levels of some mir-17-92 cluster mem-
bers, namely mir-18a, mir-20a and mir-106, which have been linked to myocardial is-
chemia/reperfusion injuries [31].

Increases in mir-20 and mir-106 levels have been also related to stress [33]. They are
both involved in glucose metabolism regulation, while mir-106 has been linked to oxidative
stress [33]. This has been proposed as a potential biomarker for recovery after exercise, as
it was down-regulated following exhaustive endurance exercise and restored to normal
levels within 2 h after the competition [34,35]. Moreover, over-expressed mir-106b has been
associated with skeletal muscle mitochondrial dysfunction and insulin resistance, which
are affected by exercise [34]. The high levels of mir-106b and mir-20a in our NP athletes also
suggests endothelial function modulation failure [36] and the promotion of angiogenesis,
that usually occurs during endurance training. Indeed, mir-106 exhibits anti-angiogenic
properties, whereas mir-20a, also involved in angiogenesis, was found to quantitatively
correlate with peak exercise capacity, cardiorespiratory fitness [37] and endothelial repair
capacity [38]. However, increased expression of miR-20a was only observed at rest after
sustained training and in response to hypertension-induced heart failure [39].

Mir-15b which was found to be increased in NP horses, is known to be an anti-
angiogenic miRNA [40,41]. These miRNAs suppress vascular endothelial growth factor
(VEGF) [40,41], basic fibroblast growth factor (bFGF) VEGF receptor 2 and FGF receptor
1 expression) [42]. The mir-15 family modulates cardiac hypertrophy, and its members
are up-regulated during myocardial disorders [43]. Mir-451 is one of the most abundant
miRNAs found in red blood cells [44,45] and was increased in NP horses. It was found to
be increased in low responders to resistance exercise training [46] and has been correlated
with coronary artery disease [47] in the occurrence of ischemic stroke.

Most of the modulated miRNAs in NP horses identified protein-coding genes as the
targets involved in cardiac and skeletal muscle cytoskeleton, which is the main coordinator
of muscle contraction [48]. More specifically, some proteins such as TTN (titin), SYNE1
(nesprin), and MACF1 (Microtubule Actin Cross-linking Factor 1), which are involved
in nuclear and cytosolic cytoskeleton organization, were highlighted as being crucial
cluster nodes by the PPI network analysis (Figure 2). Titin is involved in cardiac and
skeletal muscle remodeling and modulates the elastic properties of the sarcomere as well as
contractile muscle properties [49]. Furthermore, titin regulates myocardial passive stiffness
and myocardial and ventricular function, mediates nuclear signaling and modulates muscle
response to mechanical stress [50]. Moreover, the expression of various titin isoforms has
been associated with sarcomere length, which correlates with muscle fascicle length and
may enhance running performance.

Other cytoskeleton alterations are suggested by MACF, which is known to be a stress-
induced regulator of cardiomyocyte microtubule distribution [48] essential for ventricular
adaptation to hemodynamic overload [51], and to cardiac response to exercise. Mus-
cle contraction could also be affected by changes in Ca2+ influx in our NP horses since
CACNA1B (Voltage-dependent N-type calcium channel subunit alpha-1B), the gene target
of some modulated miRNAs, was repressed and previous studies reported that many
of the genes encoding ion channels are differentially methylated in horses and humans
following exercise [52]. Moreover AGK (acylglycerol kinase) protein, a central cluster
node evidenced by the PPI network analysis (Figure 2), is involved in the metabolism of
mitochondrial phospholipids and in the stability of SLC25A4 (ADP/ATP translocase 1).
Interesting, SLC25A4 knockout mice exhibit phenotypes of hypertrophic cardiomyopathy,
exercise intolerance, and lacticacidemia [53].
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USP49, another PPI network central node, is involved in splicing alterations as it is
essential for the cotranscriptional splicing [54]. Moreover, one of the target genes, TDRD12,
is a gene expression enhancer via the production of secondary piRNAs. Since these small
RNAs are key molecules in the transposable elements activation/expression [55], it is
intriguing to think that one of the possible outcomes of this down regulation could be a
genome plasticity response induced by exercise [3,56].

Overall, analysis of differentially expressed miRNAs and their target genes in NP
horses identified genes were associated with the modulation of the various steps of gene
expression essential for adaptation processes, namely “response to stimulus”, “regulation
of translation”, “regulation of apoptotic process” and “muscle structure development”,
underlying cardiac and skeletal muscle plasticity that occurs during prolonged physical
activity and training [57].

5. Conclusions

For the NP horses, the results suggest a specific ci-miRNA profile pointing towards
molecular mechanisms and metabolic pathways underlying the inability of tissues/organs
to adapt to stress induced by prolonged physical exercise and training. Modulation of
myogenesis, cardiac and skeletal muscle remodeling, angiogenesis, ventricular contractility
and the regulation of gene expression appear to be the most involved processes.

It has to be said, though, that intrinsic limitations such as sample size and hetero-
geneity of recruited subjects due to the unpredictability of on-field collection, make this
study a preliminary investigation. Validation with alternative techniques and a larger
cohort of subjects, and possibly time course sampling, will be valuable in this intriguing
research field.
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