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ABBREVIATIONS

AC = albuminocytologic

AST = aspartate transaminase
ASV = amplicon sequence variant
ATP = adenosine triphosphate
AUC = area under curve

AUROC = receiver operating
characteristicarea under curve
BAL = bronchioalveolar lavage
BLAST = basic local alignment search tool
ClI = confidence interval

CK = creatine kinase

CL = confidence level

CN = cranial nerve

CNS = central nervous system
CP = choroid plexus

CSF = cerebrospinal fluid

CVO = circumventricular organs
DNA = deoxyribonucleic acid

ETC = electron transport chain
FAD = flavin adenine dinucleotide
Fn = false negative

Fp = false positive

GABA = y-aminobutyric acid

GB = gradient boosting

GTP = guanosine triphosphate
H202 = hydrogen peroxide

ICH = immunohistochemistry

ICP = intracranial pressure

INF = infectious-inflammatory
IQR = interquartile range

KNN = k-nearest neighbors

LDH = lactate dehydrogenase

LR = logistic regression

MCT = monocarboxylate transporter
ML = machine learning

MLP = multilayer perceptron
MUO = meningoencephalitis of unknown
origin
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NADH = reduced nicotinamide adenine
dinucleotide

NAD+ = oxidized nicotinamide adenine
dinucleotide

NADPH = reduced nicotinamide adenine
dinucleotide phosphate

NBSM = neonatal bacterial suppurative
meningitis

NBSM-ME = neonatal bacterial suppurative
meningitis-meningoencephalitis

NCBI = national center for biotechnology
information

NETs = neutrophil extracellular traps

NGS = next generation sequencing

NL = neurolocalization

NON INF = noninfectious-inflammatory
NSAID = non-steroidal anti-inflammatory drug
OMI = otitis media/interna

OTU = operational taxonomic unit

PCR = polymeare chain reaction

PE = paired — end

PERMANOVA = permutational multivariate
analysis of variance

PL = pleocytosis

QIIME = quantitative insights into microbial
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RF = random forest

RI= reference interval

RNA = ribonucleic acid

ROC = receiver operating characteristic
rRNA = ribosomial ribonucleic acid
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SVM = support vector machine

TCA = tricarboxylic acid

TEM = thromboembolic meningoencephalitis
Tn = true negative

TNCC = total nucleated cell count

TLR = toll-like receptors

Tp = true positive

TP = total protein

VTH = veterinary teaching hospital



Abstract
Achieving an etiological diagnosis in bovine central nervous system (CNS) infection is

challenging. Cerebrospinal fluid (CSF) analysis in infection shows changes that are not
specific. The timely analysis of CSF is essential, yet it is subject to operator proficiency and
requires specialized facilities. Furthermore, bacterial identification in CNS infection relies on
CSF culture, which lacks sensitivity. To address these limitations, pioneering approaches
might hold potential. Machine learning (ML) is revolutionizing disease diagnosis. Next-
generation sequencing (NGS) could bypass the need for CSF culture. CSF lactate is
recognized in humans as a CNS infection biomarker. Lastly, automated CSF analysis could
be an alternative to labor-intensive manual analysis.

Based on these premises, we developed 4 projects (P1, P2, P3, P4) exploiting these
pioneering approaches applied to analysis of bovine CSF.

P1 compared ML models to predict the likelihood of CNS infection in cattle. We created a
ML based web app for infection diagnosis. ML methods were trained on demographics,
clinical findings and CSF analysis. P2 exploited 16S rRNA sequencing to compare the CSF
microbial composition in cattle with CNS infection and other CNS disorders. P3 established
a Reference Interval (RI) for CSF lactate and assessed its potential as a biomarker for
detecting CNS infection. Statistical analysis was performed to demonstrate an association
between CSF lactate levels and interpretation of CSF in sick animals. P4 assessed the Idexx
ProCyte Dx® analyzer's capability in analyzing CSF in cattle. We investigated the
instrument's performance in delivering total (TNCC) and differential cell count compared to
the gold standard laboratory analysis.

P1: 98 cattle with CNS infection and 86 with other CNS disorders were included. All methods
had high prediction accuracy (280%). Logistic regression had the highest accuracy (0.84)

and was implemented in a web app.



P2: an infectious-inflammatory (n = 3) and a non infectious-inflammatory group (n = 3) were
formed. There were no detectable differences in the CSF microbial composition of the
samples from the two groups. Pseudomonas spp. (45%) was the most frequently expressed
bacterial genus.

P3: 27 healthy and 86 sick cattle with CNS disorders were included. The RI for CSF lactate
was 1.1-2.4 mmol/L. The highest lactate level was found with neutrophilic pleocytosis
(median =7; p <.0001).

P4: CSF was collected from 113 cattle, 76 with normal TNCC and 37 with increased TNCC.
Procyte Dx® TNCC correlated well with the laboratory TNCC (rho = 0.89; p <.01) while could
not provide a differential count.

With the thesis presented here we investigated and developed several novel methodological
approaches to improve CSF analysis in infectious and non-infectious CNS disorders in
cattle. We investigated the potential of novel computational and technical modalities for
diagnosis including a prediction web app using ML and identification of CSF lactate as an
inflammatory biomarker. Challenges such as distinguishing microbial communities in CSF
and performing a complete automated CSF analysis remain, and the work described here

will form the basis for future studies.



INTRODUCION
1 Ventricular system anatomy

1.1 Introduction

The ventricular system of the brain is an interconnected series of cavities filled with
cerebrospinal fluid (CSF) that cushions the brain and that extend caudally into the
ependymal canal, located within the spinal cord. Within this system, CSF is produced and
circulates (1). Two lateral ventricles are located in the cerebral hemispheres of the
telencephalon and communicate by way of two interventricular foramina with the third
ventricle, a ring-shaped cavity surrounding the thalamus. The third ventricle continues
caudally through a narrow canal known as the mesencephalic aqueduct or Sylvian aqueduct
(1). The mesencephalic aqueduct connects the third ventricle to the fourth ventricle,
positioned between the cerebellum above and pons and medulla oblongata below. The
fourth ventricle continues with the ependymal canal of the spinal cord and communicates
with the subarachnoid space (SAS) through two lateral recesses that leads to lateral

apertures (1).

1.2 Embryogenesis

The ventricular system in the brain originates from the internal cavity of the neural tube
during embryonic development. In domestic animals, this embryonic structure forms around
the third week of development through the elevation and subsequent fusion of the lateral
margins of the neural plate, a process known as primary neurulation. The closure of the
neural tube is not simultaneous across the embryo. Fusion initiates initially at the level that
will eventually form the medulla oblongata (the most caudal part of the brainstem) and
progresses cranial and caudal. Initially, the neural tube closure is incomplete, leaving two
openings at the cranial and caudal ends, known as the anterior and posterior neuropores,
respectively (1). The rostral neuropore closes early in development while the caudal

9



neuropore closes later. After closure, the cranial portion of the neural tube dilates to form
the three primitive brain vesicles: prosencephalon, mesencephalon, and rhombencephalon.
The caudal portion gives rise to the spinal cord. The neural tube is initially lined with
pseudostratified columnar neuroepithelial cells. Subsequently, these cells undergo mitotic
reproduction, resulting in the formation of a multilayered tube with three concentric layers.
The innermost layer consists of ependymal cells, which remain in contact with the central
lumen of the neural tube and act as the lining for the future ventricular system and
ependymal canal. Some of these ependymal cells migrate outward and transform into two
types of precursor cells: neuroblasts and glioblasts. Neuroblasts give rise to neurons and
form the mantle layer, which ultimately contributes to the formation of the gray matter in the
central nervous system (CNS). These neuroblasts extend cytoplasmic extensions laterally,
creating the marginal layer, which plays a crucial role in the development of the white matter
of the neural tube. Conversely, glioblasts differentiate into astrocytes and oligodendrocytes.
Astrocytes are present in both the mantle and marginal layers, while oligodendrocytes are
more concentrated in the marginal layer (2). Subsequently, the primitive brain vesicles
differentiate into definitive brain regions: the prosencephalon divides into the telencephalon
and diencephalon, the mesencephalon remains undivided, and the rhombencephalon
divides into the metencephalon and myelencephalon. Concurrently, the internal cavities of
these structures develop into the ventricular system. To complete their development, the
formation of choroid plexuses (CPs) at the level of the lateral, third, and fourth ventricles is
crucial. These CPs will be the primary sites of CSF formation. From an embryonic
standpoint, these structures originate through the invagination of the choroidal tela. This
invagination arises from the adhesion between the pia mater, the meningeal layer adjacent
to the brain and spinal cord, and a thin layer of ependymal cells, along with their associated

blood capillaries (1).
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1.3 Lateral Ventricles

The lateral ventricles are two c-shaped cavities, one on each side of cerebral hemisphere.

Each ventricle can be divided into three distinct regions: a central body that communicates
with the third ventricle via an interventricular foramen or Monro foramen, a rostral horn that
extends as a narrow duct towards the olfactory bulb via the olfactory peduncle, and a ventral

or temporal horn that develops within the corresponding lobe (Figure 1-2) (3).

1.4 Third Ventricle

The third ventricle is a median structure separating the right and left halves of the
diencephalon. When viewed laterally, its shape appears irregularly circular as it develops
around the interthalamic adhesion and contains several recesses. In the ventral portion,
three recesses can be identified: the optic recess, between the optic chiasm and the lamina
terminalis; the infundibular recess, located within the infundibulum of the neurohypophysis;
and the infra-mamillary recess, rostroventral to the mamillary bodies (3). Two additional
recesses, the suprapineal and pineal recesses, are found on the vault of the third ventricle,
located respectively rostrally and caudally to the pineal gland (4). The rostral wall of the third
ventricle is formed by lamina terminalis while the roof is formed by tela choriodea that gives
rise to CPs (3). The third ventricle communicates caudally with the mesencephalic aqueduct
and bilaterally with the lateral ventricles through the interventricular foramina. The
mesencephalic aqueduct is a tubular structure that is narrower cranially and wider caudally,
running longitudinally through the midbrain and connecting the third ventricle to the fourth

ventricle (Figure 1-2) (1,3).

1.5 Fourth Ventricle

The fourth ventricle is a rhomboid-shaped chamber that develops above the pons and the

medulla oblongata. The floor of the fourth ventricle, also known as rhomboid fossa, has a
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ventral longitudinal groove called the median sulcus. Bilaterally, a sulcus limitans marks the
transition from floor to wall. The fourth ventricle's roof is formed by the tela choroidea, called
"tenia of the fourth ventricle". This structure extends rostrally with the rostral medullary velum
and caudally with the caudal medullary velum, where the CPs of the fourth ventricle develop
(3). The majority of the CSF present in the fourth ventricle flows outward to the SAS, exiting
the fourth ventricle bilaterally through a lateral recess that leads to a lateral aperture. The
recess and aperture are located immediately caudal to the caudal cerebellar peduncle. Only

a small fraction of CSF enters the ependymal canal (Figure 1-2) (3).

Figure 1: Ventricular system of the brain. The direction of the arrows indicates the flow of
cerebrospinal fluid (from "Veterinary Neuroanatomy and Clinical Neurology" by de Lahunta A, Glass
E, Kent M, 2021).

i c-"' I/ﬁ’ Wﬂmﬂm ]
[ 7 \\\u“ P

\

Figure 2: Ventricular system, dorsal-ventral view (from "Veterinary Neuroanatomy and Clinical
Neurology" by de Lahunta A, Glass E, Kent M, 2021)
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1.6 Choroid Plexuses (CPs)

In specific regions lining the ventricles, nervous tissue is absent, allowing the pia mater to
directly contact the ependyma. This combined tissue, known as the tela choroidea,
comprises a portion of the lateral ventricles' floor and the third and fourth ventricles' roofs.
When combined with a capillary plexus, the tela choroidea gives rise to the CP. Each CP
projects into a ventricle as a band of clustered villi. Each villus of a CP features
microvascular proliferation and cuboidal ependymal cells (choroidal epithelium). The
choroidal epithelium comprises simple cuboidal cells that are held together by tight junctions
on the apical side. These cells are continuous with the ependymal cells that line the
ventricles internally. The blood capillaries that constitute the CP are fenestrated and lack
tight junctions between endothelial cells, forming a semi-permeable membrane that
selectively allows certain substances to pass between the blood and the CSF (1,3). The CP
of each lateral ventricle extends into the third ventricle through the interventricular foramen.
As a result, two choroid plexuses are present on the roof of the third ventricle. The roof of
the fourth ventricle also contains paired choroid plexuses, each extending into the SAS by

protruding through the lateral recess and aperture of the fourth ventricle (3).

1.7 Circumventricular organs

Circumventricular organs (CVOs) are midline structures located around the third and fourth
ventricle, characterized by an increased blood supply, the absence of the blood-brain
barrier, and the presence of ependymal cells that function as baroreceptors and
chemoreceptors. Additionally, these areas contain specialized ependymal cells called
tanycytes that are responsible for active secretion of CSF.

Within the third ventricle the subcommissural organ is located ventrally to the caudal
commissure and is composed of thickened secretory ependyma; the subfornical organ is

situated caudally to the interventricular foramina and it controls salt intake.
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Furthermore, an additional CVO called the area postrema is located at the caudal end of the
fourth ventricle. This area consists of densely vascularized gray matter and serves as emetic

center (3).

2 CSF

2.1 Definition and composition

CSF is an ultrafiltrate of blood plasma that surrounds and permeates the entire CNS and
therefore protects, supports, and nourishes it. In general, CSF is produced within the
ventricles of the brain by the CPs, circulates to the SAS, and is absorbed into the venous
sinuses. The SAS is found at varying depths, following the irregularities of the cerebral
surface, and contains dilations known as cisternae (3). The most significant cisterna is the
cerebellum-medullary cistern, also referred to as the cisterna magna, located in the atlanto-
occipital region. Additionally, there is the lumbar or lumbosacral cistern situated caudally
near the cauda equina.

Physiologically, CSF is clear and transparent. Microscopically, it is nearly acellular, with
nucleated cells typically measuring less than 10 cells/puL according to literature reports for
cattle (5). However, different cutoffs have been reported in the literature (range 3 to 10
cells/uL) (5-7). It should also not contain red blood cells (7). The leukocyte population
naturally present in the CSF mainly consists of mononuclear cells, particularly lymphocytes,
while neutrophils are rarely observed (8). Regarding the protein fraction of CSF, which
primarily consists of albumins, it is of lower concentration compared to levels in the blood.
In bovine species, the reference limit value is approximately <40 mg/dL, although slight
variations may exist depending on the specific literature source considered (5,6,8). In
addition to albumins, which are not synthesized within the CNS but derived from the blood,

CSF also contains a small amount of globulins as part of its physiological composition (9).
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The albumin quotient, a measure of blood brain barrier (BBB) permeability is defined with
following equation:

CSF albumin

Albumin quotient = — x 100
serum albumin

The IgG index instead, a measure of intrathecal production of 1gG, is calculated as follows:

CSF IgG  serum albumin

1gG index =
gt maex serumIng CSF albumin

It has been observed that the protein concentration in CSF can vary depending on the
sampling site. Specifically, it tends to be higher in samples obtained from the lumbar cistern
compared to those from the cisterna magna. However, this finding has only been
demonstrated in dogs (10), and studies conducted in small ruminants have not found
significant differences in protein concentration between the two sites in health (11). No
similar studies in bovine species are currently available. This difference in concentration
could be attributed to the normal cranio-caudal flow of CSF (12).

Glucose is also physiologically present in the CSF, typically at concentration equivalent to
60-80% of blood glucose concentration. Glucose enters the CSF through facilitated
transport with specific carriers or, in minor quantities, through diffusion. Its concentration in
the CSF depends on blood glucose concentration, the rate of glucose transport into the CSF,
and the metabolic rate of the CNS (13). CSF glucose normal range in healthy cattle is 35-
70 mg/dL (6).

In terms of the ionic composition of CSF, potassium and calcium are present in lower
concentrations compared to blood, while chloride, magnesium, and sodium, are more
abundant in CSF compared to blood (14). Sodium is the most abundant ion in CSF, and its
concentration closely correlates with blood levels. CSF sodium concentration in cattle are
reported to range between 132 and 144 mmol/L, with lower values in calves and higher
values in adult cattle. On the other hand, potassium, with a concentration of approximately
3 mmol/L (range 2.7-3.2 mmol/L), plays a crucial role in neuronal function and
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neurotransmitter release. Changes in plasma potassium concentration have little effect on
CSF potassium levels, because its transport across the BBB is limited. Calcium, with a
physiological range in CSF of 1-1.5 mmol/L, is secreted by the CPs, and thus its
concentration in CSF is independent on blood concentration (13). Magnesium and chloride
in CSF play an important role in neuronal conduction. Magnesium concentration in healthy
cattle is reported to range between 1.7 and 2.7 mmol/L, while chloride between 121 and 125
mmol/L (6,15).

Several enzymes, such as aspartate transaminase (AST), creatine kinase (CK), and lactate
dehydrogenase (LDH), are present in CSF. The concentration of CK in CSF is usually
independent of that in serum and its elevation in CSF may reflect nervous system disease.
Elevations in AST and CK concentration could be indicative of significant myelin
degeneration within the CSF, as observed in extensive studies (16). However, CK
concentration might be falsely increased by contamination of CSF with epidural fat or dura
during CSF collection (17). Increased LDH activity has been shown in CNS lymphoma and
CNS inflammatory conditions (13).

Additionally, neurotransmitters such as ¥-aminobutyric acid (GABA), the primary inhibitory
neurotransmitter in the CNS, and glutamate, the primary excitatory neurotransmitter in the

CNS, are also present in the CSF (13).

2.2 Production and Absorption

The majority of CSF is produced in the CPs of the ventricles, with approximately 35%
produced in the third and lateral ventricles and 23% in the fourth ventricle. The remaining
CSF (42%) is mainly produced at the SAS level (14).

The methods of CSF production are a selective ultrafiltrate from blood plasma and active
transport mechanisms that utilize energy. Sodium—potassium ATPase in the membrane of

the choroidal epithelial cells plays an important role in that: sodium is actively transported
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out of the choroidal epithelial cell into the ventricular cavity, with water molecules and
chloride and bicarbonate ions following through by way of facilitated transport.

CSF production is relatively constant, although the rate varies among species. The complete
volume of CSF is both generated and reabsorbed approximately 3 to 5 times each day. The
rate of CSF production is independent of the hydrostatic pressure of the blood but is
influenced by the osmotic pressure of blood, with hyperosmolarity reducing its production
and hypo-osmolarity increasing it (13).

Once produced, CSF circulates within the ventricular system and the ependymal canal,
moving caudally towards the cauda equina. It follows a specific pathway: from the lateral
ventricles, it passes through the interventricular foramina into the third ventricle. From there,
it travels along the mesencephalic aqueduct to reach the fourth ventricle. At this level, the
majority of CSF enters the SAS through the lateral apertures, and a small amount enters
the ependymal canal and runs in a cranio-caudal direction, reaching the cauda equina (3).
In the SAS a significant portion of CSF passes dorsally over the cerebellum, and then over
the cerebrum, where it has access to the venous sinuses. CSF covers almost the entire
external surface of the brain and spinal cord, where it can penetrate the parenchyma along
with the larger blood vessels in their perivascular spaces. These spaces are extensions of
the SAS to the point where the pia mater blends with the adventitia of the blood vessel (14).
The flow of CSF is influenced by various factors, including the pulsations of blood within the
vessels of the CPs and cerebral arteries following cardiac systole, as well as the movement
of cilia on the external surfaces of the ependymal cells (14). Other determinants of CSF flow
are the variation in intra-thoracic and intra-abdominal pressures associated with the
respiratory cycle. Additional pressure changes that induce currents in CSF flow include
physical activities like running, jumping, changes in posture (standing up or lying down), and

coughing (3).
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To maintain a nearly constant CSF volume despite continuous production, the CSF must be
reabsorbed into the bloodstream. The primary site of reabsorption occurs at the level of
arachnoid villi, which collectively form arachnoid granulations located within the intracranial
venous sinuses and cerebral veins. The arachnoid villus is a prolongation of the arachnoid
membrane and SAS into the lumen of the venous sinus covered by the endothelium of the
vessel wall: at this level blood and CSF are separated by a single layer of endothelial cells
(14). The villi function as one-way valves, allowing CSF to pass into the bloodstream when
CSF pressure exceeds that of the blood sinuses. Conversely, when pressures are reversed,
the structure collapses, closing the spaces and preventing blood from entering the CSF (18).
Other sites of CSF absorption include the venous and lymphatic vessels associated with the
spinal nerve roots and cranial nerves (CN), particularly the drainage associated with CN |
(olfactory CN), Il (optic CN), and VIII (vestibulocochlear CN). Lastly, the parenchymal
vessels absorb the minimal amount of CSF that reaches the interstitial spaces of the

cerebral parenchyma (14).

2.3 Functions

The CSF fulfills crucial functions for the CNS. Firstly, it serves as the fluid medium in which
the CNS is suspended, providing mechanical protection by acting as a cushion against
potential impacts (14). CSF also helps regulate the intracranial pressure (ICP). Cardiac
function, respiratory activity, variations in posture and physical exercise can induce natural
fluctuations in the volume of blood and CSF inside the cranial cavity. However, these
fluctuations do not lead to an alteration of ICP due to the communication between these two
fluid compartments. An increase in the volume of one compartment automatically
corresponds to a decrease in the volume of the other (13). This mechanism also applies to
pathological increases in ICP caused by elevated cerebral blood volume. For instance,

conditions associated with poor tissue oxygenation and resulting hypercapnia can trigger
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vasodilation of cerebral arteries, leading to increased blood flow to the brain (14). In
response to sudden pressure increases, the body employs a compensatory mechanism
involving temporary accumulation of CSF within the cervical SAS.

CSF is a source of nourishment as it transports metabolites and nutrients between blood
and the CNS parenchyma. It also serves to transport neuroendocrine cells and
neurotransmitters within the parenchyma. CSF plays a role in maintaining the ionic balance
necessary for neuronal function serving as a chemical buffer for the neural tissue. This
control is achieved through various active transport mechanisms and systems that
selectively determine the inclusion or exclusion of specific substances in the composition of
CSF. Moreover, it is responsible for eliminating catabolites derived from neuronal
metabolism, proteins, foreign particles (such as cells and bacteria), by transporting them to
the arachnoid villi and subsequently into the venous system. Additionally, these substances
can be eliminated by passing from the CSF into the lymphatic vessels associated with the

roots of CN and spinal nerves (13).

2.4 Collection and preservation in bovine species

CSF collection is a common ancillary procedure performed in veterinary medicine for both
companion animals and farm animals when neurological signs raise suspicion of a CNS
pathology (8).

CSF sampling can be conducted either at the level of the cerebellum-medullary cistern, or
at the level of the lumbar or lumbosacral cistern depending on the species. Generally,
sampling at the lumbosacral cistern is preferred in cattle and other farm animals. This is
primarily because sampling at the cerebellum-medullary cistern often requires general
anesthesia to ensure proper patient positioning, which is challenging to implement in farm
animals, particularly under field conditions (8). Additionally, studies have shown that, except

for protein concentration, which might be higher in samples obtained from the lumbosacral
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region compared to those collected at the atlanto-occipital level, there are no significant
differences between CSF samples obtained from these two sites, especially in the absence
of a focal compressive lesion of the spinal cord (11). Therefore, choosing the lumbosacral
cistern as the sampling site in large animals is further justified. In adult cattle capable of
walking, lumbosacral sampling is performed with the animal in standing position, adequately
restrained. Sedation is generally not required for CSF sampling, although it may be
necessary in the case of particularly nervous animals, using xylazine at a dose of 0.05-0.1
mg/kg body weight. In animals already in forced recumbency and in calves, sampling can
be performed with the animal in sternal recumbency, with the limbs flexed and hind limbs
extended forward along the sides. This positioning allows for a slight opening of the
lumbosacral intervertebral space, facilitating access. Lateral recumbency is also mentioned
as a possibility for calves and lambs, although it can make landmark identification more
challenging (8).

The insertion point of the needle is identified using a series of landmarks. The lumbosacral
intervertebral space is located on the midline between the last lumbar vertebra (L6) and the
first sacral vertebra, as well as between the tubers sacrale on either side. Within this space,
a depression can be palpated. Within this depression, the needle insertion point is identified
at the intersection of two imaginary lines, one connecting the tuber coxae and one
connecting the caudal edge of the spine of L6 and the cranial edge of the spine of the second
sacral vertebra. The latter is more prominent and easier to feel than the spine of the first

sacral vertebra (Figure 3) (7,8,14).
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Figure 3: Placement of the spinal needle for performing lumbosacral CSF collection. The image
represents the procedure performed in horses but is analogous in cattle. Triangle: second sacral
spine, cranial edge; square: tubers sacrale; cross: spine of L6, caudal edge; circle: tubers coxae

(from "Veterinary Neuroanatomy and Clinical Neurology" by de Lahunta A, Glass E, Kent M, 2021).

The site should be clipped, surgically prepared, and the operator should wear sterile gloves.
Subcutaneous injection of 1-2 mL of procaine hydrochloride might be performed. For CSF
collection, an appropriate-length and diameter spinal needle is used based on the size of
the animal. In adult cattle, a 90-100 mm and 18G spinal needle with fitted stilette is typically
used. For calves, a 50 mm and 20-21G needle can be used without an internal stilette (7,8).
The needle should be inserted perpendicular to the dorsum of the animal, with the bevel of
the needle pointing cranially. It should be advanced slowly through the skin, subcutaneous
tissue, inter-arcuate ligament, or ligamentum flavum. A slight loss of resistance should be
perceived when passing through the ligamentum flavum and entering the epidural space.
When the dura-arachnoid is penetrated, there may be a slight movement of the tail, flexion
of the pelvic limbs, or contraction of the axial muscles. This indicates that the needle is now

in the dorsal SAS. At this stage, if there is a stilette, it can be taken out and the needle
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should be advanced gradually, observing for CSF flow at intervals of 1 mm. The goal is to
aspirate CSF from the SAS situated dorsal to the spinal cord. However, CSF may not always
flow at this point, and in some cases, it might be necessary to cautiously guide the needle
through the caudal sacral segments and meninges (known as the filum terminale), reaching
the floor of the vertebral canal. From there, the needle can be slowly retracted dorsally into
the ventral SAS. The CSF can be allowed to flow spontaneously into the collection test tube.
In approximately 1-2 minutes, an adequate volume (around 1-2 mL) should be obtained for
further analysis. Compression of the external jugular veins may aid in the flow of CSF in
difficult patients. Rotating the needle may also help to free the needle tip from obstruction
by meninges or spinal nerve roots. Alternatively, a syringe can be connected to the needle
hub, taking care not to cause movement that could damage the underlying spinal cord or
result in meningeal hemorrhage. A gentle aspiration should be performed (8).

CSF sample should be collected in sterile plain tubes, while EDTA tubes should be avoided
for routine sampling, as the additive can falsely elevate the total protein (TP) concentration.
Ideally CSF should be analyzed within one hour as delayed processing may lead to
significant distortions in cell structure and a decrease in total nucleated cell count (TNCC)
due to cell lysis (19). This susceptibility to damage might be influenced by the low
concentration of CSF protein, the lipid concentration, and tonicity, all of which typically
contribute to the stabilization of cell membranes in other fluids (20). This hypothesis is also
supported by the fact that a previous study in dogs showed that CSF samples with TP
concentrations 250 mg/dL were less susceptible to cell deterioration than those with lower
protein concentrations (19).

If processing is delayed for more than 1-hour, cellular changes might occur, including
nuclear pyknosis, cytoplasmic and nuclear membrane lysis, and disintegration, with

discordant information in literature regarding the most susceptible cell type (19,21,22).
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The rapid degradation of the sample often poses practical challenges in situations where,
for example, the analysis laboratory is located more than an hour away from the collection
site, or the collection is performed during the laboratory off-hours. To address these
challenges, numerous studies have been conducted over the years on samples collected
from both companion and farm animals to assess the effectiveness and impact of
exogenous stabilizing agent on the sample.

Studies conducted on canine and feline CSF (both in health and disease) have shown that
the addition of autologous serum at concentration of 11%, the addition of bovine fetal serum
at concentration of 20%, and the addition of hetastarch (hydroxyethyl starch) at 1:1
concentration with CSF, allows for sample analysis after 24 to a maximum of 48 hours,
without significantly altering cell degradation affecting the final interpretation (19,23).
Similar studies have been conducted in cattle. In these studies, autologous serum was used
at a final concentration of 11%, and the samples were analyzed within one hour and after
24 hours of refrigerated storage (4°C). In healthy animals, no significant differences were
found that could compromise the clinical-diagnostic interpretation between fresh and stored
samples (24). However, discordant results were obtained in subjects with neurological
disorders, with a significant difference in both TNCC, which was significantly decreased in
stored samples, and in differential nucleated cell count, where a significant increase in
lymphocytes and a significant decrease in monocytes was observed with storage (21). In
conclusion, the recommendation remains to analyze the samples within one hour of
collection. However, if this is not feasible, the use of stabilizing agents such as serum
(autologous or bovine fetal serum) and hetastarch can be considered. The addition of serum
results in a change in TP concentration and in general any added stabilizing agent causes
a dilution effect that must be taken into account when interpreting the results. Therefore, if
one of these preservatives is chosen, it is recommended to send two aliquots to the

laboratory: one aliquot should be placed in a tube containing the stabilizing agent and can
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be used for cytological evaluation and cell counts. The other aliquot, placed in an empty
tube, can be used for TP concentration determination and possibly antibody titer analysis

(25).

2.5 Analysis and interpretation in bovine species

CSF analysis is a common ancillary examination performed in ruminants presenting
neurological signs. However, it is possible for the CSF to show no detectable alterations
even in the presence of a morbid lesion. Additionally, different lesions can result in similar
alterations, which may not necessarily correlate with the severity of the disease or the
prognosis (25). Therefore, it is crucial to assess and interpret CSF analysis results in
conjunction with clinical signs, medical history, general physical examination, neurological
examination, and other tests conducted within the context of the individual case (25).

CSF routine analysis involves macroscopic and microscopic evaluation of the sample.
Macroscopic analysis involves evaluating the color and turbidity of the sample. Under normal
conditions, CSF is colorless and transparent. A pink or red color suggests the presence of
blood pigments, which is often iatrogenic due to meningeal vessel rupture during the
sampling procedure. In such cases, the sample might not be uniformly reddish and after
centrifugation, the supernatant should appear clear as intact red blood cells settle. However,
if the presence of blood is due to an ongoing pathological process, the sample will be
uniformly reddish, and the supernatant will have a yellowish or yellow-orange color known
as xanthochromia. Xanthochromia results from the release of oxyhemoglobin and
methemoglobin during the degradation of erythrocytes. It typically appears a few hours after
subarachnoid hemorrhage and persists for about 10 days (26) or up to 2-4 weeks according
to other sources (8).

Blood contamination within CSF could lead to CSF dilution, causing falsely elevated TNCC

and TP concentration readings, this being due to blood components transferring into the
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CSF. However, conflicting information is present in the literature regarding the influence of
blood contamination on CSF analysis. A reported threshold for identifying a sample as
contaminated is red blood cell count (RBCC) > 500 cells/uL. Correction formulas are
reported in order to adjust TNCC and PT concentration according to RBCC (12), though
their use is debated and it is advisable to interpret CSF samples with blood contamination
cautiously.

A yellow-green coloration associated with increased turbidity might indicates an ongoing
purulent process, such as septic meningitis, accompanied by an increase in the TNCC within
the CSF. Turbidity itself might depend on an increase in cellularity of the sample (above 500
cells/uL) (25) such as high protein concentrations (8).

The concentration of TP can be evaluated. As previously mentioned, CSF has an extremely
low protein content (expressed in mg/dL) relative to serum (expressed in g/dL), requiring a
spectrophotometric method for protein determination, while the evaluation of TP
concentration in CSF using a refractometer is not accurate. The most accurate
spectrophotometric technique utilizes the red Pyrogallol reagent (27). Urine test strips are
reported as a screening test to estimate CSF TP concentration. A value of 2+ or higher in
the urine protein reagent indicates an increase in proteins in the analyzed CSF sample (8).
However, it is highly specific for albumin detection but less specific for globulin detection,
and it is therefore suitable only for initial approximate quantification (28). On the other side,
for a rapid estimation of globulin concentration, the Pandy test can be employed. A few
drops of CSF are added to 1 mL of Pandy reagent (10% carboxylic acid). If the solution
becomes cloudy, it indicates the presence of globulin and has a sensitivity of approximately
50 mg/dL (25). However, these methods lack validation in ruminant CSF; thus, it is advisable
to confirm results through spectrophotometric assessment. The main protein component in
CSF is albumin, which derives entirely from the plasma and is produced exclusively by the

liver. The ratio between albumin concentrations in CSF and plasma, known as albumin
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quotient (see Chapter 2.1), remains constant in healthy animals. Therefore, an increase in
the albumin quotient, reflecting elevated levels of albumin in the CSF, can be considered an
indicator of BBB damage (25). On the other hand, an increase in the globulin component
might be the result of intrathecal production and is associated mainly with infectious-
inflammatory conditions affecting the CNS. In lesions directly damaging the BBB (such as
neoplastic extradural and intramedullary compressive lesions, trauma, vasculitis, ischemic
necrosis, non-suppurative viral encephalomyelitis), a normal TNCC may be accompanied
by an elevation in TP concentration, referred to as albuminocytologic (AC) dissociation (25).
Cytological examination of the CSF involves the total and differential cell count and the
morphological evaluation of cells present in the sample. These procedures are performed
placing the CSF into a hemocytometer chamber and observing it under an optical
microscope. The standard operating procedure (SOP) of the laboratory service of the
Veterinary Teaching Hospital (VTH) of the University of Turin provides the following
procedure: for TNCC, a Nageotte hematocytometer is used (Figure 4). The Nageotte
contains two gridded counting areas each containing 40 rectangular areas. 100 yL of CSF
are diluted 1:1 with Turk’s solution (aqueous methylene blue) to lyse erythrocytes. This
mixture is placed in both counting areas of the hemocytometer. A coverslip is positioned
over the counting areas of the chamber before introducing the CSF. Cell counting occurs
after the cells settled within the hemocytometer chambers. This settling is facilitated by
allowing the hemocytometer to rest in a humidified Petri dish for 5 minutes before initiating
the cell count. Using an optical microscope (at 400X magnification), nucleated cells present
in 8 rectangles (4 in each counting area) are counted, which correspond to a total volume
of 10 pyL. The cumulative count of cells must be divided by 5 (due to the 1:2 dilution with

Turk's solution), resulting in the cell count per 1 pL.
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Figure 4: Nageotte counting chamber (Image from the SOP of the Clinical Medicine Laboratory at
the VTH of the University of Turin).
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For RBCC, a drop of undiluted CSF is placed in both counting areas of a Burker
haemocytomether (Figure 5), covered with a coverslip. Within each counting area a grid of
9 smaller squares is present. Using an optical microscope (at 200X magnification)
erythrocytes are counted in 1 small square for each counting area. The resulting mean is

then multiplied by 10. The final count corresponds to the number of cells present in 1 pL.

Figure 5: Burker counting chamber (Image from the SOP of the Clinical Medicine Laboratory at the
VTH of the University of Turin).
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Differential nucleated cell count and morphological evaluation of cells are typically carried

out on concentrated CSF samples (200-250 uL per sample) on smears prepared with a

cytocentrifuge (Cytospin2, Shandon). Cytocentrifugation is performed at 150 g for 6 minutes

to preserve cell morphology. Alternatively, sedimentation chambers can be used. These

chambers can be commercially obtained or custom-built using easily accessible materials

(12). Once concentrated, the sample is air-dried and subsequently stained using May-

Grunwald Giemsa technique. Table 1 provides an overview of traditional and alternative

techniques for CSF microscopic evaluation.

Table 1: CSF microscopic evaluation techniques. RBCC = red blood cell count; TNCC = total

nucleated cell count; TP = total protein. Detailed information on these techniques can be found in

the text above.

CSF microscopic Traditional techniques Alternative techniques
evaluation
TP Spectrophotometry with red | Pandy test;
Pyrogallol reagent urine test strip
TNCC Microscopy (hemocytometer
chamber)
RBCC Microscopy (hemocytometer
chamber)
Cells Microscopy (cells | Microscopy (cells
morphology | cytocentrifugation) sedimentation)
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When an increase in TNCC beyond the reference values is observed in the CSF, it is
referred to as pleocytosis (PL). PL can be classified based on severity (e.g. mild if <50
cells/uL, moderate if 51-100 cells/uL or marked if >100 cells/uL) (29) or based on the
prevalent cell type (i.e. neutrophilic, mononuclear, or mixed, which refers to the presence of
both mononuclear cells and neutrophils; more rarely eosinophilic) (8,26).

Infectious diseases will often lead to CSF PL and increased TP concentration. The cell types
present vary significantly, but generally, bacterial diseases are associated with a
predominance of neutrophils, often degenerated and with toxic changes, while viral diseases
show more smaller mononuclear cells. As an exception, listeriosis, despite being bacterial,
usually shows a mild to moderate mononuclear PL. Fungal and protozoal diseases typically
cause mixed cell responses. Protozoal infections and helminth parasite infestations can
result in an eosinophilic and neutrophilic response in the CSF, as well as hemorrhage. In
chronic inflammatory states in which significant CNS tissue necrosis is present, the CSF
may contain numerous large mononuclear cells or macrophages (7). With traumatic injury
to the CNS, microscopical analysis of CSF may reveal pathological hemorrhage signs
including erythrophagia, haemosiderophages or haematoidin crystals. Erythrophagia
denotes reactive macrophage ingestion of erythrocytes, which are visible within the
cytoplasm of the immune cell. Haemosiderophages are reactive macrophages containing
round to oval particles of dark blue-green haemosiderin pigment. These particles vary in
size and show positive staining for iron with Prussian blue. The iron originates from
metabolized hemoglobin. Bilirubin is another product of haemoglobin metabolism; it forms
golden, rhomboid or rectangular haematoidin crystals. Moreover neutrophils, not showing
toxic changes, followed by macrophages, will usually appear in the CSF in response to
hemorrhage (12).

With most CNS malformations and in metabolic/toxic disorders, the CSF analysis will be

normal. Pathological findings in the CSF in these diseases may be secondary to trauma in
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case of deformations that result in progressive traction injury to CNS neural tissues, or in
case of considerable tissue destruction, such as lead poisoning, sodium salt/water
intoxication and polioencephalomalacia in ruminants where a mild mononuclear PL can be
seen.

CNS degenerative disorders do not typically cause any changes in CSF constituents (7).
The most frequent CSF change in patients with neoplasia is a mild AC dissociation as these
lesions behaves like space occupying lesions. Atypical lymphocytes can be detected in CSF
from cattle with CNS lymphosarcoma (7). In the presence of a vascular disorder, protein
leakage and the pathological hemorrhage signs previously described are common (7).
Additional evaluations, beyond routine analysis, can be performed on CSF samples. When
a bacterial agent is suspected to be the cause of a CNS disease, both aerobic and anaerobic
bacterial cultures of CSF may be performed. However, positive bacterial culture results in
confirmed cases of bacterial CNS infections are extremely uncommon. The occurrence of
false negatives may be due to previous use of antibiotics, low microbial concentration, or to
the presence of slow-growing and fastidious microorganisms (30,31). An alternative to
culture, particularly when dealing with microorganisms that cannot be cultured or samples
with low microbial concentration, is the polymerase chain reaction (PCR). PCR can detect
the presence of specific infectious agents by amplifying their DNA (deoxyribonucleic acid)
(25). Furthermore, in cases where an infectious CNS pathology leads to intrathecal
production of immunoglobulins, the antibody titer for the suspected infectious disease might
be evaluated. Although widely used in human and companion animal medicine, these
techniques are not commonly employed in farm animal medicine, with limited application in
research studies (25,32).

Additional evaluation conducted on ruminant CSF, including glucose, electrolytes (such as
sodium and magnesium), and enzyme measurements, presently do not yield clinically

valuable diagnostic insights. Low glucose concentration has been observed in animals with
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bacterial meningoencephalitis, as both microorganisms and neutrophils rely on glucose for
metabolism (9). Measuring magnesium concentration proves significant in suspected
hypomagnesemia tetany cases, as both CSF and blood magnesium concentrations bear a
significant correlation to the clinical manifestation of this condition (33). Furthermore, sodium
concentration elevation has been noted in instances of sodium chloride poisoning (5).

Concerning enzymatic activity assessment, increased CK activity has been observed in
neurological pathologies linked to substantial white matter damage. Yet, this increase lacks
specificity as it can also be influenced by sample blood contamination or extradural fat
presence (16). In the context of CSF lactate evaluation, known to be highly beneficial in
human medicine for diagnosing CNS bacterial infections, this topic will be comprehensively

reviewed in Chapter 6.

3 Neurological pathologies of bacterial etiology in bovines

3.1 Definition and prevalence

Bacterial infection of the CNS poses a clinical challenge and is a leading cause of
neurological disorders in cattle (29).

The nomenclature of CNS infections depends on the implicated anatomical structures.
Meningitis is ascribed when one or multiple meningeal layers are engaged, while during
meningoencephalitis the pathological process extends to the cerebral parenchyma.
Meningoencephalomyelitis arises when the spinal cord is also involved. Terms like meningo-
ventriculitis and ependymitis denote involvement of ventricular linings, while choroid plexitis
designates an inflammatory process affecting the CPs. Encephalitis and myelitis
respectively pertain to the brain and spinal cord parenchyma. These descriptors can be
further refined by defining the stage of disease (acute/chronic), etiological factors

(bacterial/viral/parasitic, etc.), and histopathological lesion types (e.g. suppurative/non-
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suppurative). To indicate involvement of gray matter, white matter, or both, the prefixes
polio-, leuco-, and pan- are employed, respectively (34).

The prevalence of distinct neurological infection of the CNS varies worldwide.

Viral CNS infections, notably rabies in cattle, are more frequently documented in Latin
America, Africa, and Asia, while bacterial infections tend to predominate in more developed
regions. In particular, two studies in the United States (29,35) highlight that suppurative
bacterial meningoencephalitis linked with sepsis and listeriosis constitute the principal cause
of neurological signs in cattle. Two additional studies—one from Switzerland (36) and the
other from the United Kingdom (37) —align more closely with Italy's epidemiological context,
where comparable studies are lacking. In the Swiss study, bacterial infections of the CNS
were the most prevalent, primarily manifesting as cases of suppurative
meningoencephalitis. In the UK, the most common inflammatory neurological pathologies

are identified as listeriosis and vertebral osteomyelitis.

3.2 Classification

The subsequent sections describe the most common bacterial-induced neurological
pathologies in bovine species. Particular emphasis is placed on those prevalent in European

literature and grounded in the expertise of the author.

3.2.1 Sepsis and Neonatal bacterial suppurative meningitis-
meningoencephalitis (NBSM-ME)

Sepsis is a significant health issue in calves under two weeks of age and is linked to a
considerable fatality rate (38,39). Inadequate or unsuccessful transfer of passive immunity
and exposure to virulent pathogens are critical factors predisposing to sepsis development.
In ruminants, the placenta does not permit the transfer of antibodies during pregnancy.
Consequently, newborn calves lack antibodies capable of defending them against

microorganisms commonly present in their living environment, and the development of
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active individual immunity requires time. The intake of colostrum within the first hours of a
calf's life is crucial to ensure the acquisition of an adequate quantity of immunoglobulins that
can traverse the intestinal barrier and establish an effective immune system, thereby
safeguarding the calf against potential infections (40). The primary causative agent of sepsis
in calves is most frequently Escherichia coli (39,41,42), followed by Salmonella spp.,
Campylobacter spp., Klebsiella spp., Staphylococcus spp., and Streptococcus spp. (39,43).
Neonatal bacterial suppurative meningitis-meningoencephalitis (NBSM-ME) often arises as
a consequence of sepsis (34,42). Bacteria can travel through the bloodstream to the
leptomeninges, although the exact mechanism of pathogen entry remains unclear (39,44).

Possible mechanisms could involve the establishment of a prolonged and intense presence
of bacteremia in the highly perfused dural venous system and CPs, adherence of bacterial
fimbriae, phagocytosis of the pathogens by circulating monocytes, and endocytosis through
the microvascular endothelial cells. However, these are not the only possible mechanisms;
indeed, bacteria can also access the meninges through contiguity following middle/inner ear
infections, sinusitis, or infections of cranial bones resulting from trauma (34).

Bacteria proliferate within the CSF. Complement activity is essentially absent within the
CSF, and in conjunction with low levels of specific antibodies, this results in insufficient
opsonization of pathogens within the meninges. Despite an early influx of leukocytes into
the CSF during bacterial meningitis, the host's defense system remains suboptimal due to
deficient opsonic activity (39). The consequences of meningitis are linked to the damages
caused by the direct invasion of tissues by bacteria (which are sometimes also capable of
toxin release) and those resulting from the release of pro-inflammatory cytokines (39).
Following bacterial penetration into the tissues, an inflammatory process is initiated,
involving the recruitment of leukocytes from the blood and an increase in vascular

permeability, leading to edema. In severe cases, edema can progressively lead to an
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elevation in ICP, resulting in reduced perfusion of the cerebral parenchyma and
ischemic/hypoxic injuries (45).

Clinical signs are usually nonspecific and primarily attributable to the primary site of infection
and/or septicemia. These signs may include fever, diarrhea, swelling and redness of the
umbilical stump, joint swelling, dysorexia/anorexia, hyperemia of the episcleral vessels,
dehydration, and loss of suckling reflex (39). Additionally, calves may exhibit lethargy,
ataxia, difficulty maintaining quadrupedal stance, tremors, hyperesthesia, and head and
neck extension (46). Strabismus, nystagmus, blindness may be observed. As the condition
progresses, recumbency may occur, along with severe sensory depression leading to coma,
seizures, and death (6).

Blood tests may reveal neutrophilia or, in cases of septicemia, neutropenia (46) but are
overall relatively inconclusive as they reflect concurrent conditions such as septicemia,
diarrhea, and dehydration. Macroscopically, CSF can appear white-yellowish (or greenish
in severe cases) and turbid due to the high cellular and protein content, occasionally
containing pus or fibrin flocculi (47). Microscopic analysis usually shows a marked
neutrophilic PL in acute bacterial forms, whereas mononuclear cells prevail in chronic cases
(6,46). TP concentration is also markedly increased. Intra or extracellular bacteria may also
be observed (6,48). However, for precise etiological diagnosis, CSF culture may be
conducted, although literature reports suggest that this test yields positive results in only 50-
60% of cases (6,49).

At necropsy, lesions related to sepsis are often present in various body regions. The
meninges typically appear opaque, thickened, and petechiae are present. Meningeal
vessels are congested, and CSF within the ventricles may be turbid and contain fibrin
flocculi. Microscopically, a purulent inflammatory process with infiltration of neutrophils and

lymphocytes in nervous tissue is observed, along with disseminated hemorrhages,
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inflammation of meningeal vessels, and bacterial colonies around blood vessels of the
meninges and cerebral parenchyma (6,45,47).

NBSM-ME cases often have a rapid course and poor prognosis; a retrospective study on 32
calves reported a survival rate of 16% (48). Thus, immediate antibiotic therapy is initiated
based on clinical suspicion which may be adjusted based on culture and sensitivity results
(34). The choice of antibiotic is influenced by various factors:

- Chemical and physical characteristics affecting its ability to cross the BBB (which is
often compromised in meningitis, resulting in increased permeability).

- Spectrum of activity: Molecules with broad-spectrum activity effective against both
Gram-negative and Gram-positive bacteria are generally chosen, or alternatively, a
combination of products is used to cover the spectrum.

- Avoidance of newer-generation drugs to minimize the development of drug
resistance.

- Authorization for use in bovine species.

- Formulation.

- Cost.

Dosage is typically maximized to achieve sufficient concentration in nervous tissue.
However, it should be noted that in very young subjects, renal and hepatic functions
responsible for drug secretion and detoxification are not fully efficient, potentially causing
side effects at lower dosages compared to adult subjects (6). The first-line antimicrobial
choices comprise the sulfonamides and tetracycline, while penicillin may also be considered
(50). Anti-inflammatory therapy is often combined with antibiotic treatment to improve the
overall condition of the animal and counteract secondary effects of inflammation (39).

Considering the high mortality rate, prevention is crucial, emphasizing the provision of
adequate colostrum, proper umbilical stump hygiene and disinfection, and excellent hygiene

conditions in the calving area for all newborns (49).

35



3.2.2 Thromboembolic meningoencephalitis (TEM)

Thromboembolic meningoencephalitis (TEM) is a septic, thromboembolic, suppurative, and
necrotic meningoencephalitis predominantly of cattle caused by Histophilus somni,
previously known as Haemophilus somnus (46). The disease involves a complex
pathogenesis rooted in the bacterium's role as a significant respiratory pathogen within the
bovine respiratory disease complex. The process initiates with the dissemination of H. somni
into the circulatory system, triggering a sequence of events that significantly impacts the
vascular and neural compartments. Upon reaching the endothelial surfaces, the bacteria
start organizing in biofilms, which determines the expression of tissue factor activity and the
disruption of intercellular junctions, instigating a cascading effect that culminates in
intravascular coagulation and the consequential thrombosis of small cerebral vessels.
Persistence of H. somni's within lesions is further increased by its intrinsic capacity to evade
intracellular destruction by phagocytic cells of the immune system. Key virulence factors and
mechanisms that contribute to this intricate pathogenesis include membrane
lipooligosaccharide, the induction of host cell apoptosis, intraphagocytic survival strategies,
and the presence of immunoglobulin Fc-binding proteins (34).

This disease is primarily seen in feedlot cattle in the weanling to young adult stage, with
stress from transport, introduction to a new environment, and sometimes a new group, being
predisposing factors due to compromised immune defenses. Although cases typically
exhibit low morbidity and high mortality rates, severe outbreaks of TEM with elevated
morbidity and mortality levels can occur. Respiratory signs may appear 7-14 days before
the onset of neurological signs (34). Lateral recumbency, profound depression, and closed
to semiclosed eyelids giving the animal a sleepy look (the disease is also known as Sleeper
syndrome) are frequent. Blindness may or may not be present and could be unilateral or
bilateral. An animal in lateral recumbency may progress to opisthotonos and seizures. If the

animal is able to stand, ataxia and weakness are present. Dysfunction of multiple CN may
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be evident on closer neurologic examination. A high fever is observed frequently. The course
is rapid, and death usually occurs within 24-36 hours from the onset of neurological signs in
the absence of treatment (34).

Presumptive diagnosis relies on history, clinical and neurological examination, blood, and
CSF analysis. The main differential diagnoses for encephalopathy in feedlot cattle are TEM,
polioencephalomalacia, lead poisoning, and water intoxication. Definitive diagnosis is often
based on post-mortem examination. Peripheral blood abnormalities are nonspecific and
may include neutropenia or neutrophilia with left shift. CSF characteristics reflect a bacterial
infectious process associated with hemorrhage, showing often neutrophilic PL, increased
microprotein concentration, and elevated RBCC with macroscopic xanthochromia
(6,8,34,46).

At necropsy, disseminated suppurative lesions can be observed in various organs, including
myocardium, pleura, genitourinary and respiratory tracts with lung consolidation, laryngeal
and tracheal mucosal ulcers, and formation of diphtheritic membranes (6). Necropsy
findings related to the nervous forms are hemorrhagic infarcts in the brain and spinal cord.
The lesions are most often multiple and of various sizes, with some being visible
macroscopically. Histologically, vasculitis, thrombosis, and neutrophil infiltrates are the
signature of the disease (34).

Treatment of an affected animal should be attempted only if the animal is believed to be in
the early stages of the disease and antibiotic therapy combined with non-steroidal anti-
inflammatory drugs (NSAIDs) and supportive care is advisable. H. somni is generally
susceptible to a majority of conventionally employed antimicrobial agents (6). Furthermore,
concerns regarding antibiotic penetration are minimal due to the compromised endothelial
integrity and infarcts leading to the disruption of the BBB (34). For commercial livestock, the

administration of parenteral oxytetracycline stands as the most commonly recommended
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therapeutic approach. Treatment is not recommended if the animal presents in recumbency,
indicating an advanced stage where antibiotic therapy is ineffective (46).
Following a case of TEM, it is advisable to monitor animals in the same group as the affected

individual to promptly intervene in case signs appear (34).

3.2.3 Otitis media and otitis interna (OMI)

Otitis media/interna (OMI) is a common bacterial-origin pathology in ruminants, especially
in cattle, causing significant economic losses (51). Both sporadic cases and outbreaks have
been reported (52). The condition is more frequent in calves aged 1 week to 18 months,
particularly during the weaning period(53). Males might be predominantly affected (54),
especially in cases of Mycoplasma bovis infections (55). Beef cattle are generally more
affected, though there has been an increase in cases in dairy cattle in recent years (56).
Incidence of the condition may increase in winter months and during extreme climatic
periods (57).

In most cases, OMI is a consequence of an upper respiratory tract infection and bacteria
ascend through the Eustachian tubes from the nasopharynx to reach the middle ear.
Therefore, commonly involved bacteria are those responsible for respiratory infections in
cattle, such as Mycoplasma spp, Mannheimia haemolytica, Pasteurella multocida,
Corynebacterium pseudotuberculosis, and Histophilus somni (6,58). M. bovis is becoming
the primary etiological agent of OMI in dairy cattle, but its exact prevalence is difficult to
determine due to the challenge of culturing these microorganisms and the presence of non-
pathogenic species within the same genus in healthy ears (56). Trueperella pyogenes, is
frequently isolated in chronic forms (56). Other microorganisms from the genera
Streptococcus, Staphylococcus, and Neisseria have been isolated in conjunction with the
aforementioned respiratory bacteria, but that these microorganisms can also be present in

the external ear of healthy cattle (59). More rarely, OMI could result from an external ear
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infection that breaches the tympanic membrane or from septicemia. Hematogenous spread
can usually be ruled out if there are no clinical signs of septicemia (6,59). When the infection
arises from the external ear, it is often secondary to parasitic infestation. This possibility is
rare in Europe and more typical of tropical and subtropical environments, where the involved
parasites are usually nematodes. In temperate zones, though rare, a similar situation could
arise due to infestation with Raillietia auris (56).

OMI, if left untreated, can spread to the CNS, causing subdural abscesses,
meningoencephalitis, or brain abscesses. Dissemination to the CNS is rare, however (6).
Clinical signs vary depending on the structures involved. Considering that the infectious
process is usually unilateral and involves both the middle and inner ear, peripheral vestibular
signs with involvement of the CN VIl and the CN VIII can be observed. These may include
head tilt towards the side of the lesion, horizontal nystagmus with the rapid phase that goes
away from the lesion, and vestibular ataxia with a tendency to drift and circle toward the side
of the lesion. CN VIl involvement is due to its close proximity to the tympanic bulla, resulting
in ipsilateral deficits including drooping eyelid, pendulous ear, and flaccid lip and nostril
(6,56). Sometimes, before the onset of vestibular signs, reduced appetite, fever, and
persistent head shaking due to the discomfort from the ongoing inflammatory process may
be noticed (60).

In cases of involvement of the external ear, discharge from the ear, generally purulent, may
be observed (59). Finally, in cases where the inflammatory process disseminates to the
CNS, animals might develop subtle or pronounced signs of brain disease (6).

The presumptive diagnosis of OMI is primarily based on medical history and clinical
examination, and the main differential diagnosis is listeriosis. Based on neurological
examination, the two conditions can be distinguished, as animals with OMI maintain a
normal and alert level of consciousness and the disease does not involve CN other than CN

VIl and CN VIII (59). Definitive diagnosis requires additional investigations. Blood analysis
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may show only an inflammatory leukogram not being therefore very indicative. CSF analysis
is usually normal unless there is CNS involvement (46).

For a definitive diagnosis, otoscopic examination or imaging techniques such as X-rays or
CT scans can be used to visualize the tympanic bullae. Aural discharges can be cultured or
tested by PCR for the presence of Mycoplasma spp. or other bacteria.

Post-mortem necropsy examination can reveal characteristic lesions such as erythema and
swelling of the tympanic membrane, edema or thickening of the mucosa of the auditory
system, exudate in the tympanic cavity, rupture of the tympanic membrane with exudate
accumulation in the external auditory canal, destruction or sclerosis of bony structures inside
and around the ear, and replacement of bony structures with granulation tissue.
Histopathological examination may reveal a suppurative inflammatory process in the
tympanic cavity and surrounding bony structures, osteolysis, and perineural inflammation of
CN VIl and VIII (56,59).

Treatment varies depending on the etiological agent causing the OMI. Parasitic otitis
requires external ear lavage and topical antiparasitic therapy with ivermectin (59). For
bacterial otitis, antibiotic therapy is indicated. Ideally, antibiotics should be chosen based on
culture and sensitivity, but this is often not feasible. Given the frequent involvement of
multiple bacterial species, a broad-spectrum therapy is often chosen (56). Mycoplasma
organisms, which lack a bacterial cell wall, are often involved, making the use of 3-lactams
ineffective in these cases (6). In a study from 2015, a combination therapy of tulathromycin,
oxytetracycline, and carprofen was found to be effective in calves with early diagnosis of
OMI (54). Another study identified complete response to enrofloxacin administration (52).
Overall acute cases often exhibit complete remission of clinical signs, while chronic cases,
which are often refractory to treatment, may have persistent neurological deficits even after

complete resolution of the infectious-inflammatory process (6,59).
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3.2.4 Encephalitic listeriosis

Neurologic disease produced by pathogenic serotypes of Listeria monocytogenes is
common in adult cattle. Listeriosis is a disease with zoonotic potential, raising public health
considerations when its occurrence is evident. In most cases, human infection occurs
following the consumption of inadequately pasteurized milk, cheeses made from such milk,
or meat-based products. Less commonly, infection may result from contact with infected
animals (46,59).

Listeria monocytogenes is a motile, gram-positive bacillus with the remarkable ability to
inhabit and replicate within macrophages and various other cell types. This bacterium
infiltrates the brainstem, specifically targeting CN V and CN VII, and potentially other CNs.
Research strongly suggests that the entry of the organism into the CNS commonly occurs
through breaches in head tissues, in regions such as the face and oral cavity. Migration of
Listeria occurs along CNs, primarily the trigeminal branches, ultimately reaching the
pontomedullary region of the brainstem, thereby initiating the development and
dissemination of meningoencephalitis. Another possible route of CNS infection is reported
to be via the bloodstream. Bacterial infection manifests as diffuse microabscesses and a
meningitis characterized by the inflammatory response's evolution from neutrophilic
dominance to a prevalence of mononuclear cells.
Feeding of silage, most particularly when it has not been rendered totally anaerobic during
processing, is the main risk factor for listeriosis. Thus, animals being fed silage, often indoors
in winter, that have teeth erupting or are predisposed to facial and mouth injury by access
to coarse straw are overrepresented with the disease.
Encephalitic listeriosis is characterized by mental state depression, often accompanied by
a gradual or sudden onset of head tilt and circling behavior. These animals may also display
a tendency to isolate themselves from the herd, drawing attention to ocular and nasal

discharge, food retention in the oral cavity, excessive salivation, teeth grinding, and
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abdominal bloating, which are readily noticeable to farmers and owners. Upon neurological
examination, head tilt and turn, circling, as well as paresis and ataxia affecting all limbs are

consistent findings. Several CNs are often involved:

- CN V: loss of tone and drooping jaw, inability to eat due to paresis/paralysis of the
masticatory muscles, and loss of sensitivity in the head.

- CN VII: drooping ear, loss of lip tone and ptosis (which cause drooling on the same
side), absence of the menace response and palpebral reflex (which can lead to
secondary exposure keratitis).

- CN VIII: vestibular signs such as head tilt, pathological nystagmus and vestibular

ataxia.

As the infection spreads to the midbrain, progressive obtundation sets in, culminating in a
semicomatose state, and the disease is fatal without treatment. It is noteworthy that, during
the early stages of the disease, forebrain-related signs such as seizures, aggressiveness,
and blindness are usually absent, a characteristic that differentiates listeriosis from various
other meningoencephalitis observed in ruminants.
The diagnostic suspicion of listeriosis is based on the history (particularly indicative
information such as silage consumption) and neurological signs, supported by characteristic
findings in CSF analysis. A venous blood gas analysis can identify metabolic acidosis
resulting from excessive bicarbonate loss due to salivation (59). CSF analysis usually
reveals increased TP concentration and moderate mononuclear PL. The extent of CSF
alterations is not correlated with the severity of the disease or prognosis (6,8). L.
monocytogenes rarely reaches the ventricular system, hence both culture and PCR from
CSF frequently yield negative results (61). A definitive diagnosis of encephalitic listeriosis is
made at necropsy (59). Isolation of L. monocytogenes can be successful from biopsy

samples of nervous tissue, especially if stored at refrigeration temperature (4°C), as the
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bacteria can multiply under such conditions (6,46). Immunohistochemistry (IHC) for listeria
antigens results more effective than culture for detecting the pathogen (56). At necropsy,
lesions are present throughout the brainstem. Macroscopic findings include mild to marked
congestion of meningeal vessels. Microscopic lesions are more characteristic and include
multifocal asymmetrical brainstem microabscesses with areas of malacia and intense
perivascular cuffing with mononuclear cells, and meningoencephalitis. Other findings are
multifocal gliosis, axonal degeneration and swelling and neuronophagia (6,56). Within
necrotic areas, macrophages prevail, while neutrophils are more prominent in
microabscesses. The aforementioned microscopic lesions are sufficient for diagnosing
listeriosis even in the absence of  microorganism isolation (59).
Therapeutically, administration of antibiotics over an extended period of generally 2-4 weeks
or more is recommended. Commonly used antibiotics include tetracyclines (oxytetracycline),
penicillin, and ampicillin (6,56,59). Supportive therapy to rehydrate the animal and restore
proper acid-base and electrolyte balance is crucial alongside antibiotic treatment. The use
of anti-inflammatory therapy remains under discussion; in dehydrated animals, potential
adverse effects of NSAIDs, such as renal toxicity and gastrointestinal ulcerations, may be
exacerbated (56,59). Similarly, steroid anti-inflammatory agents like dexamethasone might

inhibit cell-mediated immune response (56).

3.2.5 CNS abscesses and empyema

Suppurative processes of the CNS often create considerable necrosis. The accumulation
of necrotic tissue localized within a tissue (e.g. the brain), is an abscess. When this purulent
accumulation occurs in a pre-existing cavity or between adjacent tissues, it is referred to as
empyema. Basilar empyema is an accumulation of purulent material at the level of the
basisphenoid bone surface, involving also the carotid rete mirabile and the pituitary gland

(62). Brain abscesses or empyema are a relatively rare condition of mainly adult cattle, with
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two possible pathogenic mechanisms proposed as causes: either the expansion of a
localized purulent process involving other structures of the skull (such as chronic frontal
sinusitis) or the dissemination through the bloodstream. For basilar empyema there is often
a history or evidence of processes such as nose ringing (46). Organisms isolated from brain
abscesses or empyema in ruminants include Trueperella pyogenes in the majority of cases,
Corynebacterium pseudotuberculosis, Fusobacterium, Streptococcus spp, Acinetobacter
spp, Pseudomonas spp, and E. coli. (46,49). Brain abscesses fall under the category of
"space-occupying lesions”, and their clinical manifestations primarily arise from the
compression they exert on brain tissue, varying according to the location of the lesion.
Typically, the clinical signs are asymmetric and exhibit a gradual onset. Commonly observed
signs include altered sensorium, behavioral changes, ataxia, tetraparesis, blindness
(unilateral or bilateral), compulsive walking, circling, head pressing, and head tilt. When an
abscess is located near the brainstem, it can lead to deficits in several cranial nerves
(6,46,49). In more advanced stages of the disease, signs may include decerebrate rigidity
posture and seizures (6). Additionally, severe conditions like brain herniations, where the
cerebellum descends through the foramen magnum, exerting pressure on the medulla
oblongata, can be lethal.

Suspecting a brain abscess in cattle relies on clinical presentation and CSF analysis, which
may vary from normal to significantly altered, with elevated TP concentration and severe PL
(8). This variation depends on the location of the abscess, either extradural or intradural. In
some cases, contrast MRI and CT have been employed to confirm the diagnosis in bovine
patients. However, the latter are not practical in routine clinical settings and definitive
diagnosis often requires postmortem investigations. During necropsy, macroscopic
examination may reveal flattened convolutions, cerebellar herniation, and telencephalic
asymmetry. Predominantly, lesions are found in the cerebral cortex, characterized by

yellowish, purulent material encapsulated by a thin whitish layer. The inflammatory infiltrate
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is prominent, with both healthy and degenerated neutrophils. Abundant bacteria, a delicate
fibrous lining, neovascularization, and perivascular infiltrates of lymphocytes and plasma
cells are also observed (62). While treatment involving antimicrobials and anti-inflammatory
drugs may vyield a slight, albeit temporary, improvement, the prognosis remains extremely

poor (46).

3.2.6 Vertebral suppurative arthritis, osteomyelitis and discospondylitis

Pyogenic organisms can infect vertebrae and associated structures, leading to a range of
pathological changes that ultimately compress the spinal cord. This process is commonly
observed in colostrum-deprived neonates and may coincide with other pyogenic diseases
caused by various bacteria such as sepsis and NBSM-ME. Clinical signs often include
reluctance to move, stiffness, pain, paresis, and other neurological deficits. The involvement
of different segments of the spinal cord can lead to specific neurological deficits, such as
flaccid pelvic limb paresis/paralysis and hyporeflexia in case of L4-S2 spinal cord lesion.
Coexisting problems like diarrhea, polyarthritis, localized sepsis, or other abscesses may be
present. Diagnosis involves imaging (X-rays, CT, MRI), and CSF analysis, which can vary
from normal to mononuclear PL or AC dissociation. CSF culture is only rarely positive while
culture from samples obtained by direct aspiration from vertebral and paravertebral lesions
has proven useful in identifying the bacterial agent. Treatment includes prolonged

antimicrobial, although the prognosis remains generally poor (46).

3.2.7 Septic aortic thrombosis

Diarrhea and sepsis caused by E. coli can precede the development of septic thrombosis in
the descending aorta and iliac arteries, leading to subsequent paralysis in neonatal or
preweaning calves. This condition results in significant motor neuron impairments,
particularly affecting the pelvic limbs, tail, and perineum, ultimately culminating in flaccid

paraplegia (46,63).
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3.3 Knowledge gaps in bacterial infection of the CNS

Achieving an etiological diagnosis in case of CNS infection is paramount, enabling precise
treatment and effective control and prevention strategies. Doing so can be challenging
however because clinical signs and hematological changes often are nonspecific.

While advanced diagnostic imaging is less feasible for larger animals, CSF collection can
be easily and safely performed in the field. CSF analysis in the diagnosis of infection usually
shows a moderate to marked increase in TNCC and TP concentration which are not specific
for CNS infectious diseases, however (26). Additionally, as outlined in Chapter 2.4, the
timely analysis of CSF is essential, yet it is subject to operator proficiency and requires
specialized facilities that may not be readily accessible on-site. Furthermore, the current
approach for identifying the causative agent behind bacterial CNS infection relies on
bacterial detection through Gram staining or CSF culture isolation and this method is
burdened by delayed diagnosis and suboptimal sensitivity (8,29).

To address these limitations, pioneering approaches might hold potential. Machine learning
(ML) techniques, have shown promise in revolutionizing disease diagnosis (64). By
analyzing complex patterns and correlations within datasets, ML algorithms can potentially
discern subtle nuances that elude human observation, leading to more accurate and rapid
diagnoses. These algorithms could be trained on large datasets including different clinical
and laboratory information, supporting the diagnostic process of bacterial infection of the
CNS. Another frontier lies in the utilization of next-generation sequencing (NGS)
technologies (65). NGS offers unparalleled insights into microbial diversity, enabling the
detection of even rare and elusive pathogens. By sequencing bacterial genomes present in
CSF samples, NGS can provide a comprehensive view of the pathogenic landscape,
allowing for targeted treatment strategies and real-time monitoring of therapeutic efficacy.
Moreover, the quest for novel biomarkers holds significant promise in transforming

diagnostic paradigms (66). The discovery of specific molecules associated with bacterial
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CNS infections could offer rapid and reliable diagnostic tools. These biomarkers could be
detected in CSF samples, offering a fast and specific means of identifying CNS bacterial
infections. Lastly, the validation and exploration of automated CSF analyzers could serve
as a viable alternative to the labor-intensive manual analysis, offering more prompt and
operator-independent outcomes (67).

In conclusion, the accurate diagnosis of bacterial CNS infection in cattle is an imperative yet
challenging endeavor. While traditional diagnostic approaches rely on clinical reasoning and
CSF standard analysis, the integration of innovative approaches like ML, microbial DNA
sequencing, biomarker identification and automated CSF analysis holds the potential to
revolutionize the field. These cutting-edge methodologies could provide timely, accurate,
and specific diagnoses, thereby facilitating more effective treatment and management
strategies for bacterial CNS infection in cattle.

The upcoming sections will provide an overview on the current landscape of ML techniques
integrated into clinical decision-making, advancements in bacterial DNA sequencing
methods, the exploration of lactate as a potential bacterial infection marker and the current

use of automated analyzers for CSF analysis.

4 ML in medicine and scientific research

The use of ML in medicine and scientific research has gained significant attention recently
(68). Advanced technologies have led to the rapid accumulation of diverse patient data,
including medical images, -omics profiles, clinical records, and social media data. These
health datasets are often high-dimensional, containing numerous features per observation
(64). Moreover, datasets are typically sparse, noisy, and lack statistical power, complicating
traditional data analysis methods that focus on single variables or simple correlations.
Additionally, integrating diverse data types for a comprehensive understanding of diseases

exacerbates these challenges (64). To address this, advanced ML models are increasingly
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applied to biomedical and healthcare data. In contrast to conventional statistical analysis,
which depends on predefined rules and follows a hypothesis-driven approach, ML learns
insights directly from input data, enabling predictions in new scenarios. These approaches
help tackle high-dimensional data by reducing analyzed features and integrating data
sources to increase statistical power (64). ML techniques are broadly divided into three
categories: supervised, unsupervised, and reinforcement learning methods. Among these,
supervised ML is the most frequently employed for disease-related data and needs a labeled
dataset for training. These labels often require manual curation, like a radiologist labeling
MRI scan images or a pathologist categorizing post-mortem patient samples. The ML
algorithm constructs a model based on the relationship between input features (e.g., brain
region size from an MRI scan) and the label (e.g., diagnostic category) from this labeled
dataset. Subsequently, the algorithm can predict the label for new, unlabeled datasets using
this model. Classification and regression are two subsets of supervised learning.
Classification predicts categorical outputs (diagnostic categories) for each data sample
(patient), while regression predicts continuous variables (e.g., functional impairment degree
on a continuous scale). In contrast, unsupervised ML does not require labeled data and is
useful for clustering data samples or simplifying complex datasets. For instance, gene
expression datasets can be analyzed using unsupervised clustering algorithms to identify
patient clusters with shared molecular characteristics.

Reinforcement learning employs “rewards” or “punishments” to achieve desired outcomes.
For instance, an algorithm might explore a new medication regimen based on the medical
history of patients, with rewards for improvements and punishments for adverse reactions.
Although rapidly explored, reinforcement learning is less prevalent in the disease research

field compared to supervised and unsupervised learning (Figure 6) (64,69).

Figure 6: Categories of Machine Learning (from “Applications of machine learning
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Numerous ML algorithms exist and choosing the right one for specific data is crucial. When
focusing on supervised learning, modality (data form) and volume (data sample count) play
vital roles in algorithm selection. For data with a low sample-to-feature ratio (SFR) (SFR
<10:1), algorithms struggle to learn effective ‘featurization' and classification. Featurization
means identifying and extracting characteristics or 'features' that differentiate data points
into classes. A higher SFR facilitates better feature identification. For limited datasets,
constrained models like hierarchical Bayesian models simplify the task by learning a few
parameters. Larger datasets commonly employ support vector machines (SVM) or random
forests (RFs). SVMs map datasets to maximize the separation of categories (e.g. healthy
and diseased). In contrast, RFs construct numerous independent decision trees, each
providing a classification, and the algorithm selects the most common prediction from these
trees to mitigate overfitting seen with a single decision tree.

A comprehensive review (70) has underscored the widespread utilization of ML methods in
human medicine field. The review identified 44 articles that applied ML techniques to
improve human disease diagnosis within the period 2015-2020, primarily concentrated in

the fields of cardiology, endocrinology, infectious diseases, and pulmonology.
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Compared to human medicine, the utilization of ML methods in veterinary medicine has
been considerably limited. Specifically, when applying ML to clinical decision-making and
diagnosis, only a few studies have explored its potential role. Examples include predicting
the likelihood of survivability and the necessity for surgery in horses diagnosed with acute
abdomen (71), as well as predicting the occurrence of chronic kidney diseases in cats (72).
Additionally, ML has been employed for disease classification using MRI data in dogs
(73,74).

In light of these findings, it is evident that ML holds substantial promise for advancing
veterinary medicine, offering opportunities to enhance clinical decision-making, diagnosis,

and disease classification. Future investigations in this realm are warranted.

5 NGS for microbial community analysis

NGS technology has advanced our understanding of microbial communities within diverse
environments (75). NGS technology enables the simultaneous sequencing of millions of
DNA fragments, providing unprecedented insights into the genetic composition and
functional potential of complex ecosystems and bypassing the need for microbial culture
(75). This approach has now applications in diverse fields and is advancing in veterinary
and human medicine, aiding diagnostics in challenging cases (76).

Sequenced based microbiome studies can be divided into metagenomic sequencing (i.e.
shotgun sequencing) and metataxonomic or metabarcoding sequencing (i.e. 16S gene
sequencing). Shotgun sequencing involves sequencing all DNA present in a sample, while
16S gene sequencing focuses specifically on a universal gene (16S gene) highly conserved
among bacteria. Shotgun sequencing provides more information than 16S gene
sequencing. In particular, shotgun sequencing is better suited for exploring various microbial
kingdoms, including not just bacteria but also viruses and fungi. Additionally, shotgun

metagenomic sequencing has the potential to identify bacteria and other microorganisms at
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the species level (e.g., Bifidobacterium longum), and in some cases, even down to the strain
level. In contrast, 16S gene sequencing typically identifies bacteria at the genus level (e.g.,
Bifidobacteria). Furthermore, unlike 16S gene sequencing, shotgun sequencing offers
insights into microbial gene content and functions. Nevertheless, despite the fact that 16S
gene sequencing cannot directly profile microbial genes/functions, some bioinformatic tools
are available to predict microbiome function with 16S gene data. Furthermore, innovative
approaches to 16S gene sequencing have recently been introduced to enhance the depth
of taxonomic classification, reaching the species level for a majority of identified bacteria
(75). Adding to this, a significant advantage of 16S gene sequencing in bacterial community
investigation lies in its reduced likelihood of amplifying and sequencing 'host' DNA. In
contrast, shotgun metagenomic sequencing involves sequencing all DNA within a sample,
potentially leading non-microbial reads to obscure microbiome results. This distinction is
especially crucial in microbiome studies on samples where microbial biomass could be low
while host DNA is abundant. Based on these premises, 16S gene sequencing might be
better suited for investigating bacterial CNS infection in cattle. The following sections will
describe workflow and application on microbiome analysis, focusing on 16S gene

sequencing.

5.1 16S gene PCR and sequencing workflow

Irrespective of the chosen sequencing technique, the fundamental stages of investigating
microorganisms in a sample are quite similar. This process starts with sample collection and
preservation, which can vary based on context and sample type. Sterile conditions are
recommended during collection to ensure patient well-being and prevent contamination that
could impact analysis outcomes. A significant challenge lies in distinguishing between

encountered microorganisms as potential pathogens or contaminants when interpreting
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sequencing data (77). This distinction becomes particularly crucial when sequencing
samples with low biomass (78).

Given the vulnerability of nucleic acids to environmental enzymes or host action, sample
preservation is critical, and the sample should be frozen upon collection at -80°C, being
cautious not to undergo repeated freeze-thaw cycles which could release endogenous
nucleases and degrade nucleic acids (79) If immediate freezing is not possible, various
preservation media that stabilize or fix bacterial DNA for sample storage are being
developed (80).

The sample processing begins with the extraction of DNA. Extraction can be manual or
automated depending on the laboratory, and a variety of commercial kits are available based
on the chosen method and the type of biological sample (75).

The subsequent steps involve creating DNA libraries. Library preparation will vary according
to the technique of sequencing. 16S library preparation is based on the following steps:

- Amplicon PCR: the 16S rRNA (ribosomial ribonucleic acid) gene regions are
selectively amplified using PCR with universal primers targeting conserved regions.
This step generates amplicons specific to the 16S gene across diverse
microorganisms. Usually the 16S targeted regions are the V3 and V4 regions,
however different protocols have been suggested in the literature (75,81).

- PCR clean up: this step purifies the 16S V3 and V4 amplicon away from free primers
and primer dimer species.

- Index PCR: this step attaches dual indices and sequencing adapters. These adapters
contain sequences that enable the samples to be multiplexed and that will be
recognized by the sequencing machine. Ligation involves binding the adapters to the
ends of the DNA fragments.

- PCR clean up 2: This step cleans up the final library before quantification.
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- Library Quantification, Normalization, and Pooling: the purified library is then
quantified and normalized to ensure equal representation of each sample before
pooling. For quantification a fluorometric method that uses dsDNA binding dyes is
recommended (e.g. Qubit Fluorometer). Moreover, the library size should be verified
by means of a Bioanalyzer that provides quantitative and precise information about
the size distribution of the library fragments. This is crucial for ensuring the success
of the sequencing experiment (82).

The sequencing process itself is automated and executed by sequencers, specialized
machines designed to determine the order of nucleotide bases that constitute DNA chains.
Sequencers come in various types, each with its unique mechanism. The outcomes
produced are referred to as reads, which are sequences of bases corresponding to sections
or complete DNA fragments (77). These reads are also described as the base sequences
of individual DNA molecules (77,83). Diverse NGS platforms are available from different
manufacturers, each incorporating distinct technologies and capabilities. lllumina platforms
are the most prevalent, with a range of instruments such as MiniSeq, MiSeq, NextSeq,
NovaSeq, and HiSeq models.

The sequencing results require analysis and interpretation, typically accomplished through
specialized software and pipelines. Commonly used pipelines include QIIME (quantitative
insights into microbial ecology), USEARCH and DADAZ2 (84,85). The first step of analysis is
to convert the raw reads into a feature table. These raw reads are typically in paired-end
(PE) 250 bases mode. The process begins with the grouping of raw amplicon PE reads
based on their barcode sequences, a procedure known as demultiplexing. Subsequently,
the PE reads are merged to generate amplicon sequences, with the removal of barcodes
and primers. It is common to include a quality control step to eliminate low-quality amplicon
sequences. A crucial aspect of amplicon analysis involves selecting representative

sequences to serve as proxies for species identification. There are two primary methods for
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representative sequence selection: clustering into Operational Taxonomic Units (OTUs) or
denoising to generate Amplicon Sequence Variants (ASVs). The UPARSE algorithm is
utilized for sequence clustering, grouping sequences with 97% similarity into OTUs.
However, this method may fail in detecting subtle differences among species or strains. A
more precise denoising algorithm called DADAZ2 has been developed, which produces ASVs
as highly accurate representative sequences. This denoising approach is accessible
through various tools such as 'denoise-paired/single' by DADAZ2, 'denoise-16S' by Deblur in
QIIME 2 and '-unoise3d' in USEARCH. Finally, a feature table, referred to as the OTU/ASV
table, is generated by quantifying the frequency of these feature sequences in each sample.
Concurrently, the feature sequences can be assigned taxonomy, typically at various
hierarchical levels, including kingdom, phylum, class, order, family, genus, and species. This
taxonomic assignment provides a means of dimensionality reduction in the analysis of
microbiota data (84).

In general, 16S gene sequencing is primarily employed to gather information about the
taxonomic composition of microbial communities. However, several software packages
have been developed to predict potential functional information. This prediction is based on
linking the 16S gene sequences or taxonomy information with functional descriptions found
in the scientific literature (84).

Figure 7 illustrates the workflow of commonly used methods for 16S rRNA gene sequencing

(referred to as “amplicon”) (A) and metagenomic (B) sequencing.

Figure 7: Workflow of commonly used methods for 16S rRNA gene sequencing (A) and
metagenomic (B) sequencing (from “A practical guide to amplicon and metagenomic analysis of

microbiome data”, by Liu et al. 2021)
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5.2 Applications in human CSF

Bacterial CNS infections in human occur mostly in children, elderly and
immunocompromised individuals. Meningitis can also develop after neurosurgical
procedures like craniotomy, or during the insertion of devices like ventriculostomy tubes. It
is also observed in cases of spinal surgery and among patients who have experienced head
injuries (86).

Over the last decade, advanced sequencing technologies have greatly improved the
capacity to detect the causative agents of infectious diseases of the CNS in clinical human
samples, where conventional methods are often burden by delayed diagnosis and lack of
sensitivity (65). In particular, several studies focused on the application of NGS techniques
on CSF and both metagenomic and metataxonomic sequencing techniques have been
applied (87,88). However, studies demonstrate varying sensitivity and specificity of NGS
methodologies due to different extraction methods and databases used for comparison.
Despite the benefits, challenges in result interpretation, identification of commensal vs.
pathogenic microbes, and technical limitations persist, warranting further research to
establish NGS as a diagnostic gold standard for CNS infections (78). Moreover, NGS's

potential to investigate the CNS microbiome, once considered sterile, is emerging as a
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groundbreaking avenue of research. Recent studies have explored the presence of
microbes within CSF and brain tissue, with varying results and implications for

understanding neurological health and disease (89,90).

5.3 Applications in veterinary medicine

Unlike human medicine, in the veterinary field, there have been 3 published studies so far,
where CSF was analyzed with NGS technology. These were conducted in dogs and aimed
to evaluate the presence of potential causative agents in subjects with
meningoencephalomyelitis of unknown origin (MUO) using shotgun sequencing. Their
analyses did not identify potentially pathogenic microorganisms, supporting the hypothesis
that MUO might be immuno-mediated (91-93). Another study aimed to assess the
prevalence of neurologic infectious diseases in the Swiss cattle population and used
metagenomic sequencing on RNA and DNA extracted from brain tissue to diagnose viral
infections (36).

Concerning the use of 16S sequencing in cattle, several studies have been performed on
substrates different from CSF. In particular, they focused on characterizing the rumen and
fecal microbiome (94,95), the respiratory system microbiome (96,97), and the skin
microbiome (98), both in health and disease.

In summary, a wide range of applications for NGS exists within the field of farm animal
medicine. However, applications of NGS on CSF to investigate diagnosis of CNS infection

in veterinary patients are lacking.

5.4 Experimental considerations in Low-Biomass research

Samples can be categorized as having high microbial biomass (e.g., stool), low microbial

biomass (e.g., respiratory tract samples), and zero-to-low microbial biomass (e.g., placental

56



and fetal tissues, brain tissue, and CSF). In the latter, the existence of microorganisms is
not established (78).

Contamination presents an ongoing challenge in microbiological research, especially
concerning low or zero-to-low biomass samples. The issue has been highlighted by recent
reports of human tissues, such as blood, brain and cancers, which were previously thought
to contain no, or very little, bacterial biomass, but apparently contain diverse microbial
communities. These discoveries carry implications for human health and disease. However,
in investigations involving low biomass, distinguishing meaningful signals from
contamination-induced noise is complex. Contamination may lead to misinterpreting sterile
tissues as non-sterile or vice versa, thereby obscuring genuine microbial signals.
Contaminants can originate from microbial DNA present in various sources such as
reagents, labware, tools, and DNA extraction kits. Additionally, cross-contamination can
occur between PCR tubes or wells, sequencing runs, and sequencing lanes (99-101).
Commonly used negative controls are imperfect, as they only capture a limited subset of
sample-processing stages or are unevenly distributed across batches. Relying excessively
on such negative controls often leads to the identification of false positive signals attributed
to contaminant detection. Even with proper controls in place, distinguishing authentic signals
from low-abundance contaminants proves challenging, as sporadic appearances of signals
in both samples and negative controls are possible. Conversely, potentially genuine signals
associated with samples can sometimes erroneously emerge in negative-control samples
due to cross-contamination during DNA extraction, PCR or sequencing stages (78,101).
Given the limitations of sequencing approaches, confirmation through alternative methods,
such as 16S FISH, bacterial culture, 16S qPCR, or ICH for bacterial components (e.g., LPS),

is necessary (78).
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6 Lactate

6.1 Introduction

Lactate is a metabolite produced by various metabolic reactions within the body. For a long
time, it was considered a simple byproduct of anaerobic metabolism, but its importance has
now been significantly reevaluated, and its fundamental role in cellular bioenergetics is
recognized. Moreover, both in human and veterinary medicine, lactate proves to be a
potentially crucial diagnostic, prognostic, and therapeutic target, particularly in emergency

and intensive care conditions (102).

6.2 Definition

Lactate and lactic acid are not synonymous. Lactic acid, with a chemical formula of
CH3CH(OH)COOH, is a strong acid with a pKa of 3.8, which is not produced in vivo. At
physiological pH, lactic acid is nearly completely dissociated into the lactate anion,
C3CH(OH)COO-, and H+ protons (103). Lactate exists in the form of two enantiomers, due
to its asymmetric C2 atom: L-lactate and D-lactate. Under physiological conditions, L-lactate
is the predominant enantiomer in the mammalian body, accounting for 95-99% of total body
lactate (103,104). D-lactate is produced in significantly lower quantities through the
glyoxalase metabolic pathway and the degradation of glucose and carbohydrates by
commensal bacteria in the gastrointestinal tract of mammals (105). L-lactate can potentially
be produced by all cells in the body, and subsequently, it can be either utilized directly by
the producing cell for further metabolic pathways or released from it, accumulating in the
blood and many other body fluids, including CSF, synovial fluid, interstitial fluids, and

effusions (106).

6.3 Biochemistry of L-lactate
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Under physiological conditions, L-lactate is primarily produced by skeletal muscle (40-50%),
the brain (13%), and adipose tissue (in varying amounts) (107). Other L-lactate-producing
tissues and cells include the renal medulla, erythrocytes, leukocytes (mainly neutrophils),
platelets, skin, and the gastrointestinal tract (106). Erythrocytes, lacking mitochondria,
produce 80% of blood L-lactate (108). However, under pathological conditions such as
sepsis, there is a marked increase in L-lactate production by phagocytic immune cells
(neutrophils and macrophages) and therefore by organs rich in phagocytes like the liver,
spleen, intestines, and lungs (109).

The most significant metabolic pathway leading to L-lactate production is represented by
anaerobic glycolysis. Glycolysis is the primary degradation pathway of glucose, consisting
of a cascade of enzymatic reactions occurring in the cell's cytosol. Starting from one
molecule of glucose, it produces two molecules of pyruvate, two molecules of (adenosine
triphosphate) ATP, and two molecules of reduced nicotinamide adenine dinucleotide
(NADH). This process requires a constant supply of oxidized nicotinamide adenine
dinucleotide (NAD+) for ATP production, occurring in the absence of oxygen. Subsequent
phases take place in the mitochondria and only in the presence of oxygen. The pyruvate
produced via anaerobic glycolysis is decarboxylated to Acetyl Co-A within the mitochondria,
a reversible reaction catalyzed by the enzyme complex pyruvate dehydrogenase. Acetyl Co-
A then enters the tricarboxylic acid (TCA) cycle, generating carbon dioxide, NADH, flavin
adenine dinucleotide (FADHZ2), and guanosine triphosphate (GTP). The protons generated
from reduced cofactors NADH and FADH2 create a proton gradient enabling ATP production
through the electron transport chain (ETC). This combination of glycolysis, the TCA cycle,
and the ETC yields approximately 36 final ATP molecules from the oxidation of one glucose
molecule (110).

Under physiological conditions, around 10% of the pyruvate produced by glucose, is

converted to L-lactate in the cytoplasm through a reversible reaction catalyzed by the
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ubiquitous enzyme LDH (Figure 8) (111). LDH exists in five different isoenzymes, separable
through electrophoresis: LDH1, LDH2, LDH3, LDH4, LDH5. Each isoenzyme is a tetramer
composed of variously combined H and M subunits. Thus, each organ has a distinct pattern
of LDH isoenzymes based on its metabolic needs. Within the CNS, LDH1 and LDHZ2 are the
most expressed isoenzymes (112). When cellular oxygen availability decreases, NAD+
reserves deplete, pyruvate and NADH accumulate in the cytosol, and LDH increases its
activity, resulting in more L-lactate production (113). L-lactate formation reduces
cytoplasmic pyruvate and H+ concentrations, while replenishing NAD+. This way, through
glycolysis, the cell continues to produce ATP (114). While ATP production under anaerobic
conditions is significantly reduced (only 2 moles of ATP are produced per mole of glucose
metabolized to lactate), compared to aerobic metabolism, it allows a certain amount of
energy to be generated, sustaining cellular metabolism (105). When oxygen supply is
restored, LDH converts L-lactate back to pyruvate, which can enter the TCA cycle or be
utilized in gluconeogenesis. Hence, L-lactate formation serves as a protective mechanism,
consuming pyruvate and H+ ions, alleviating acidosis (115). L-lactate serves as a readily
transportable energy accumulation molecule, a form of energy currency that can be

exchanged and transferred to meet metabolic demands (116).

6.4 Lactate transport

Lactate is primarily transported across cell membranes through facilitated passive transport
facilitated by proton-linked monocarboxylate transporters (MCT) and sodium-coupled
MCTs. There are around 14 identified MCTs, with MCT1 and MCT4 being the most
significant in mammalian tissues. These MCTs exhibit variable expression across different
tissues and are relatively non-specific, moving various substrates including lactate,
pyruvate, acetate, propionate, butyrate, acetoacetate, and beta-hydroxybutyrate. MCTs also

have a crucial role in "lactate shuttles," which facilitate energy exchange between distinct
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cells and tissue types. Lactate shuttles have been observed in the brain, striated muscles,
liver, kidneys, and myocardium, serving as the primary means for lactate transportation

across cells, particularly among tissues with varying energy requirements (Figure 8) (117).

6.5 Biochemistry of D-lactate

D-lactate is produced in minimal concentrations in mammals, primarily through the
glyoxalase metabolic pathway and fermentations carried out by commensal bacteria located
in the gastrointestinal tract. Additionally, exogenous administrations of sodium lactate,
lactate Ringer's solution, some solutions used for peritoneal dialysis, and propylene glycol
administration can lead to the formation of D-lactate (106). It is also reported that the
consumption of certain foods by humans, such as milk, yogurt, pickles, apples, molasses,
tomatoes, beer, and wine, can represent a minimal exogenous source of D-lactate (106).
The glyoxalase metabolic pathway is a biochemical process that results in the conversion
of methylglyoxal (a reactive and toxic substance produced in small amounts during the
metabolism of carbohydrates, fats, and proteins) into D-lactate and glutathione. This
reaction is catalyzed by two enzymes: glyoxalase | and glyoxalase Il (118). This is a
ubiquitous reaction that can occur in the cytosol or mitochondria. Generally, the amount of
D-lactate produced through this metabolic pathway is extremely small (on the order of micro-
or nanomoles) and therefore is rare to have a condition of D-lactic acidosis. D-lactate is
normally produced in the organs of the gastrointestinal tract where fermentations occur
(rumen, cecum, colon), mainly by lactobacilli and bifidobacteria. Under physiological
conditions, the D-lactate produced in this way is not a threat to the body's acid-base balance
because it is rapidly converted by gut microbiota into acetate and other short-chain fatty
acids, such as propionate and butyrate (119). Once absorbed, propionate is eliminated by
the liver and converted into glucose, triglycerides, and carbon dioxide, while butyrate is

oxidized by colon mucosal cells for ATP production (120).
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Another possible metabolic pathway for D-lactate is its further conversion to pyruvate by the
enzyme D-a-hydroxy acid dehydrogenase and D-lactate dehydrogenase. The latter was
initially thought to be present only in lower organisms, but subsequent studies have shown
its presence in mammalian mitochondria. Specifically, these enzymes might be located on
the inner face of the mitochondrial membrane (121). However, there are contrasting theories
in the literature regarding the metabolism and excretion of D-lactate in mammals. The most
widely shared opinion is that D-lactate is not efficiently metabolized by mammals (119).

D-lactic acidosis is a metabolic condition that rarely occurs in mammals and is defined as
metabolic acidosis accompanied by an increase in serum D-lactate =2 3 mmol/L (122). In
humans it is occasionally observed as a consequence of short-bowel syndrome. It also
occurs in ruminants after grain overfeeding, inappropriate ruminal fermentation of milk, and
as a sequela to diarrhea in neonatal calves (103). An increase in D-lactate concentration
has also been documented in cats with diabetic ketoacidosis (123), propylene glycol
intoxication (124), exocrine pancreatic insufficiency (125), and gastrointestinal disorders

(126).

6.6 The Warburg Effect

The Warburg effect, also known as “aerobic glycolysis”, is a biological metabolic
phenomenon first observed in cancer cells. These cells show a tendency to prioritize
glycolysis, even under oxygen-rich conditions. This metabolic choice results in the
generation of lactate as a secondary product and contrasts with the predominant energy
production method of normal cells, which heavily rely on oxidative phosphorylation within
the mitochondria, especially in the presence of oxygen. Despite the comparatively lower
energy yield of glycolysis, cancer cells persistently utilize this pathway to fulfill their energy
demands. The Warburg effect is named after Otto Warburg, who first described this

metabolic alteration in 1923. The exact reasons behind why cancer cells exhibit this
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metabolic shift are complex and not completely understood yet. Some theories suggest that
the Warburg effect may provide advantages to cancer cells by supporting rapid growth,
providing biosynthetic precursors, and helping them cope with the unique metabolic
challenges of their environment. Moreover, tumor cells are not the only ones exhibiting this
distinctive metabolic pathway: naive immune cells, including neutrophils, dendritic cells, and
macrophages, switch their metabolism from oxidative phosphorylation to aerobic glycolysis
when activated using toll-like receptors (TLR) ligands or pro-inflammatory cytokines, in a
manner similar to tumor cells. Furthermore, in the brain, lactate production, primarily driven

by astrocytes, also occurs via this metabolic pathway (127).

6.7 Lactate in blood

6.7.1 Introduction

In both human and veterinary medicine, lactate, is a metabolite measured and evaluated
primarily in blood. An increase in blood lactate has been significantly correlated with the
severity, morbidity, and mortality of numerous pathological conditions such as shock, heart
failure, acute liver failure, severe sepsis, neoplasia, seizures, poisonings, and
pharmacological therapies (128).

Hyperlactatemia is defined as an increased concentration of lactate in blood beyond the
reference range. In dogs, normal lactate values range from 0.3 to 2.5 mmol/L (129); in cats,
the reported normal range in the literature is 0.30 — 1.69 mmol/L (130). In cattle, normal
blood lactate values reported are 0.31-1.51 mmol/L (131).

When collecting blood for lactate concentration evaluation, there are numerous factors to
consider to accurately interpret the results. Some studies show, for instance, that if an
animal becomes agitated and moves during the blood sampling, a temporary state of
hyperlactatemia can occur due to muscular activity (130); even prolonged occlusion of the

vessel from which the blood is collected can increase lactate concentration (132), however,
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the vessel momentary occlusion during routine blood sampling should not lead to this kind
of alteration (133). Regarding the sampling site, lactate measured in arterial blood seems to
be a better balance between lactate production and extraction by all body tissues compared
to venous lactate (129). However, the difference between arterial and venous lactate is
minimal (unless severe hypoperfusion is present) and lactate is usually measured in venous
blood due to ease of collection (102). Lactate can be measured in whole blood, plasma, or
serum. Measuring lactate in serum is not recommended as the time needed for sample
preparation can lead to a significant increase in metabolite concentration, however (134).
Lactate measured in whole blood should represent the average of plasma and intra-
erythrocytic concentration after red blood cell lysis, while plasma lactate represents only the
plasma portion. Nevertheless, most lactate analyzers, both laboratory-based and portable,
use whole blood as the sample but do not perform erythrocyte lysis, so the lactate value
they provide is actually the plasma value; this allows for much quicker results, as there is no
need to wait for the time required for centrifugation and sample separation, and the provided
value is still reliable (116). Understanding the machine's operation and reported value type
is crucial for comparing results with reference ranges and literature (116). Finally,
concerning sample handling, it is advised not to use tubes containing sodium citrate as it

interferes with lactate measurement in the sample and leads to falsely lower results (134).

6.7.2 Classification of hyperlactatemia

As previously mentioned, when a blood lactate value exceeds the physiological range, it is
termed hyperlactatemia. Hyperlactatemia is divided into two broad categories: type A,
resulting from insufficient oxygen supply, and type B, where oxygen supply appears to be
maintained. Patients can exhibit both type A and type B simultaneously. Furthermore, type
A hyperlactatemia can be relative, due to an increased oxygen demand, or absolute, due to

inadequate oxygen supply. Type B hyperlactatemia is further divided into three
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subcategories: B1, associated with underlying pathology; B2, associated with drugs and
toxins; and B3, caused by congenital metabolic disorders (102).

Relative type A hyperlactatemia is induced by a sudden increase in the oxygen demand of
the body and is primarily associated with physical activity or seizures. In both cases,
however, the increase is moderate and temporary, as the lactate concentration rapidly
decreases (in about 20-60 minutes) when muscular activity stops (135).

Absolute type A hyperlactatemia is due to reduced oxygen supply and is observed in cases
of shock, local and systemic hypoperfusion, severe anemia, severe hypoxemia, and carbon
monoxide poisoning (116). Among these, shock is the most common cause in veterinary
medicine. It has been observed that hyperlactatemia occurs independently of the type of
shock (hypovolemic, cardiogenic, obstructive, distributive) (136). Specifically, it develops
when shock becomes decompensated: this is when oxygen extraction is maximized, leading
to tissue hypoxia and activation of anaerobic metabolism to support cellular energy
production. Therefore, hyperlactatemia serves as an indicator of hypoperfusion (102).

Also type B1 hyperlactatemia, associated with the underlying pathology, is quite common in
veterinary medicine. Common causes include sepsis, which induces a hypermetabolic state
and damages microcirculatory components, leading to altered blood flow, mismatched
capillary perfusion, and unbalanced oxygen delivery to tissues (137). Malignant neoplasms
can interfere with lactate-related metabolic pathways via the Warburg effect (see Chapter
6.6), as can diabetes melltus due to dysregulated glycolysis, compromised
gluconeogenesis, reduced pyruvate dehydrogenase activity, and decreased oxidative
metabolism (106). Studies suggest that dogs with diabetes mellitus have statistically higher
plasma lactate concentrations compared to healthy dogs (138). Liver and kidney diseases
can also alter lactate elimination mechanisms (116). Additionally, thiamine deficiency,

hypothyroidism, cellular respiration disturbances, microcirculation alterations, or adrenergic
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stimulation leading to catecholamine release can contribute to type B1 hyperlactatemia
(116).

Type B2 hyperlactatemia, associated with drugs and toxins, is well-documented in human
medicine, with limited studies in veterinary medicine. Glucocorticoids, used at anti-
inflammatory or immunosuppressive doses, have been shown to increase blood lactate
concentration in animals. They alter carbohydrate metabolism, promote amino acid
conversion to pyruvate, inhibit pyruvate dehydrogenase, and enhance the hyperlactatemic
effect of catecholamines (139). Acetaminophen intoxication is associated with
hyperlactatemia due to mitochondrial respiration disruption and liver dysfunction, leading to
reduced lactate elimination (140). Significant increases in blood lactate have also been
reported in cases of ethylene glycol intoxication. Ethylene glycol is converted to toxic
metabolites such as glycolic acid, oxalate, and glyoxylic acid. This process elevates the
NADH/NAD+ ratio and inhibits pyruvate metabolism, promoting lactate formation (141).
However, it is known that ethylene glycol metabolites can be mistakenly measured as lactate
by some portable analyzers, leading to wrongly measured increases (142). Finally,
intoxication with propylene glycol (a substance widely used as a preservative in cosmetics,
food products, and pharmaceuticals) is reported to cause hyperlactatemia. However, these
cases are sporadic in veterinary medicine, and the pathogenesis is not fully elucidated (143).
Lastly, type B3 hyperlactatemia, resulting from congenital metabolic errors, is extremely rare
in animals. Possible congenital defects associated with this condition include pyruvate
dehydrogenase complex defects, defects in the TCA cycle, gluconeogenesis defects
affecting pyruvate carboxylase, phosphoenolpyruvate carboxykinase, fructose 1,6-

bisphosphatase, or glucose 6-phosphatase (106).

6.8 Lactate in other body fluids
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Both in human and veterinary medicine, several studies have been conducted to assess the

concentration of lactate in other body fluids besides blood.

6.8.1 Abdominal effusion

In veterinary medicine, the increase in lactate concentration in peritoneal fluid has been
observed primarily in the presence of bacterial septic effusions, neoplastic effusions, and
strangulating intestinal obstructions. For instance, a study demonstrated that a lactate
concentration > 2.5 mmol/L was significantly correlated with septic peritonitis in both dogs
and cats (144). Another study found significantly increased lactate concentrations in
abdominal effusion in dogs with neoplastic effusion (145). Experimental studies in dogs have
also shown that in the presence of strangulating intestinal obstruction, lactate concentration
in peritoneal fluid rapidly and significantly increases, while it tends not to increase in non-
ischemic intestinal obstructions (146). Similar results have been obtained in studies carried
out in horses: horses with strangulating intestinal obstructions also had significantly higher
lactate concentrations in peritoneal fluid (specifically =4 mmol/L) compared horses with non-
strangulating obstructions (147). Additionally, another study showed that in horses, a ratio
of lactate concentration in peritoneal fluid to blood > 1 significantly correlated with the need
for abdominal surgery (148); however, this result remains controversial as it was not

confirmed by other studies (149).

6.8.2 Pericardial effusion

In dogs, the concentration of lactate in pericardial effusion has been evaluated to determine
whether it could be used as a marker to differentiate neoplastic effusions from effusions of
other origins in this location. Despite the median lactate concentration values in neoplastic
effusions being significantly higher than that of non-neoplastic effusions, the too wide
overlap between the two groups prevented lactate to be a useful diagnostic tool (150). No

similar studies were conducted in other animal species.
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6.8.3 Bronchoalveolar lavage (BAL) and pleural effusion

In human medicine, increased lactate concentration has been observed in bronchoalveolar
lavage (BAL) during inflammation (151). Additionally, numerous studies have been
conducted to assess the concentration of lactate in pleural effusion highlighting that low
lactate values exclude an ongoing septic process, while elevated values are more likely to
be associated with sepsis or neoplastic conditions (152). In veterinary medicine, there are

currently no studies that have investigated this parameter in pleural effusion.

6.8.4 Synovial fluid

Studies conducted in human medicine demonstrate that a low concentration of lactate in
synovial fluid allows for the exclusion of septic arthritis, while elevated lactate levels can be
associated with different forms of inflammatory arthritis (153,154). In veterinary medicine,
studies have been carried out in dogs and horses, while research on other species is lacking.
In dogs, higher lactate concentration in synovial fluid is associated with septic arthritis
compared to immune-mediated inflammatory arthritis (155). Conversely, in horses, such
conclusion is less unequivocal, with considerable overlap in lactate values observed

between infected cases and their healthy controls (156,157).

6.9 Lactate in CSF

6.9.1 Introduction

Lactate in the CNS is produced primarily by astrocytes in response to neuronal activity by
“aerobic glycolysis”. This metabolic pathway is specific to astrocytes and is regulated by a
gene expression profile that promotes lactate production from pyruvate rather than its
utilization in the TCA cycle (Warburg effect, see Chapter 6.6). Once produced, lactate exits
astrocytes and can be taken up by neurons, as both cell types possess MCTs that facilitate

lactate transport via the lactate shuttle. Neurons can utilize lactate as an alternative energy

68



substrate to glucose (which remains the preferred energy substrate), thereby continuing to

generate a certain amount of ATP crucial for neuronal survival (Figure 8) (158).

Figure 8: Simplified representation of lactate production within astrocyte and astrocyte-neuron

lactate shuttle model (created with Biorender). GLUT: glucose transporter; MCT: monocarboxylate

transporter; LDH: lactate dehydrogenase.
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Numerous studies have underscored the physiological significance of lactate in ensuring
neuronal survival and functionality, especially under specific conditions such as
hypoglycemia and hypoxia (159). While lactate plays a neuroprotective role within certain
limits, a marked increase in its production by neural tissue, leading to elevated CSF
concentration, is indicative of neural distress and altered metabolism. This could result from
various CNS pathologies such as infections, seizures, strokes, mitochondrial disorders,
traumas, subarachnoid hemorrhages, and many others (160).

It is important to emphasize that the concentration of lactate measured in CSF can be
regarded as a specific marker of the metabolic state of the CNS, as it is independent of
blood lactate levels. This arises from lactate's full ionization at physiological pH, resulting in
slow BBB permeation. Multiple studies confirm this concept (161,162). However, under
pathological conditions, the integrity of the BBB could be compromised, leading to a partial

impact of blood lactate concentration on CSF lactate concentration (163,164).

6.9.2 Measurement techniques

The traditional measurement of lactate usually involves enzymatic or chromatographic
methods. Enzymatic techniques for lactate detection utilize enzymes to catalyze reactions
that generate detectable signals corresponding to lactate concentrations in a sample.
Lactate oxidase, a commonly used enzyme, reacts with lactate in the presence of oxygen,
producing pyruvate and hydrogen peroxide (H202) as byproducts. The enzymatic reaction's
detection can be interpreted through various approaches including colorimetric detection,
amperometric detection, fluorometric detection, and electrochemical detection. On the other
hand, chromatographic methods for lactate detection involve separating and quantifying
lactate molecules within a sample using chromatography techniques. Once the lactate
molecules are separated, they can be analyzed using a mass spectrometer. This device

quantifies the separated lactate molecules based on their distinctive signals (165).
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Portable lactate analyzers find frequent use in both human and veterinary medicine. These
include devices like Lactate Plus©, StatStrip Xpress©, Accutrend©, Lactate Pro©, Lactate
Scout©, and iISTAT®©. These analyzers rely on enzymatic methods to measure lactate
concentration. Specifically, Accutrend© and Lactate Plus© have been applied in veterinary
medicine for measuring lactate concentration in CSF (166,167).

Lactate Plus®©, is part of the same family as StatStrip Xpress© (Nova Biomedical, Waltham,
MA, USA) and has been previously validated for canine CSF analysis (166). It quantifies L-
lactate concentration using an enzymatic amperometric system. This approach involves
utilizing a lactate oxidase electrochemical biosensor to detect the production of hydrogen
peroxide resulting from the enzymatic reaction. This process generates an electric current
that directly corresponds to the lactate concentration. This instrument requires about 0.6-
0.7 L of the sample and provides results within 13 seconds (166).

The advent of these low-cost, user-friendly devices that provide reliable data in extremely
rapid times is at the core of the growing interest in lactate as a potential prognostic and
diagnostic marker in various pathological conditions, both in human and veterinary
medicine. The minimal amount of sample required for conducting the analysis is another
advantage of these tools, as the maijority of laboratory analyzers require a volume of at least

100 pL of sample (166).

6.9.3 Effect of blood contamination

The impact of blood contamination on CSF lactate concentration remains a topic of debate
in the literature. Erythrocytes can generate lactate through anaerobic glycolysis, potentially
leading to increased CSF lactate levels when present in samples, especially if analysis is
not conducted promptly after collection (168,169). However, recent consensus suggests that

blood contamination does not significantly affect CSF lactate concentration (170-174).
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6.9.4 Clinical utility of lactate in CSF

6.9.4.1 Human Medicine

Lactate in CSF has been extensively studied in human medicine, revealing elevated
concentration in various CNS-related pathologies. The physiological range for this
metabolite in humans is 1.2 - 2.1 mmol/L (175).

The most promising diagnostic efficacy of CSF lactate is observed in the context of
identifying bacterial meningitis and effectively distinguishing it from aseptic/viral
presentations.

Bacterial meningitis is uncommon (incidence 0.4-5%) yet serious, with mortality rates of 20-
40% (176). Early diagnosis is hindered by nonspecific clinical signs, concurrent infections,
and challenging CSF interpretation. Numerous studies have demonstrated an increase in
CSF lactate concentration during bacterial meningitis in the attempt to establish a cut-off
(range, from 2.1 to 4.44 mmol/L) that can differentiate bacterial meningitis from aseptic
inflammation of the CNS (177-180).

CSF lactate, rapidly measurable especially with portable analyzers, has exhibited superior
diagnostic utility compared to other CSF parameters (TNCC, TP concentration, glucose
concentration, CSF-to-blood glucose ratio) as a diagnostic aid in bacterial infection of the
CNS (176). The underlying mechanism of this elevation in lactate concentration remains not
fully elucidated, though it may be linked to lactate generation by immune cells recruited
during infection. Specifically, neutrophils are the first cells to be recruited to the site of
infection where they participate in anti-microbial host defense as regulators of both innate
and adaptive immunity. Activated neutrophils display diverse effector mechanisms, including
phagocytosis, activation of NADPH (reduced nicotinamide adenine dinucleotide phosphate)
oxidase, release of granular contents, and release of neutrophil extracellular traps (NETSs).
These NETs consist of DNA, histones, microbicidal peptides, and antimicrobial enzymes

and are associated with lactate formation via the Warburg effect (127,181,182). Additional
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hypotheses include lactate production through anaerobic glycolysis within nervous tissue
due to reduced blood flow and cerebral hypoxia, or lactate synthesis by the infecting
bacteria.

Elevated CSF lactate concentration has also been documented in other neurological
disorders, such as prolonged seizures. Patients experiencing status epilepticus due to
various causes exhibited significantly higher CSF lactate concentration. Furthermore, this
rise seems to correlate with prognosis, as patients with unfavorable outcomes displayed
elevated CSF lactate levels compared to those who achieved successful recovery (183).
Lactate alterations occur in neurodegenerative disorders like multiple sclerosis and
Alzheimer's disease, both linked to mitochondrial dysfunction and increased anaerobic
metabolism (184—186). Aneurysmal subarachnoid hemorrhage is characterized by the
presence of blood in the SAS resulting from the rupture of intracranial aneurysms. Increased
CSF lactate levels detected within the initial 10 days of clinical signs onset are associated
with an adverse prognosis, potentially related to hyperglycolytic cerebral metabolism (187).
Primary mitochondrial dysfunctions affecting the CNS are associated with increased CSF
lactate level. Mitochondrial disorders prevent cells from using pyruvate as an energy
substrate, leading to anaerobic metabolism and lactate production. CSF lactate
concentration, as well as the lactate/pyruvate ratio, significantly differ in mitochondrial

disease patients compared to controls (188).

6.9.4.2 Veterinary Medicine

In the field of veterinary medicine, numerous studies have been conducted to investigate
CSF lactate diagnostic or prognostic utility in conditions affecting the CNS
(163,164,167,173,174,189). Most of these studies focus on companion animals, particularly
dogs, while there is a limited number of studies conducted on farm animals (15). In canines,

a recently established normal range for CSF lactate, using the portable analyzer Lactate
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Plus®©, is reported to be 1.02 — 2.49 mmol/L (166). CSF lactate concentration above 3.6
mmol/l has been reported to be indicative of encephalitis in cattle but a normal range for this
species has not been established (15).

With regards to the role of CSF lactate in seizures, there is still limited definitive information
available. Initial studies conducted in the 1960s demonstrated a modest increase in CSF
lactate concentration in dogs immediately after inducing chemically induced seizures (190).
Similar results were later obtained in laboratory rat studies, which showed increased lactate
concentration in brain tissue following experimental seizures (191,192). On the other hand,
a recent study conducted on a population of dogs with various types of seizures and diverse
etiologies showed that CSF lactate concentration was minimally affected by seizure activity
in dogs and increased concentrations were more likely associated with the underlying
disease process, in particular with neoplastic and inflammatory conditions (174). The
difference in these results compared to human clinical data and experimental animal studies
might arise from the routine inclusion of general anesthesia and oxygen supplementation
during CSF collection in dogs during clinical procedures. Consequently, elevated blood
oxygen levels could mitigate potential effects of seizures on CSF lactate concentration (174).
Interestingly, a recent study assessed CSF lactate concentration in dogs under two different
anesthetic protocols (propofol and isoflurane) and found that the anesthetic agents
themselves can impact mitochondrial energy metabolism, leading to fluctuations in lactate
concentration (193).

CSF lactate concentration was found to be increased in cats after experimentally induced
spinal cord injury, although not correlating with trauma severity or prognosis (194). This
increase was partly attributed to decreased blood flow through the injured spinal cord
segment (resulting in hypoxia) and edema-induced compression of the parenchyma and

vascular component. On the other hand, a recent study that examined CSF lactate
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concentration in dogs with acute thoracolumbar intervertebral disc herniation did not
discover any elevation in CSF lactate level (195).

Animals studies have also explored the relationship between CSF lactate concentration and
CNS inflammation. In particular, studies have been conducted concerning CSF lactate in
cases of MUO and an elevated CSF lactate concentration was detected in comparison to
reference values (167,173). However, no significant differences in lactate values emerged
among diagnostic subgroups of MUO and discordant results were obtained in terms of
survival. Higher lactate concentrations were observed in dogs with marked lymphocytic PL
and in cases where intense perivascular lymphocytic proliferation was observed during
necropsy, suggesting that elevated CSF lactate might be associated with lymphocyte
activation in the CNS (173,196).

Additional research conducted on companion animals has demonstrated elevated CSF
lactate concentration in instances of head trauma, subarachnoid hemorrhage, and senile
dementia (170,197,198).

Regarding bovine species, one recently published article explored the role of CSF lactate in
cattle with neurological disorders. The study detected higher CSF levels in cattle with
encephalitis compared to health, but it failed to distinguish between bacterial meningitis and
other neurological disorders (15).

In summary, several veterinary studies have investigated the potential of CSF lactate
concentration as a diagnostic or prognostic marker for various CNS pathologies, primarily
in companion animals. However, none of the studies were able to elucidate the role of CSF

lactate in bacterial CNS infections in animals.

7 Automated CSF analyzers

Traditionally, cell counting in CSF involves manual microscopic methods, employing

hemocytometer chambers as described in Chapter 2.5. This process is time-consuming,
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labor-intensive, and necessitates skilled laboratory personnel. Furthermore, this method has
high intra-and inter-operator variability and shows insufficient precision (199). While
automated hematology analyzers are now a fundamental component of clinical laboratories
standard equipment, replacing the use of microscopic counting chambers for blood cell
analysis, microscopic techniques remain the gold standard for CSF analysis. This is
primarily because existing hematology analyzers are not optimized for evaluating low-cell
concentrations (67).

Automated analyzers for CSF are currently studied in human medicine as an alternative to
the gold standard manual analysis, and these methods serve as alternatives to manual
techniques (67,200,201). In the field of veterinary medicine, limited research has explored
the application of hematology analyzer for CSF in dogs (199,202,203) and demonstrated
that automated CSF analysis can be performed in canine species. Some limitations were
observed, particularly in samples with low cellularity and in the differential cell count
analysis. Among the available hematology analyzers, the Idexx ProCyte Dx® (IDEXX
Laboratories, Inc.) is considered the most accurate and comprehensive complete blood
counting (CBC) testing available. It is currently in use at numerous veterinary hospitals,
including the VTH of Turin. A recent study assessed the ProCyte Dx® Hematology Analyzer's
performance in analyzing CSF in dogs (199). The findings revealed a strong correlation
between the analyzer and the gold standard laboratory analysis in detecting TNCC, but
suggested software modifications to improve sensitivity in detecting smaller cell increments.
Overall, the diagnostic field of CSF cytology could benefit from an automated system for
CSF cell counting that would meet the following requirements: the ability to count accurate
small numbers of cells with particular emphasis on the differentiation between normal TNCC
and increased TNCC; the ability to differentiate between polymorphonuclear and

mononuclear cell populations; a rapid turnaround time and the use of small sample volumes.
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EXPERIMENTAL SECTION
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PROJECT 1 - A novel machine learning-based web application for field
identification of infectious and inflammatory disorders of the central

nervous system in cattle

1 Introduction

CNS infections in cattle are a major cause of economic loss, mortality, and decreased
productivity (34,62). Certain neurological infections also may be zoonotic (35). Achieving an
etiological diagnosis may allow for accurate treatment and appropriate control and
prevention measures. Doing so can be challenging however because clinical signs and
hematological changes often are nonspecific. CSF can be easily and safely collected in the
field for diagnosis. It is the most direct antemortem method of diagnosing CNS disease,
because advanced diagnostic imaging is much less feasible in large animals (26).

Some nervous diseases are related to age, neuroanatomical localization often is associated
with specific infectious disorders and CSF analysis for diagnosis of inflammation usually
shows a moderate to marked increase in TNCC and protein concentration (29,49,56). In the
field, tentative diagnosis in a patient referred for neurological signs is arrived at by clinical
reasoning and history taking for age, clinical findings including vital signs, clinical course,
neuroanatomical localization, and CSF analysis. However, the cause of neurological signs
rarely is confirmed without post mortem examination.

On the other hand, techniques based on artificial intelligence are gaining widespread
application in a large variety of predictive tasks both in human and veterinary medicine, as
well as in medical imaging interpretation and the clinical decision-making process
(71,204,205). The ability to accurately predict the presence of an infectious or inflammatory

disorder would be of considerable benefit for clinicians in selecting appropriate treatment.
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Based on these premises, our primary objective was to develop and compare ML models
that, based on demographic data and clinical and diagnostic findings, are able to predict the
likelihood of a CNS disorder of infectious or inflammatory origin in neurologically-impaired
cattle. Our secondary aim was to develop a user-friendly web application derived from the
ML model that could be easily applied in clinical settings for the diagnosis of CNS disorders

of infectious or inflammatory origin.

2 Materials and methods

2.1 Study population

The medical records of cattle presenting with signs suggestive of a CNS disorder to the
neurology service of the VTH of Turin between July 2007 and March 2022 were reviewed.
All animals underwent general and neurological examination by a board-certified specialist
in neurology (ADA), CSF and blood analysis, and post mortem examination when possible.
The medical records were evaluated for data on age, sex, breed usage, neuroanatomical
localization of the CNS disorder, CSF analysis (TNCC, TP concentration, final CSF
interpretation), and final diagnosis expressed as the VITAMIN D mnemonic (206). The final
diagnosis was based on signalment, neurological examination, blood and CSF analysis,
response to treatment, and necropsy histopathology when performed. Missing medical
record data dictated exclusion from the study. Two groups were formed according to the
final diagnosis: patients with infectious or inflammatory disease of the CNS (INF group) and
patients with a CNS disorder of other origin (i.e., anomalous, vascular, neoplastic,
degenerative, traumatic, or metabolic-toxic disorder; NON INF group). This retrospective
study was conducted in accordance with current animal welfare regulations (Directive
98/58/EC and lItalian Decree Law 146/2001). Samples were collected during routine
diagnostic evaluation. Written informed consent had been obtained from the owners before

veterinary assessment and treatment of their animals.
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2.2 Descriptive statistical analysis

Standard descriptive statistics were performed using commercially available software
(Phyton version 3.8.8; Excel version 16.27). Continuous variables were tested for normal
distribution using the Shapiro-Wilk test (alpha .05) and found to be not normally distributed.
Standard descriptive statistics are reported as median and interquartile range (IQR) for

continuous variables and percentage and frequency for categorical variables.

2.3 Machine learning

Predicting a patient’s classification in a diagnostic class (INF group or NON INF group) can
be interpreted as a supervised binary problem. Within this framework, several ML models
were trained and tested for their ability to detect the diagnostic class based on demographic
and clinical and diagnostic data. A validation strategy then was applied to render the models

generalizable for achieving accurate prediction in patients outside of the training set.

2.3.1 Data preprocessing

Table 1 presents the variables and their measurements. Three were numerical (age, CSF
TNCC, CSF TP concentration) and 4 were categorical (sex, breed usage, clinical
neurolocalization [NL], CSF interpretation). The numerical measurements were transformed

by scaling each feature x to a range between 0 and 1 as follows:

X X~ Xmin
scaled —
Xmax — Xmin

Nonbinary categorical covariates were encoded using the one-hot encoding scheme
(https://scikit-learn.org/stable/modules/preprocessing.html#preprocessing-categorical-
features). The final preprocessed dataset included 20 features. Finally, because there were

no missing values, no imputation of features was necessary.

80



Table 1: Demographic, clinical and diagnostic attributes of the dataset. AC = albuminocytologic; CSF
= cerebrospinal fluid; NL = neurolocalization; PL = pleocytosis; TNCC = total nucleated cells count;

TP = total protein.

Attributes Details
Demographic data Age In months

Sex Male or female

Breed aptitude Beef, dairy or duplex aptitude
Clinical findings NL Forebrain, brainstem, central

vestibular system, cerebellum,
spinal, multifocal, diffuse

intracranial
Laboratory findings (CSF) | TNCC Number of cells/uL
TP concentration Mg of microprotein/dL
Interpretation Unremarkable, mononuclear PL,

neutrophilic PL, mixed PL,
lymphocytic PL, AC dissociation

2.3.2 Validation strategy

The dataset was randomly divided into training and test sets in a proportion of 75% to 25%.
The training set was used to train the models and perform 10-fold cross-validation. In
general, K-fold cross-validation works by randomly splitting a dataset into K equally-sized
subsets. The K-1 subsets are used for training the model, whereas the remaining subset is
used as an internal test to measure a model's capabilities. This process is repeated until
every subset has been employed in the validation phase. Finally, the K performances are
averaged to obtain a unique cross-validation score. This procedure was applied to each
possible set of hyperparameters to select those corresponding to the best cross-validation
performance. Finally, the model presenting optimal hyperparameters was retrained on the
entire training set and final performance was calculated on the blind test set. We repeated
the experiment 100 times with different random seeds of the training test split to prevent
anomalies in dataset division and obtain a statistically robust evaluation. The average +

standard error of the mean (SEM) of the results are reported.
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2.3.3 Classification algorithms
The ML algorithms for diagnosis prediction were logistic regression (LR), SVM, RF,

multilayer perceptron (MLP), K-nearest neighbors (KNN), and gradient boosting (GB).
Briefly, LR is a statistical model that estimates the probability of an event occurring (which
in our case is the INF vs NON INF diagnosis), based on a given dataset of independent
variables (the clinical features). Because the outcome is a probability, it is bounded between
0 and 1. SVM predicts the outcome by identifying the curve that best separates samples
belonging to the 2 classes in the data points space, where each sample is a data point for
which the axes are the clinical features. The curve is required to be as distant as possible
from data points of both classes. RF is an ensemble of decision trees (ie, tree-like structures
in which each internal node represents a test on a feature, each branch represents the
outcome of the test, and each leaf node represents a class label [INF vs NON INF]). MLP is
a type of artificial neural network. This model can find complex relationships among clinical
features by learning nonlinear functions to predict outcome. K-NN algorithm, similar to SVM,
maps the samples into their features' space. However, instead of finding the best separator
of the 2 classes, it labels a sample on the basis of the class of the nearest samples. The GB
algorithm combines simple models, called weak learners, into a single strong learner in a
multistep fashion. The idea of GB is that, for each step, the weak learner learns to fix the
errors of the previous learner, and this procedure is repeated for a certain number of stages.

The analyses were performed using the Scikit-Learn package (version 1.0.2) in Python 3.8.

2.3.4 Metrics and model comparison

The standard ML metrics to measure algorithm performance on the test set were: accuracy,
recall (sensitivity), precision (positive predictive value), and F1 score. The receiver operating
characteristics area under the curve (AUROC) was calculated for each ML model. Accuracy
refers to the ratio between correctly identified cases and the total number of cases (Equation
1). For our study, accuracy is a measurement of the model's capability to determine whether
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the CNS disorder is of infectious or inflammatory origin or not by assigning equal importance
to both classes. Recall, also named sensitivity, is the ratio between correctly identified
positive cases and the total number of positive cases (Equation 2). It measures the
percentage of correctly identified infectious or inflammatory cases. Precision, or the positive
predictive value, refers to the number of animals correctly predicted as having an infectious
or inflammatory disorder out of the total number predicted (Equation 3). The F1 score
(Equation 4) is the harmonic mean of precision and recall. It is particularly useful in
imbalanced datasets (when the number of cattle with infection or inflammation of the CNS
is not comparable to the number of cattle with a noninfectious inflammatory disorder). The
ROC curve is a probability curve that plots the true positive rate against the false positive
rate at various classification thresholds. The AUROC provides an aggregate measure of the
ability of the classifier to distinguish between classes across all classification thresholds.
Unlike other metrics, the AUROC directly considers the probabilistic output of the predictor
(between 0 and 1) and also quantifies how good the model is at ranking predictions. When
the AUC is 1, the model can distinguish perfectly between positive and negative class points,
whereas an AUC 0.5 means that the classifier is predicting either random class or constant

class for all data points.

Equation 1
t, +ty
Accuracy = -2

Y=TN

Equation 2
Recall(sensitivity) o
ecall(sensitivity) =
ty + fa
Equation 3
.. oy .. tp
Precision(positive predictive value) =
tp + fp
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Equation 4

2t,,

Flscore = ———M—
2ty + fp + f

where tp is true positive; tn is true negative; fn is false negative; fp is false positive; N is total
subjects. A major property of precision, recall, and F1 score is that, by definition, they are
calculated only on the positive class (INF group), whereas accuracy and the AUROC take
into account positive and negative classes equally and usually are a better choice when the
dataset is balanced and there is equal interest in predicting both classes correctly. For this
reason, only accuracy was applied as an evaluation metric for selecting optimal
hyperparameters. Finally, the post hoc Friedman test and the Nemenyi test for multiple
comparisons were performed to determine the most suitable ML classifier, in which we
compared accuracy and AUROC metrics of all 6 models. Statistical significance was set

alpha .05.

2.3.5 Web user interface

The model with the best average performance in the 100 repeated trials was implemented
in the web application. Because each trial resulted in a different set of optimal
hyperparameters, there were 100 versions of the selected model. To address this issue, we
took the median value of each hyperparameter for implementation of the final model. This
classifier then was retrained on the entire dataset to exploit the full capacity of the data. The
web application was built using the Streamlit Python-based framework (https://streamlit.io/).
The application can operate only when all input variables are given. It returns the probability
of a patient with infection or inflammation of the CNS. Probabilities >50% are indicative of a
CNS disorder of infectious or inflammatory origin, whereas probabilities < 50% are predictive

of a CNS disorder not of infectious or inflammatory origin.
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3 Results

3.1 Study sample characteristics

The study sample was 184 cattle (85/184 [46%] males and 99/184 [54%] females). The
median age was 4 months (IQR, 1-9 months). Most were beef cattle (142/184, 78%), 24/184
(13%) were dairy cattle, and 18/184 (9%) belonged to breeds of both beef and dairy usage.
Forebrain neurological localization was identified in 81/184 (44%), multifocal localization in
30/184 (16%), the brainstem was involved in 24/184 (13%), focal spinal localization in
22/184 (12%), the central vestibular system in 16/184 (9%), the cerebellum in 7/184 (4%),
and diffuse intracranial disorder was identified in 4/184 (2%). The median TNCC was 12.5
cells/uL (IQR, 3.9-44.2) and the median TP concentration was 42.9 mg/dL (IQR, 27.5-95.9).
The final CSF analysis showed mononuclear PL in 76/184 (41%), unremarkable results in
63/184 (34%), neutrophilic PL in 27/184 (15%), mixed PL in 7/184 (4%), AC dissociation in
7/184 (4%), and lymphocytic PL in 4/184 (2%). An infectious or inflammatory disorder was
diagnosed in 98/184 (53%) animals (INF group) and a CNS disorder of other origin in the
remaining 86/184 (47%; NON INF group). Among the latter, a metabolic-toxic disorder was
diagnosed in 50/86 (58%), an anomalous congenital condition in 14/86 (16%), trauma in
12/86 (14%), degenerative disease in 6/86 (7%), vascular disorder in 3/86 (4%), and CNS

neoplasm in 1/86 (1%). Table 2 presents the characteristics of the two groups.
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Table 2: Demographic, clinical and diagnostic attributes of INF group and NON-INF group. AC =

albucminocytologic ; CSF = cerebrospinal fluid ; NL = neurolocalization ; PL = pleocytosis ; TNCC =

total nucleated cells count; TP = total protein.

Clinical attributes

INF group (n = 98)

NON INF group (n= 86)

Age 4 (IQR 0-12) 4 (IQR 1.50-6.50)
Sex
Female 57/98 (58%) 42/86 (49%)
Male 41/98 (42%) 44/86 (51%)
Breed aptitude
Beef 75/98 (77%) 67/86 (78%)
Dairy 13/98 (13%) 11/86 (13%)
Duplex 10/98 (10%) 8/86 (9%)
NL
Forebrain 27/98 (28%) 54/86 (63%)
Multifocal 24/98 (24%) 6/86 (7%)
Brainstem 23/98 (24%) 1/86 (1%)
Focal spinal 3/98 (3%) 19/86 (22%)

Central vestibular system

16/98 (16%)

0

Cerebellum

3/98 (3%)

4/86 (5%)

Diffuse intracranic disorder

2/98 (2%)

2/86 (2%)

CSF: TNCC (cells/uL)

33.2 (IQR 12.20-107.4)

6.50 (IQR 2.10-12.15)

CSF: TP (mg/dl)

61.00 (IQR 38.85-198.31)

30.00 (IQR 22.85-48.09)

CSF: interpretation

Mononuclear PL 51/98 (52%) 25/86 (29%)
Unremarkable 10/98 (10%) 53/86 (62%)
Neutrophilic PL 27/98 (28%) 0

Mixed PL

5/98 (5%)

2/86 (2%)

AC dissociation

4/98 (4%)

3/86 (3.5%)

Lymphocytic PL

1/98 (1%)

3/86 (3.5%)

3.2 Algorithms

We trained and evaluated the binary classifiers: LR, SVM, RF, MLP, KNN, and GB. The
dataset was balanced between the two groups: 53% in the INF group and 47% in the NON
INF group. Table 3 presents the average evaluation metrics obtained from the 6
classification algorithms trained on the training set and evaluated on the test set. The LR
classifier had the highest average accuracy and AUROC (0.843 + 0.005 and 0.907 + 0.005,
respectively) whereas the RF classifier returned the lowest average accuracy and AUROC
(0.802 £ 0.005 and 0.801 + 0.005, respectively). The Friedman test and the post hoc

Nemenyi comparisons were performed to compare the AUROC and the accuracy metrics of
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the six models. The accuracy of the LR classifier was statistically superior to the other

models (P < .01), except for the SVM (P = .28); the AUROC of the LR classifier was

statistically higher than that of all the other models (P = .001). Figures 1 and 2 present the

results of the AUROC and the accuracy for each model.

Table 3: Performances of the classification algorithms in predicting the diagnostic class, in terms of
accuracy, precision, recall, F1 score and AUROC metrics, computed on the test set. The average
values with respect to 100 repeated experiments and the related standard error of the mean (+SEM)
are reported. LR = Logistic Regression; SVM = Support Vector Machine; RF = Random Forest; MLP
= Multi-Layer Perceptron; KNN = K-Nearest Neighbors; GB = Gradient Boosting.

Model Accuracy Precision Recall F1-score AUROC

+ SEM + SEM + SEM + SEM + SEM
LR 0.843+0.005 | 0.904+0.006 | 0.794+0.007 | 0.843+0.005 | 0.907+0.004
SVM 0.832+0.005 | 0.890+0.006 | 0.788+0.006 | 0.833+0.005 | 0.835+0.005
RF 0.802+0.005 | 0.817+0.006 | 0.818+0.007 | 0.814+0.005 | 0.801+0.005
MLP 0.810+0.006 | 0.847+0.008 | 0.797+0.007 | 0.818+0.005 | 0.811+0.006
KNN 0.823+0.004 | 0.887+0.006 | 0.772+0.008 | 0.822+0.005 | 0.827+0.004
GB 0.805+0.005 | 0.820+0.006 | 0.821+0.008 | 0.817+0.005 | 0.804+0.005
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Figure 1: Comparison of the average accuracies of the 6 ML methods (LR = Logistic Regression;
SVM = Support Vector Machine; RF = Random Forest; MLP = Multi-Layer Perceptron; KNN = K-
Nearest Neighbors; GB = Gradient Boosting) run on the test set, in prediction of the diagnostic class
(INF group or NON INF group).
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Figure 2: Comparing Receiver Operating Characteristic (ROC) curves of the six ML methods (LR =
Logistic Regression; SVM = Support Vector Machine; RF = Random Forest; MLP = Multi-Layer
Perceptron; KNN = K-Nearest Neighbors; GB = Gradient Boosting), computed on the test set, in
prediction of the diagnostic class (INF group or NON INF group).
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Based on these results, the LR algorithm was implemented in a free-use web application

(https://cnsprediction.streamlit.app/) in the Streamlit Python-based framework (Figure 3).

Figure 3: Web-app Graphic Interface. From the website https://cnsprediction.streamlitapp.com

Prediction of Central Nervous
System (CNS) infectious-
inflammatory disorders in cattle

Aim

CNS infections affecting cattie are associated with high rate of mortality and are challenging to detect.
This web app helps clinicians making diagnosis of CNS inflammations-infections in cattle with CNS

disorders, leading to more responsible and accurate use of antimicrobials,

Basic Usage

The Basic Usage consists in predicting the probabiity of having an infecticus inflammatery neurolegical
disease.
Please enter a value for each demographic and clinical feature required. Then click the "Make prediction”

button

The predictive model will display a probability for each patient

Sex
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Age (months)
0 .

Breed attRude

Beel -
Neurcanatomical lozalization

Brainstem -
CSF Microproteln concentration (mgjcl|

0 .
CSF Tomal Nuckeated Cells Count [TNCC/microl |

0 -

CSF Interpretation

Albuminocytological dissociation -

To run the predictive medel please click the button below

Make prediction
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3.3 Importance of clinical attributes

We identified the major factors predicting the diagnostic class and their contributions to
prediction. Indeed, not all features contributed equally to the decision-making process in the
classification models. We examined the LR coefficients to explain the relative contribution
of each feature. Figure 4 reports the LR coefficients attributed to the top 10 encoded
features. Those associated with the INF group were neutrophilic PL in CSF and NL:
brainstem, central vestibular system, and multifocal localization. Patient age was positively
associated with this group as well. The features associated with the NON INF group were
unremarkable CSF analysis and NL: spinal, forebrain, diffuse intracranial and cerebellar
localization. Other CSF results, TNCC, TP concentration, sex, and breed usage were

retained as being less informative by the model for prediction.

Figure 4: Plot of the logistic regression coefficients’ ranking for the prediction of the diagnostic class.
Coefficients with positive weights are associated with the INF group, coefficients with negative
weights are associated with the NON-INF group. CSF = cerebrospinal fluid; NL = neurolocalization.
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4 Discussion

We applied advanced computational modeling to predict the diagnostic class in cattle with
CNS disorders. The large dataset size and balance in diagnostic classes allowed us to
perform robust predictive analyses using ML techniques. One of the advantages of using
ML is that, by dividing the dataset into training and test groups, the learned model can be
validated on unseen data, thus decreasing the risk of overfitting and improving
generalizability as a result. In our study, all six ML models performed well to predict
diagnostic class (approximately 80%) according to the evaluation metrics. The average
precision was higher than (LR, SVM, MLP, KNN) or equal to (RF and GB) the recall scores.
Higher precision indicates that the classifier is better able to minimize false positives than
false negatives. Two points were evaluated for selecting which metrics to consider. The
study dataset was balanced for the number of patients in each of the two diagnostic classes,
and thus accuracy and AUROC were robust and reliable metrics. Also, we were interested
in accurate classification of both positive (INF group) and negative (NON INF group) cases.
This information potentially decreases inappropriate use of antimicrobials, thus helping
control the spread of antibiotic resistance without compromising animal health. For these
reasons, neutral metrics such as accuracy and AUROC were chosen to determine the
optimal model. Comparison of these 2 metrics showed that LR outperformed all of the others
and therefore was selected for implementation in the web application. The reason why LR,
which unlike the other models is linear, showed the best performances may be related to
dataset size and the possibility that complex and nonlinear interaction between variables
was not sufficiently intense. In fact, because all of the other models were intrinsically built to
learn nonlinear functions for outcome prediction, their performance could suffer if the
available dataset is not large enough to encompass the potential complexity. The variables
used to train the model and their coefficients were consistent with the current literature and

our clinical experience. The LR coefficient most strongly associated with the INF group was
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neutrophilic PL in the CSF. Indeed, detection of neutrophilic PL usually is interpreted as
indicating a bacterial CNS infection in cattle (8,29). Brainstem, central vestibular and
multifocal NL also were strongly associated with the INF group. In ruminants, the main
differential diagnoses for brainstem disease are listeriosis and brainstem abscess. Similarly,
central vestibular system involvement often occurs consequent to the spread of otogenic
intracranial infection (59). Multifocal localization is considered highly suspicious of infectious
or inflammatory disease in both human and veterinary medicine (34). Older age was
associated with increased risk of belonging to the INF group. Infectious and inflammatory
diseases of the CNS can occur in animals of any age (34). The NON INF group consisted
mostly of animals with metabolic disease (60% of those in the NON INF group), which affects
animals of any age (207). However, our study population included several patients with
congenital anomalies (16% of the NON INF group), which usually are referred in the first
days of life, which partially could explain this result. In contrast, the LR coefficient most often
associated with the NON INF group was unremarkable CSF analysis, as noted in previous
studies (8). Spinal localization associated with the NON INF group may be explained by the
fact that neurological disorders of the spine often are of traumatic origin, (208) whereas CNS
infection or inflammation frequently is associated with intracranial signs (34). In addition,
neoplasia was reported to be the most common cause of spinal cord lesions in a recent
study on recumbent dairy cows (209). Forebrain localization was associated with the NON
INF group. Itis a common in metabolic-toxic disorders in young and adult cattle, (207) which
made up approximately 60% of diagnoses in the NON INF group. Hypocalcemia and
hypomagnesemia have been reported as the most common causes of seizures in cattle,
(210) whereas seizures caused by infection occurred in <9% of cases. Finally, the main
differential diagnosis of diffuse intracranial and cerebellar localization, which was associated
with the NON INF group, includes congenital and genetic anomalies and metabolic-toxic

disorders (211,212). Variables that were less useful for the predictive model were TNCC
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and microprotein concentration. Although this finding was somewhat unexpected because
CSF analysis for infectious and inflammatory conditions usually is characterized by a
moderate to marked increase in both TNCC and TP concentration, most cases of infection
in our study had only mild or moderate PL, which does not rule out other neurological
disorders (8,213). Our study had some limitations. The predicted diagnostic class was either
infectious inflammatory or noninfectious inflammatory because sample size did not allow for
differentiation of the predictive output for all classes of the VITAMIN D mnemonic. A larger
representation of each etiological class and a larger dataset would be necessary to train the
model adequately to predict such classes with reasonable confidence. Similarly, our dataset
size did not allow the models to sub-differentiate each infectious case from the others.
Increasing sample size by involving other study centres with strict inclusion criteria to
minimize bias could overcome this problem and allow for higher predictive power. Finally,
we cannot exclude a geographical bias that could influence the prevalence of different
disease pathogens because all cases came from a particular Italian area (Piedmont). The
inclusion of other research centres in different geographical areas could help achieve more
representative disease prevalence, potentially making our model more effective worldwide.
Overall, our findings and user-friendly web application may be a useful tool in the clinical
decision-making process. Although the web application cannot replace the experience of a
veterinarian, it can serve as a guide to diagnosis, with the added benefit of promoting more
responsible use of antimicrobials.

Additional information

The present study has recently been published as:

Ferrini S, Rollo C, Bellino C, et al. A novel machine learning-based web application for field
identification of infectious and inflammatory disorders of the central nervous system in cattle.

J Vet Intern Med. 2023;37(2): 766-773. doi:10.1111/jvim.16664
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PROJECT 2 - Feasibility of 16S rRNA sequencing for cerebrospinal fluid

microbiome analysis in cattle with neurological disorders: a pilot study

1 Introduction
CNS infection in cattle incurs economic losses due to livestock mortality, neurological

impairment, and reduction of animal performance and productivity. Neurological diseases
may also be zoonotic (35). CNS infection can be caused by bacteria, viruses, fungi, and
parasites, among which bacteria are the most common cause in cattle and are characterized
by a rapid course, high morbidity and mortality unless treated with antimicrobials. Some of
the leading bacterial agents reported are Escherichia coli, Trueperella pyogenes,
Histophilus somni, Pasteurella multocida and Listeria monocytogenes; mixed aerobic-
anaerobic bacterial infections are reported as well (214). Prompt etiological diagnosis is key
to the initiation of appropriate antibiotic treatment and the adoption of control and prevention
measures. This can be difficult, however, because clinical signs and blood test results are
often nonspecific. CSF collection can be easily and safely performed in field conditions; it is
the most direct antemortem method of diagnosing CNS disease, in which advanced
diagnostic imaging in large animals is much less feasible (26). Infectious-inflammatory
disease of the CNS can usually be distinguished by abnormal increases in TP concentration
and total and differential nucleated cell counts in the CSF (8). Bacterial culture of the CSF
is currently the gold standard for etiological antemortem diagnosis of bacterial CNS infection
(215), but culture results may not be available for at least 24—48 h and are reported to be
false negative in 44—-100% of cases (8,29). The occurrence of false negatives may be due
to previous use of antibiotics or to the presence of slow-growing and fastidious
microorganisms (30,31). There is increasing evidence for 16S rRNA gene sequencing in
human medicine as a rapid and accurate means to detect bacteria in the CSF, thus

overcoming the limitations of culture-based bacterial detection (87). 16S rRNA gene is a
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universal gene highly conserved among bacteria and sequencing of its variable regions
allows differentiation between organisms at the genus level. 16S rRNA sequencing has
introduced some advantages for diagnostic microbiology laboratories such as accuracy,
simplification of protocols and identification of unculturable and fastidious bacteria.
Furthermore, the results are in electronic formats, easy to share between laboratories and
useful for pathogenic surveillance and future epidemiological studies. However, the low
taxonomic resolution, the price of sequencing and the need for bioinformatic knowledge to
generate results represent potential disadvantages of this technique that must be overcome
(216). Conventional methods for bacterial identification in the CSF highlight a microbe-free
CSF in healthy individuals. While the CSF circulating in the human CNS has long been
considered sterile because the BBB is thought to effectively protect against microbial
invasion (217), reports of microorganisms detected in human brains and CSF have
challenged this concept (89,218). Based on these premises, we hypothesized that 16S
rRNA sequencing of DNA isolated from CSF samples collected in the field from cattle with
neurological diseases could lead to microorganism identification and their taxonomic
classification. In the present study, we described the distribution of microorganisms in the
CSF of two groups of cattle (patients with an infectious/inflammatory neurological disease
and patients with nervous disorders of other nature) exploring whether there were any

detectable differences in the microbial distribution between the two groups.

2 Materials and methods

2.1 Study design

The study sample was obtained from animals referred to the Neurology Service of the VTH,
University of Turin, because of neurological signs suggestive of a CNS disorder. All
underwent general physical examination, neurologic examination by a board-certified

neurologist (ADA), CSF sampling in the field and analysis within 1 h after collection, blood
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biochemical analysis and necropsy when possible. CSF analysis also included CSF
bacterial culture. The final diagnosis was reached based on signalment, results of the
neurological examination, blood and CSF analysis, response to treatment, and postmortem
histopathology when performed. Information on therapies administered before referral was
recorded. Two groups were formed according to the final diagnosis expressed according to
the VITAMIN D classification (206). The one group was composed of patients with infectious
inflammatory disease of the CNS (INF group) and the other included patients with CNS
disorders of another nature (NON INF group). This prospective pilot study was conducted
in accordance with current animal welfare regulations (Directive 98/58/EC and lItalian
Decree Law 146/2001). Samples were collected during the routine analysis required to
perform the diagnostic procedure. Written informed consent was obtained from the owners
to authorize veterinary assessment and treatment of their animals. CSF was collected in the
field from the lumbosacral space, as described by Mayhew (7). If necessary, the animal was
sedated with 0.05 mg/kg xylazine (Rompun, Bayer HealthCare) administered intravenously.
The sampling site (5 cm x 10 cm) was clipped, surgically prepared, and locally anesthetized
with 2.5 ml of procaine hydrochloride 20 mg/ml (Procamidor, Richter Pharma Ag). The skin
around the sampling site was disinfected by alternating application of povidone iodine and
alcohol moistened gauze three times. Disposable sterile spinal needles (20G 0.9 mm x 90
mm or 21G 0.8 mm x 50 mm, Terumo) were used depending on the size of the animal. After
correct positioning of the needle, the sample was obtained by gentle aspiration with a sterile
syringe. The CSF sample was then divided into two aliquots and placed in empty sterile
tubes. The tube cap was previously sterilized with alcohol and a new sterile hypodermic
needle was used to transfer the CSF into each tube. The first aliquot, intended for routine
analysis and macroscopic evaluation, TNCC, erythrocyte count, and morphological
evaluation, was analyzed within 1 h of collection and the second aliquot was stored at -80

°C until 16S rRNA sequencing analysis.
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2.2 DNA extraction and quantification

DNA extraction from CSF was performed by using three different extraction kits, including:
QI Amp® DNA Mini Kit (Qiagen GmbH, Hilden, Germany), Bacterial Genomic DNA Isolation
Kit (Norgen Biotek Corp., Thorold, Canada) and DNAzol™ (Thermo Fisher Scientific,
Waltham, USA). The DNAzol™ extraction protocol was the one that led to a suitable final
DNA concentration for the NGS library production. DNA concentration was determined using

a NanoDrop 2000 spectrophotometer (Thermo Fisher Scientific).

2.3 Library preparation, PCR enrichment and sequencing

In order to generate a suitable library, enrichment PCR reactions were performed towards
the 16S rRNA V3- V4 hypervariable region, using the forward primer (%
TCGTCGGCAGCGTCAGATGTGTATAAGAGACAGCCTACGGGNGCWGCAG) and the
reverse primer (5-
GTCTCGTGGGCTCGGAGATGTGTATAAGAGACAGGACTACHVGGGTATCTAATCC).

PCR lllumina standard conditions (82) were applied according to the manufacturer’s
instructions for an initial analysis (first phase) and then modified (second phase) to achieve
a more sensitive amplification as follows: 12.5 yL of 2x KAPA HiFi HotStart ReadyMix, 10
uL of each primer and 8 L of 12.5 ng/pL of microbial DNA underwent initial denaturation at
95 °C for 3 min, then 25 cycles at 95 °C for 30 s, at 55 °C for 30 s, at 72 °C for 30 s, at 75
°C for 5 min and then maintained at 4 °C. Controls were added in each extraction and
amplification step. Samples in which no genetic material was amplified were excluded from
further analysis. The enriched 16S rRNA PCR library was then sent for normalization and
quantification (Biomolecular Research Genomics) before proceeding with sequencing on an

lllumina iSeq100 platform (lllumina) with a PE 2x300 bp protocol.
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2.4 Bioinformatic analysis

Reads were checked for sequence quality using FastQC (version 0.11.5) (219), trimmed
with Trimmomatic software (release 0.39) (220), and aligned with the bovine genome
(Ensembl Bos_taurus ARS-UCD 1.2.101) using the BowTie2 (version 2.3.5.1) aligner (221)
to eliminate possible host genomic material. The cleaned fastq files were then processed
and analyzed using QIIME2 (Quantitative Insights into Microbial Ecology, release 2020.8)
(222). DADA2 (223) (via g2-dada2 implementation) has been used to quality-filter and
denoise sequence data: specifically, forward and reverse reads were further cleaned by
trimming off the first ten positions and by truncating at positions 290 and 250, respectively,
to remove low quality portions. The resulting ASVs, cleaned from chimeric sequences, were
taxonomically classified by classify-sklearn command, as in g2-feature-classifier plugin, on
the SILVA 138 Small SubUnit database using a 99% identity criterion [q2-silva-138-99-nb-
classifier.qza). A confidence level (CL) of 297% for identification of bacteria was set. The
ASVs were further taxonomically characterized by NCBI (national center for biotechnology
information) BLAST (Basic Local Alignment Search Tool, release 2.11.0) by aligning them
on the NCBI 16S bacterial database (2020 _12_24). Only results with a single best hit and
high similarity levels (>98% of identical matches and eValue <0.05) were considered. Phyla,
classes, orders, families, and genera are reported as overall relative abundance, average
relative abundance and SEM. Species are reported as overall relative abundance, in relation
to ASVs identified at species level. Alpha diversities was evaluated by Shannon Index,
Simpson Index, Faith’s Phylogenetic Diversity and Observed Feature measure and their
significances were analyzed by Kruskal-Wallis test; beta diversity was calculated with
Unweighted UniFrac and Normalized Weighted UniFrac distances, and with Bray-Curtis

dissimilarity and their significances were analyzed by Permutational multivariate analysis of
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variance (PERMANOVA) test based on 1000 permutations. Rarefaction curves were

produced to estimate species richness.

2.5 Statistical analysis

Standard descriptive statistics are reported as median and IQR for continuous variables and
as percentage and frequency for categorical variables. Statistical analysis was performed

using Excel (Microsoft, version 16.27).

3 Results

Ten animals were enrolled in this pilot study: 4 with a CNS infection and 6 with CNS
disorders of other natures. The median DNA concentration in the CSF of the animals was
90 ng/pL (IQR 4.85-725). Standard PCR yielded no genetic material from any of the
samples. The modified 16S rRNA PCR amplification produced no bacterial genetic material
in samples from 4 out of 10 patients: 1 with CNS infection-inflammation and 3 with a
noninfectious inflammatory CNS disorder. These 4 were excluded from further analysis; the
remaining 6 were: 4 males (66.67%) and 2 females (33.33%) of Piemontese (N=3; 50%),
Holstein Friesian (N=1; 16.67%), Blonde d’Aquitaine (N=1; 16.67%), and mixed breeds
(N=1; 16.67%), ranging from 3 days to 3 years of age (median: 2 months; IQR 13 days-6
months); the neuroanatomical localisation was: forebrain (N=3; 50%), diffuse intracranial
(N=1; 16.67%), lumbosacral spinal cord segments (N=1; 16.67%), and multifocal (N=1;
16.67%). The final diagnosis based on the VITAMIN D classification (206) was: infectious-
inflammatory disease (N=3; 50%), metabolic/toxic (N=2; 33.3%), and anomalous (1;
16.67%). Two groups were formed: an INF group and a NON INF group. In the INF group,
neonatal meningitis/meningoencephalitis(-myelitis) of suspected bacterial origin was
diagnosed in 2 calves < 1 month that presented with 1-3 day history of neurological signs,

which occurred following enteritis and omphalophlebitis in 1 calf (Case 1) and enteritis and
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arthritis in the other (Case 2). CSF analysis revealed mononuclear PL in both cases. One
older calf (Case 3) (7 months old) presented with clinical signs consistent with
meningitis/meningoencephalitis and 1-3 day history of seizures. CSF analysis showed
marked mixed PL and increased TP concentration. The patient was euthanized a few hours
after the referral due to deterioration of neurological signs and onset of status epilepticus.
Necropsy highlighted yellow-greenish thickening of the meninges at the level of the
cerebellum, multifocal abscesses and mononuclear vasculitis at the level of the pons and
cerebellum, edema, and inflammatory infiltrate in the brain parenchyma. All brain areas
showed signs of predominantly mononuclear inflammation.

The polymicrobial growth in the culture of brain samples was a mixed flora of slow-growing
bacteria that in a standard culture system resulted in a failure to identify single putative
microorganisms. The NON INF group included 3 patients. A 3-month-old calf (Case 5)
presented with central blindness and abnormal compulsive behavior. CSF analysis was
normal. Hypovitaminosis A was suspected; vitamin A therapy resolved all the clinical signs
but not the blindness. A 3-year-old (Case 6) patient presented because of recurrent epileptic
seizures. CSF analysis was normal and blood analysis revealed hypocalcemia. The patient
died shortly after referral; necropsy was unremarkable. Hypocalcemia was the assumed
cause of the neurological signs.

A 3-day-old calf (Case 7) presented with abnormal facial conformation and inability to stand
on forelimbs and hindlimbs since birth. The diagnosis was complex congenital malformation
of the head consistent with hydranencephaly or holoprosencephaly associated with other
congenital facial abnormalities disclosed on postmortem autopsy (224). CSF analysis was
normal. CSF bacterial culture was performed in all 6 cases and resulted no-growth. Table 1

presents patients’ characteristics, amplification results and number of reads.
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Table 1. Clinical Characteristics.

TNCC = total nucleated cell count; TP = total protein; CSF: cerebrospinal fluid; NBSM: neonatal
bacterial suppurative meningitis; BSM = bacterial suppurative meningitis; NL = neurolocalization; PL
= pleocytosis

*Merged reads number is expressed in brackets.

Cases Age NL Previous | TNCC/ | TP CSF Diagnosis | Outcome Amplification
(months antibiotic | pL mg/dl interpretatio and reads
) therapy n number*
INF
1 1 Multifocal [ No 18.8 24 Mononuclear NBSM Died Amplified
forebrain, PL (21952)
spinal "T3-
L3)]
2 017 Spinal (L4- Yes 21.7 32 Mononuclear NBSM Died Amplified
days) S3) PL (35586)
3 7 Forebrain No 768 330 Mixed PL BSM Died Amplified
(9247)
4 0(7 Multifocal Yes 205.6 232 Neutrophilic NBSM Died Non amplified
days) (forebrain, PL
central
vestibular)
NON INF
5 3 Forebrain Yes 1.6 19 Normal Hypovitam | Recovered Amplified
inosis A (33293)
6 36 Forebrain Yes 1 29 Normal Hypocalce Died Amplified
mia (33305)
7 0(3 Diffuse No 2 18 Normal Holoprose Died Amplified
days) intracranial ncephaly/ (36386)
Hydranen
cephaly
8 24 Spinal (T3- No 1 26 Normal Degenerat Died Not amplified
L3) ive
myelopath
y
9 72 Spinal (T3- No 1.4 25 Normal Trauma Recovered | Not amplified
L3)
10 12 Spinal (T3- No 1.2 18 Normal Trauma Recovered | Not amplified
L3)
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3.1 16S rRNA sequencing of DNA isolated from CSF

DADAZ2 denoising procedure, based on quality-based filtering, sequence inferring and
merging, and chimera removal, led to 728 ASVs. Specifically, the median reads count per
sample was 71750.5 (IQR 53806-76036); those obtained after elimination of host material,
elimination of poor quality sequences, and pairing between forward and reverse sequences
(indicated as merged) were about 70% of the starting counts (median per sample 49699;
IQR 37399.5— 50474). The sequences compared to the database were about 45% of the
total as only the real sequences, not the chimeric ones, were considered (median per
sample 33299; IQR 24787.25-35015.75). The samples from Case 3 produced the lowest
number of reads (total 20344; merged 12890; non-chimeric 9247), while the highest reads
count was obtained from sample 5 (total 78084; merged 50650; non-chimeric 33305). Each
ASV resulting from DADAZ2 denoising step was then compared to the SILVA database to
obtain a classification into a microbial taxonomy. A total of 17 phyla, 27 classes, 71 orders,
115 families and 150 genera were identified and the most present are reported in Table 2.
Figures 1A and 1B illustrate phylum and genera abundance and composition in the INF and

NON INF groups.
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Table 2. Most present phyla, classes, orders, families and genera presented in descending order.

Phyla, classes, orders, families, and genera are reported as overall relative abundance, average

relative abundance and standard error of the mean (SEM). *Numbers in brackets refer to the total

number of phyla, classes, orders, families and genera identified.
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Average relative abundance (%)

Average relative abundance (%)

Figure 1: Average relative abundance of phyla (A) and genera (B) in the infectious-inflammatory
(INF) and non infectious-inflammatory (NON INF) samples. Only the 5 more present bacterial phyla
(A) and genera (B) were represented. Blue columns represent INF (n = 3) samples, while orange
columns represent NON INF (n = 3). The bars represent the standard error of the mean (SEM).
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Only 11 out of 728 ASVs were identified at the species level, accounting for 1.51% of the
ASVs and 0.69% of total abundance. The most abundant were: Corynebacterium
kroppenstedtii (49.70%), Lactobacillus algidus (14.05%), Pseudomonas pertucinogena
(8.50%), Cutibacterium granulosum (6.61%), Bifidobacterium bifidum (6.37%), Treponem
porcinum (5.19%), Corynebacterium maris (3.07%), Sphingobacterium jejuense (2.71%),
Pseudomonas formosensis (2.60%). Negativicoccus succinicivorans and Peptoniphilus
duerdenii accounted for < 1% of the identified species. Both alpha and beta diversity
analyses did not detect any differences between the microbial communities of the two
groups. The rarefaction curves reached a plateau, indicating good representation of the
microbial community. By blasting the ASVs versus the NCBI database, we assigned 169
ASVs to a species, 105 of which were ASVs previously recognized by QIIME with a CL>97%
and 64 ASVs with a CL < 97%. The former accounted for 14.28% of ASVs and 11.61% of
total abundance, the most abundant identified species were: Acinetobacter johnsonii
(43.46%), Chryseobacterium profundimaris (10.73%), Pseudomonas helmanticensis
(4.94%), Psychromonas aquatilis (4.54%), Afipia massiliensis (4.50%), Carnobacterium
gallinarum (2.92%), Staphylococcus hominis (2.39%), Anaerococcus nagyae (1.64%),
Acinetobacter indicus (1.46%), Brevundimonas naejangsanensis (1.37%), Rothia
endophytica (1.21%), and Corynebacterium pilbarens (1.06%). Six of the 11 ASVs assigned
to a species by QIIME were likewise identified by BLAST and there was correspondence

between them.

4 Discussion
With the present study we evaluated for the first time the feasibility of 16S rRNA gene

sequencing of DNA isolated from CSF of cattle with CNS disorders. Also, we evaluated the
CSF microbiota composition in patients with CNS infection-inflammation and CNS disorders
of other nature. Despite the attempt to increase sensitivity by means of modified PCR, not
all samples led to bacterial genetic material detection. Possible explanations are the very
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low CSF biomass, since the amount of CSF that can be collected is usually very small (a
few mL) and the concentration of the genetic material in CSF is low (225). In addition,
previous (before CSF collection) exposure to antimicrobials in 4 of the 10 patients could
have reduced the bacterial mass even further. Other possible causes, like prolonged time
between onset of clinical signs and CSF collection (65) and sample storage errors, were
ruled out because CSF was collected shortly after the onset of clinical signs and the samples
were correctly stored at -80 °C to prevent degradation of DNA and RNA. By gene
sequencing we detected microorganisms in the CSF samples from all six patients; however,
our findings did not allow us to highlight any differences in the microbial population between
the two groups. Moreover, none of the more prevalent genera found were among those
commonly encountered as cause of CNS infections in cattle at the present time. In other
words, both groups, although they differed in their clinical features and diagnosis, presented
similar microbial communities. To the authors opinion, there are different explanations of the
presence of microorganisms in the CSF samples: sampling contamination or laboratory
contamination, the presence of a CSF microbial community, and blood-CSF-barrier
breakdown. A minimal external contamination during sample collection, despite all possible
precautions taken to maintain sterility, cannot be ruled out as 16S rRNA sequencing of DNA
isolated from samples from the environment was not performed. However, the
microorganisms highlighted in this study do not reflect those typical of the skin microbiota

of cattle (98). Laboratory contamination, which has been described in previous cases (226)
was excluded by analysis of the reagent controls that was consistently negative.
Alternatively, the bacteria identified could represent the microbiological community of the
CSF in healthy cattle. Finally, given that the noninfectious inflammatory cases demonstrated
neurological disorders, the blood-CSF-barrier might have been breached, resulting in
contamination of the CSF from other body districts, as described in human medicine

(217,227). The results of the present study did not allow to differentiate the microorganism
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population between the two groups. Two options can be advanced to explain our results and
the lack of pathogens identification in the INF group. First, classification did not reach the
species level in most cases. Commensal and pathogenic bacterial species can share the
same genus. For instance, the genus Pseudomonas, abundantly found in the samples from
all patients, includes Pseudomonas aeruginosa, a common pathogen known to cause CNS
infection in humans (228), and other Pseudomonas spp. that are ubiquitous in the
environment but are not pathogenic (229). Another possible explanation could be that the
pathogens were not present in the CSF but rather in the nervous system parenchyma. It is
possible that free pathogenic bacteria in CSF are transient and that they are present only in
minimal quantities in this substrate. Unfortunately, 16S rRNA gene PCR and sequencing of
DNA isolated from brain and spinal cord samples were not performed in the present study
to confirm this hypothesis. The issue of accurate taxonomic identification deserves
consideration. The ability to identify bacteria with high taxonomic resolution depends in part
on the sequencing technique. We sequenced only the V3-V4 hypervariable regions of the
16S gene (partial 16S sequencing). While it has been reported that the most variable regions
are sufficient to identify genera, they are unlikely to adequately discriminate between
species (230). When we blasted the ASVs versus the GenBank NCBI database, more
species were identified (1.15% of ASVs versus the SILVA database and 14.28% versus the
NCBI database). The reason could be related to the different update status of these
database: the SILVA database was last updated in 2019, whereas the GenBank NCBI is
updated every two months, which could explain the greater ability of the latter to identify
microorganisms at the species level. Acinetobacter johnsonii was the most abundant
species when we blasted the ASVs versus the NCBI database. This bacterium is a free-
living, saprophytic organism that can be isolated from soil, water, sewage, and a wide variety
of foods. A. johnsoni meningitis has been rarely reported in humans and it is usually seen

in post-neurosurgical patients with nosocomial infection (231). In the present study, A.
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Johnsonii was equally found in both the INF and in the NON INF group and to the authors
opinion it should not be considered a causative agent of CNS infection in cattle.

The present study has several limitations. The low number of cases included prevented us
from achieving significant results. Four of the 10 cattle from the initial population were
excluded, as no sufficient genetic material was obtained, although one patient was
diagnosed with an infectious inflammatory CNS disease. However, despite the small sample
size, this study presents the first attempt to describe the CSF microbiome composition of
cattle. Further studies with larger sample size on microbiome analysis of CSF in cattle are
warranted. In addition, previous unavoidable exposure to antibiotics may have created a
bias. A further limitation is the lack of CSF samples from healthy animals as controls.
However, the procedure, although performed by skilled veterinarians, is potentially
associated with risks for the patients. Furthermore, it requires pharmacological restrictions
of the animals, raising ethical concerns in healthy subjects. On the other hand, post-mortem
collection at the slaughterhouse is unrealistic because of the unpreventable contamination
of the CSF by the captive-bolt stunning procedure. Our finding of a microbial community in
the CSF of cattle with various neurological disorders is a valid starting point for future
studies, with the inclusion of an ethical approved control group of healthy animals, that aim
to validate this method as a diagnostic approach, reliable in clinical setting. Finally, no
etiological diagnosis was made in any of the infectious inflammatory cases. Bacterial
cultures positive for one or more specific microorganisms could have aided in the
interpretation of the NGS data. According to the literature, however, bacterial culture of CSF
is only rarely positive (1,8). Other ways to confirm 16S rRNA sequencing findings, such as
other NGS techniques, microarray analysis, PCR assay for specific pathogens or bacterial
culture from brain tissue need to be investigated.

In conclusion, we evaluated the applicability and utility of 16S rRNA sequencing for the study

of CSF microbial community in cattle. Our results indicate that 16S rRNA of DNA isolated
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from CSF can lead to bacterial identification and taxonomic classification at the genus level.
The findings of this pilot study are preliminary. Further studies, in which CSF samples from
healthy animals and from the environment are included as controls, are needed in order to
better evaluate CSF collection in the field. Positive culture or other innovative techniques for
bacterial identification from nervous specimens could serve as positive controls. Our results
indicate that a microbial community in the CSF independent of CNS infection cannot be
ruled out.

Additional information

The present study has recently been published as:

Ferrini S, Grego E, Ala U, Cagnotti G, Valentini F, Di Muro G, lulini B, Stella MC, Bellino C,
D’Angelo A. Feasibility of 16S rRNA sequencing for cerebrospinal fluid microbiome analysis
in cattle with neurological disorders: a pilot study. Vet Res Commun. 2023 Jun;47(2):373-
383. doi: 10.1007/s11259-022-09949-w. Epub 2022 Jun 27. PMID: 35759164; PMCID:

PMC10209220.
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PROJECT 3 - Cerebrospinal fluid L-lactate as a diagnostic marker for acute
inflammatory disorders in the central nervous system of cattle

1 Background

Bacterial infection of the CNS poses a clinical challenge and is a leading cause of
neurological disorders in cattle (35). Prompt antibiotic therapy can improve outcomes in
cattle with bacterial meningoencephalitis/myelitis and reduce morbidity and mortality (34).
CSF analysis in the diagnosis of infection usually shows a moderate to marked increase in
TNCC and TP concentration which are not specific for CNS infectious diseases, however
(34). Furthermore, etiological diagnosis of bacterial infection of the CNS currently relies on
the identification of bacteria by Gram staining or isolation in CSF culture (8), which is
burdened by delayed diagnosis and inadequate  sensitivity  (29,215).
The significance of CSF L-lactate concentration as a valuable supplementary diagnostic test
for acute CNS inflammation induced by bacterial infection in humans has gained recognition.
Numerous studies in humans have demonstrated an increase in CSF L-lactate
concentration during bacterial meningitis in the attempt to establish a cut-off (range, from
2.1 to 4.44 mmol/L) that can differentiate bacterial meningitis from other neurological
disorders (177—-180). Animal studies have investigated the diagnostic value of CSF lactate
in neurological diseases in dogs (163,164,167,173,174,189), but the exact relationship
between CSF L-lactate and bacterial infection in this species remains to be elucidated. A
handheld lactate monitor has recently been validated for quantifying L-lactate in canine
blood and CSF and a CSF reference interval (RI) has been established for this analyte (1.0-
25 mmol/L) (166) in dogs.
To date, only one published study has investigated the utility of CSF L-lactate as a diagnostic
biomarker in cattle, but it failed to distinguish between bacterial meningitis and other
inflammatory disorders (15).

With the present study we wanted to explore the potential of CSF L-lactate as a field
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diagnostic tool to help categorize the cause of CNS disorders in cattle. To do this, we thought
it important to establish a Rl for L-lactate in healthy bovine CSF and to determine whether
CSF L-lactate can serve as a valid biomarker for detecting acute CNS inflammation in cattle
with neurological disorders. Our hypothesis was that elevated CSF L-lactate concentration
may indicate acute CNS inflammation induced by bacterial infection and differentiate it from

other neurological disorders.

2 Materials and methods

The study population was divided into two groups: a healthy group and a sick group. CSF
analysis, including measurement of L-lactate, was an inclusion criterion. Blood L-lactate

levels were analyzed when available but were not required for inclusion in the study.

2.1 Healthy Group

This group included healthy cattle housed at the Department of Veterinary Science of Turin
(Authorization No. 242/2020 - PR). The subjects’ health was based on an unremarkable
general physical examination and normal complete blood analyte panel. Blood and CSF

samples were collected in the field.

2.2 Sick Group

A prospective study was conducted between April 2019 and June 2023. All cattle referred
for neurological signs suggestive of a CNS disorder to the Neurology Service of the VTH,

Department of Veterinary Science of Turin were considered for inclusion in the study. All
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underwent general physical examination, neurologic examination by a board-certified
neurologist (ADA) blood and CSF sampling in the field, and necropsy when performed. Only
cases with a confirmed diagnosis of CNS disorder were included; diagnosis is expressed by
the VITAMIN D mnemonic (206). The final diagnosis was based on signalment, neurological
examination, blood and CSF analysis, response to treatment, and necropsy histopathology
when performed.

This prospective study was conducted in accordance with current animal welfare regulations
(Italian Legislative Decree 146/2001 of 26 March 2001 implementing the European Council
Directive 98/58/EC of 20 July 1998). Samples were collected during routine diagnostic
evaluation. Written informed consent was obtained from the animal owners before veterinary

assessment and treatment of their animals.

2.3 Collection and Analysis of blood and CSF samples

Blood samples (5 mL aliquots) were obtained from the jugular vein and placed into 2 tubes
containing EDTA and a coagulation activator. CSF was collected from the lumbosacral
region with the animal in either sternal recumbency or standing position, as described by
Mayhew (7). When necessary, an animal was sedated prior to the procedure by intravenous
administration of xylazine hydrochloride (Rompun, Bayer S.p.A) at a dose of 0.05 mg/kg
body weight. The collection site (5 cm x 10 cm) was shaved and surgically prepared; local
anesthesia was administered by subcutaneous injection of 2.5 mL of procaine hydrochloride
(Procamidor®, Richter Pharma AG). CSF was collected using spinal needles (18 G and 90
mm in length or 21 G and 50 mm) (Terumo) depending on the body size of the animal. A
minimum of 5 mL of CSF was collected by attaching the syringe to the hub of the needle

and applying gentle aspiration. The sample was then placed in empty sterile tubes. The L-
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lactate concentration was measured immediately after collection of blood and CSF samples
using a portable StatStrip Xpress© analyzer (Nova Biomedical). A drop of blood or CSF
(approximately 0.6 uL) was applied to the free end of the test strip inserted into the analyzer
and the result was read out by the device within 13 seconds. The samples were kept
refrigerated (4°C) until transferred to the Laboratory Service of the VTH of Turin for analysis

within one hour of collection, as previously described (24).

2.4 Statistical Analysis

Statistical analysis was performed using Rstudio version 4.1.3 and Prism version 9.1.1.
Numerical variables were analyzed for normality distribution with the Shapiro Wilk test and
are expressed as mean and standard deviation (+ SD) or median and IQR, as appropriate.
Categorical variables are expressed as relative frequency and percentage. The Rl with 90%
Confidence Interval (Cl) for CSF and blood L-lactate in the healthy group was calculated
using the robust bootstrap method according to published guidelines (232). Additionally, the
horn method for outlier detection was applied in the analysis. The Wilcoxon rank-sum two-
tailed test was used to assess differences in L- lactate concentration between CSF and
blood in the healthy cattle group. Correlations between CSF L-lactate concentration and
variables (i.e., blood L- lactate, CSF RBCC, CSF TNCC, CSF TP, CSF total neutrophil
count, CSF total lymphocyte count, CSF total macrophage count) were examined for the
sick animal group. All correlations were assessed with Spearman's rank correlation
coefficient. The Wilcoxon rank-sum two-tailed test was conducted to investigate differences
in CSF and blood L-lactate concentration between sick animals diagnosed with infectious-
inflammatory disease (INF subgroup) and those without this disease (NON INF subgroup).

Furthermore, the Kruskal-Wallis test and pairwise Mann-Whitney tests were employed to
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explore differences in CSF and blood L-lactate concentrations based on the variables
derived from the VITAMIN D mnemonic. The same tests were performed to evaluate
differences in CSF L-lactate, blood L-lactate, CSF TNCC, and CSF TP, and the final
interpretation of CSF. The Benjamini-Hochberg procedure was used to adjust the p-values.
Finally, ROC analysis compared the concentration of CSF L-lactate between cases of
neutrophilic PL and those with other characteristics. The Youden index was employed to

determine the optimal cut-off point. Statistical significance was set at p < 0.05.

3 Results
3.1 Healthy Cattle group

3.1.1 Description
The healthy group was composed of 27 cattle: 9/27 (33%) females and 18/27 (67%) males.

Most (24/27, 89%) were 7 months old, 2 were 6 months old, and 1 was 5 months old. All
were Holstein Friesian breed. The median concentration of CSF TP was 38 mg/dL (IQR 30-
46 mg/dL). The median CSF TNCC was 4.6 cells/uL (IQR 3.7-6.1 cells/uyL). The median
CSF RBCC was 30 cells/pL (IQR 10-385 cells/pL). The mean CSF L-lactate concentration
was 1.7 mmol/L 0.4 mmol/L. Blood L-lactate concentration for all animals was known; the

median concentration was 0.7 mmol/L (IQR 0.6-0.85 mmol/L).

3.1.2 Reference Intervals for L-lactate

The RI for CSF L-lactate was 1.1-2.4 mmol/L (lower Cl 0.8-1.2; upper Cl of 2.1-2.6). The Rl
for blood L-lactate was 0.2-1.2 mmol/L (lower CI 0-0.4; upper Cl 1-1.4). No outliers were
identified in either analysis. The median CSF L-lactate level was significantly higher than

that of blood L-lactate (p < 0.0001; Figure 1).
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Figure 1: Difference in L-lactate concentration between CSF and blood in healthy cattle.
The scatter points represent individual data points. The median and IQR are shown. Asterisks (*)
indicate the level of statistical significance: *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001. CSF =

cerebrospinal fluid.
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3.2 Sick Cattle group

3.2.1 Description
The sick cattle group was composed of 86 neurologically impaired cattle: 44/86 (51%)

females and 42/86 (49%) males. The median age was 20 days (IQR 6-180 days). The most
frequent breed was Piemontese (76/86, 89%), followed by Holstein Friesian (7/86, 8%),
mixed breed (2/86, 2%), and Limousine 1/86 (1%). The most frequent neuroanatomical

localization was the forebrain (24/86, 28%) or multifocal localization (15/86, 17%). Brainstem
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involvement was observed in 9/86 (10%), a diffuse intracranial disorder in 9/86 (10%), L4-
S3 spinal segment localization in 8/86 (9%), central vestibular system localization in 6/86
(7%), cerebellum involvement in 5/86 (6%), C6-T2 spinal segment involvement in 4/86 (5%),
C1-C5 spinal segment involvement in 3/86 (4%), and T3-L3 spinal segment involvement in
3/86 (4%). The median concentration of CSF TP was 46 mg/dL (IQR 25-98 mg/dL). The
median CSF TNCC was 7.8 cells/uL (IQR 2-65 cells/pL), and the median CSF RBCC was
80 cells/puL (15-1335 cells/pL). CSF interpretation was normal in 40/86 (46%). Among the
remaining cases, 24/86 (28%) exhibited mononuclear PL, 14/86 (16%) neutrophilic PL, 5/86
(6%) AC dissociation, and 3/86 (4%) mixed PL, which refers to the presence of both
mononuclear cells and neutrophils. The median CSF L-lactate level was 2.5 mmol/L (IQR
2-3.6 mmol/L). Blood L-lactate concentration was known for 60/86 cattle and the median
level was 1.7 mmol/L (IQR 1.1-2.6 mmol/L). Over half (47/86, 55%) were diagnosed with an
infectious or inflammatory CNS disorder (INF subgroup), while the remaining 39/86 (45%)
had a CNS disorder of other origin (NON INF subgroup). Within the NON INF subgroup,
15/39 cattle (38%) were diagnosed with an anomalous congenital condition, 12/39 (31%)
with a metabolic-toxic disorder, 9/39 (23%) had experienced trauma, and 3/39 (8%) had a

vascular disorder.

3.2.2 Diagnostic Findings of CSF L-lactate
We found a significant correlation between CSF L-lactate concentration and the following

variables in the sick cattle group: blood L-lactate (known for 60/86, rho = 0.34, p = 0.007);
CSF TNCC (rho = 0.57, p < 0.0001); CSF TP (rho = 0.45, p < 0.0001); CSF total neutrophil
count (known for 25/86, rho = 0.63, p = 0.0006); CSF total macrophage count (known for
21/86, rho = 0.66, p = 0.001). There was no significant correlation between CSF L-lactate
and CSF RBCC or CSF total lymphocyte count (the latter known for 21/86). There was a
statistically significant difference in CSF L-lactate concentration between the INF and the
NON INF subgroup (median CSF L-lactate INF subgroup 3 mmol/L, IQR 2.2-5.95 mmol/L;
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median CSF L-lactate NON INF subgroup 2.2 mmol/L, IQR 1.8-2.6 mmol/L; p < 0.0001).
However, when the INF subgroup and each of the other VITAMIN D categories were
compared and the p-values corrected, this significant difference disappeared. There were
no significant differences in blood L-lactate concentration across the various diagnoses. In
contrast, significant differences were observed in CSF L-lactate, CSF TNCC, and CSF TP
for the final interpretations of CSF (p < 0.0001), with the highest CSF L-lactate, CSF TNCC,
and CSF TP found in neutrophilic PL cases (median L-lactate 7 mmol/L, IQR 4.2-7.9 mmol/L;
median TNCC 601.5 cells/uL, IQR 272.1-1932 cells/uL; median TP 267 mg/dL, IQR 223-
348 mg/dL). The characteristics of these variables in each CSF interpretation, showing the
p-values obtained from pairwise comparisons, are presented in Table 1-3; the
corresponding results are illustrated in Figures 2-4. In contrast, no significant differences in

blood L-lactate were observed across interpretations of CSF.

Table 1: CSF L-lactate concentration in the sick cattle for each CSF interpretation and results (p
value) of pairwise multiple comparison. CSF = cerebrospinal fluid; AC = albuminocytologic

dissociation; PL = pleocytosis.

Median Normal AC Mononuclear Neutrophilic Mixed
CSF L- dissociation PL PL PL
lactate
mmol/L
(IQR)

Normal 215 (1.8 - 0.20 0.05 < 0.0001 0.08
- 2.6)

AC 2 (1.6 - 0.20 - 0.06 0.005 0.06

dissociation 2.2)

Mononuclear 275 (2.2 0.05 0.06 - 0.0006 0.30

PL —3.35)

NeutrophilicPL | 7 (4.22 — <0.0001 | 0.005 0.0006 - 0.16
7.92)

Mixed PL 43 (3.35 0.08 0.06 0.30 0.16 -
—4.55)

Table 2: CSF TNCC/uL in the sick cattle for each CSF interpretation and results (p value) of pairwise
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multiple comparison. CSF = cerebrospinal fluid; TNCC = total nucleated cell count; AC =
albuminocytologic dissociation; PL = pleocytosis.
Median Normal | AC Mononuclear | Neutrophilic | Mixed
TNCC/uL dissociation | PL PL PL
(IQR)
Normal 2(1.2-4) - 0.32 < 0.0001 < 0.0001 0.007
AC 52 (1.8 - 0.32 - 0.0003 0.0003 0.04
dissociation 5.4)
Mononuclear | 18.2 (11.72 < 0.0003 - < 0.0001 0.02
PL —45.65) 0.0001
Neutrophilic 601.5 (272.2 < 0.0003 < 0.0001 - 0.04
PL —1932) 0.0001
Mixed pl. 166.2 (123.4 0.007 0.04 0.02 0.04 -
—193.6)

Table 3: CSF TP concentration in the sick cattle for each CSF interpretation and results (p value) of
pairwise multiple comparison. CSF = cerebrospinal fluid; TP = total protein; AC = albuminocytologic

dissociation; PL = pleocytosis.

Median TP Normal | AC Mononuclear Neutrophilic | Mixed
mg/dL dissociation | PL PL PL
(IQR)
Normal 25 (20 - 32) - 0.006 0.0002 < 0.0001 0.01
AC 62 (53 - 62) 0.006 - 0.35 0.006 0.04
dissociation
Mononuclear | 50 (37.75 — 0.0002 0.35 - 0.0002 0.03
PL 72.5)
Neutrophilic 267 (223 — < 0.006 0.0002 - 0.36
PL 348) 0.0001
Mixed PL 178 (167 — 0.01 0.04 0.03 0.36 -
250)

Figure 2: Difference in CSF L-lactate concentration between CSF final interpretations in sick cattle.
The scatter points represent individual data points. The median and IQR are shown. Asterisks (*)
indicate the level of statistical significance: *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001. The
absence of an asterisk indicates a lack of statistically significant differences between groups. CSF =

cerebrospinal fluid; AC = albuminocytologic; PL = pleocytosis.
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Figure 3: Difference in CSF TNCC/uL between CSF final interpretations in

sick cattle.

The scatter points represent individual data points. The median and IQR are shown. Asterisks (*)
indicate the level of statistical significance: *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001. The

absence of an asterisk indicates a lack of statistically significant differences between groups. TNCC

= total nucleated cell count; CSF = cerebrospinal fluid; AC = albuminocytologic; PL = pleocytosis.
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Figure 4: Difference in CSF TP concentration between CSF final interpretations in sick cattle.
The scatter points represent individual data points. The median and IQR are shown. Asterisks (*)
indicate the level of statistical significance: *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001. The
absence of an asterisk indicates a lack of statistically significant differences between groups. TP =

total microprotein; CSF = cerebrospinal fluid; AC = albuminocytologic; PL = pleocytosis.
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We observed higher concentration of CSF L-lactate in the cases of neutrophilic PL and
analyzed the ROC curve. The AUROC for CSF L-lactate concentration in the neutrophilic
PL group versus the other groups was 0.92. The Youden index method identified a threshold
of 3.15 mmol/L for CSF L-lactate, which yielded a diagnostic sensitivity of 93% and a

specificity of 80% in the detection of neutrophilic PL (Figure 5).

120



Figure 5: ROC curve for predicting neutrophilic PL based on CSF L-lactate concentration.
The x-axis represents the false positive rate (1-Specificity), and the y-axis represents the true

positive rate (Sensitivity).
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4 Discussion
To our best knowledge, this is the first study to determine a RI for CSF L-lactate in cattle. In

a recent study, CSF L-lactate levels were assessed in healthy cattle however, the authors
could not establish a RI for health due to the small sample size (15). We noted significantly
higher L-lactate concentration in the CSF than in the blood in the healthy cattle group. This
observation is shared by Posner et al(161) and further supports the notion that blood and
CSF L-lactate levels are independent of each other. Several factors may contribute to this
difference, including processes influencing the production and the clearance of L-lactate in
the CSF. Lactate is produced primarily by astrocytes in the brain in response to neuronal
activity by aerobic glycolysis. This metabolic pathway is specific to astrocytes and is
regulated by a gene expression profile that promotes lactate production from pyruvate rather
than its utilization in the tricarboxylic acid cycle. This distinctive process might lead to
elevated lactate production within the brain and subsequently in the CSF (158). Additionally,
lactate clearance from the CSF may be slower than its clearance from the bloodstream,

further contributing to the higher concentration in CSF compared to blood (170).

121



When we compared the CSF L-lactate levels in the sick cattle group, we identified relatively
weak differences between the INF and the NON INF subgroup. This is evident from the
overlapping distribution of values between the two subgroups, with a few higher values in
the INF subgroup contributing to the observed statistical significance. Elevated CSF L-
lactate concentration has been documented in humans with bacterial infections of the CNS,
and cut-off values have been proposed as a way to distinguish them from aseptic
inflammations (179). Based on this notion, we sought a more accurate method to
differentiate bacterial infections, particularly in the acute phase, from other disorders.
Following this idea, we observed significant differences in L-lactate concentration together
with alterations in the CSF. Notably, the highest L-lactate concentration was observed in the
subjects with neutrophilic PL, and a CSF L-lactate above 3.15 mmol/l was highly predictive
of this condition.

Neutrophilic PL is commonly encountered in acute bacterial infection of the CNS in cattle
and it is considered specific for such disease. Neutrophils are the first cells to be recruited
to the site of infection where they participate in anti-microbial host defense as regulators of
both innate and adaptive immunity. Activated neutrophils display diverse effector
mechanisms, including phagocytosis, activation of NADPH oxidase, release of granular
contents, and release of neutrophil extracellular traps (NETs). These NETs consist of DNA,
histones, microbicidal peptides, and antimicrobial enzymes and are associated with L-
lactate formation via the Warburg effect (127,181,182).

Accordingly, we examined the relationship between total neutrophilic count and CSF L-
lactate concentration and found a moderate-to-strong correlation between the two. Although
our analysis was performed on a small subgroup, potentially limiting the external validity of
the results, our findings align with studies in human medicine (127,181,182). Of note, our
study does not provide conclusive evidence about whether lactate concentration is more

closely linked to the functional state of neutrophils or their absolute numbers. Moreover, we
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found similar correlations between total macrophage count and L-lactate, which suggests
that L-lactate might be secondary to general differences in CNS inflammation. Further
studies are needed to develop this hypothesis and determine the production rate of L-lactate
from neutrophils and other immune cells isolated from the CSF in relation to their activation
status.

Significant correlations were observed between CSF L-lactate concentration and CSF
TNCC and TP. The cases of neutrophilic PL exhibited elevated TNCC and TP, which might
explain the correlation. Additional studies are needed to investigate the functional
relationship between these variables and CSF L-lactate concentration.

We did not to exclude samples with blood contamination since it is widely believed in both
human and veterinary medicine that iatrogenic blood contamination of the CSF does not
alter L-lactate concentration (167,171-173). Our results further support this notion, as no
correlation was observed between CSF L-lactate and RBCC.

We noted a weak correlation between CSF L-lactate and blood L-lactate concentration in
the sick cattle group. This finding contradicts the current literature, which states that CSF
and blood lactate levels are independent of one another (161,162). A plausible explanation
for our observation is that the integrity of the BBB may be altered in disease, with a partial
effect of blood L-lactate concentration on CSF L-lactate concentration (163,164). No
significant differences in blood L-lactate concentration were observed across diagnoses or
CSF interpretations. This underlines the importance of measuring L-lactate in CSF rather
than in blood to accurately detect acute bacterial infection of the CNS.

This study has some limitations. There were differences in the demographics between the
healthy cattle, on which the RI of CSF L-lactate was calculated, and the sick cattle,
particularly for age and breed. The healthy group consisted exclusively of young Holstein
Friesian cattle. Slight differences in the Rl of CSF L-lactate have been reported between

human neonates and adults (175). Thus, caution is warranted when applying the Rl obtained
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in this study to evaluate CSF L-lactate in animals differing in age.
The bacterial agents of infection were not identified, which precluded investigating
correlations between specific types of bacteria and lactate concentration. Bacterial
metabolism is known to play a relatively minor role in lactate production, with the host's
immune response being the primary determinant (181). Furthermore, our focus was solely
on the measurement of L-lactate, without taking into account the other isotype, D-lactate,
which is produced by bacteria [35]. This decision was based on the fact that D-lactate is
typically found in low concentrations, accounting for 1-5% of L-lactate (233). Commonly
used lactate measurement methods primarily target L-lactate.

In conclusion, our findings underscore a strong association between CSF L-lactate
concentration and neutrophilic PL, marker of acute CNS inflammation induced by bacterial
infection in cattle. A CSF L-lactate cut-off value of 3.15 mmol/L for identifying this kind of
disease appears therefore reasonable. Measuring CSF L-lactate in field conditions requires
only a small volume of CSF, less than one drop, and yields results within a few seconds.
The quick turnaround time, along with the high sensitivity and specificity (93% and 80%
respectively in our population) in detecting acute inflammatory disorders, can provide
veterinarians with the advantage of obtaining prompt results and the opportunity to initiate
antimicrobial treatments as needed, thus promoting a more rational use of antimicrobials in
farm animal practice.

Additional information

The present study has recently been submitted as a research article to BMC Veterinary
Research journal as:

Ferrini S, Cagnotti G, Ala U, Avilii E, Bellino C, Biasibetti E, Borriello G, Corona C, Di Muro
G, lamone G, lulini B, Pezzolato M, Bozzetta E, D’Angelo A. Cerebrospinal fluid L-lactate

as a diagnostic marker for acute inflammatory disorders in the central nervous system of

124



cattle. BMC Veterinary Reseach (2023), under revision.

PROJECT 4 - A study on the utility of Idexx ProCyte Dx® for bovine
cerebrospinal fluid evaluation

1 Introduction
CSF analysis holds significant importance in the diagnosis of disorders of the CNS,

especially in identifying infectious-inflammatory conditions. Among cattle, infections and
inflammatory conditions of the CNS are the primary contributors to neurological disorders
(29). For this species, CSF analysis serves as the most direct antemortem diagnostic
method for CNS diseases, as advanced diagnostic imaging is less practical compared to
companion animals (26). Gold standard for CSF analysis relies on the use of a
haemocytometer chamber for cell counting and cytologic evaluation to differentiate cell
types. These procedures are manually performed and demand specialized expertise and
facilities that may not be readily available on-site (67,203). A significant disadvantage of this
is the resultant delay in analysis, which has been observed to adversely affect cell integrity,
and delayed therapeutic intervention possibilities. Automated analyzers for CSF are
currently studied in human medicine as an alternative to the gold standard manual analysis,
and these methods serve as alternatives to manual techniques (67,200,201). In the field of
veterinary medicine, limited research has explored the application of haematology analyzer
for CSF in dogs (199,202,203) and demonstrated that automated CSF analysis can be
performed in canine species. Some limitations were observed, particularly in samples with
low cellularity and in differential cell count analysis. Among haematology analyzers, the
Idexx ProCyte Dx® Haematology Analyzer (IDEXX Laboratories, Inc.) is the most accurate
and comprehensive complete blood counting machine available. It is currently in use at

numerous veterinary hospitals. A recent study assessed the ProCyte Dx® Hematology
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Analyzer's performance in analyzing CSF in dogs (199). The findings revealed a strong
correlation between the analyzer and the gold standard laboratory analysis in detecting
TNCC, but suggested software modifications to improve the analyzer's sensitivity in
detecting smaller cell increments.
Based on these premises, the objectives of this prospective study were to assess the Idexx
ProCyte Dx® hematology analyzer's capability in determining total and differential CSF
nucleated cell counts in cattle and to compare it with the gold standard laboratory analysis.
Specifically, we established a Rl for TNCC in bovine CSF analyzed with the Idexx ProCyte
Dx® and investigated the performance of the instrument in delivering TNCC and differential

cell counts that exhibited comparability to the gold standard laboratory analysis.

2 Materials and methods

2.1 Samples
CSF samples were prospectively collected from a healthy cattle group (Authorization No.

242/2020 - PR) housed at the VTH of Turin and from a sick cattle group. The latter presented
to the VTH Neurology Service for neurological signs suggestive of a CNS disorder, where
CSF analysis was performed as a part of the clinical evaluation. CSF samples where then
categorized into two groups: CSF samples with normal TNCC (normal TNCC group) and
CSF samples with PL (increased TNCC group). The normal TNCC group was composed of
samples from all the healthy cattle and from part of the cattle included in the sick group when
the laboratory CSF analysis would confirm a normal TNCC. The remaining sick cattle
samples were included in the increased TNCC group. For the purpose of the present study,
cases exhibiting AC dissociation were considered in the normal TNCC group.

Animals were excluded from the study if the collected sample volume was insufficient for
both internal gold standard laboratory analysis and automated analysis using the Idexx

ProCyte Dx®.
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This prospective study was conducted in accordance with current animal welfare regulations
(Directive 98/58/EC and Italian Decree Law 146/2001). Pathological samples were collected
during routine diagnostic evaluation. Written informed consent was obtained from the

owners before veterinary assessment and treatment of their animals.

2.2 CSF collection

CSF was collected from the lumbosacral region of animals using the procedure described
by Mayhew (7). The animals were positioned either in sternal recumbency or standing
position, and when necessary, sedation was administered using xylazine hydrochloride.
The CSF collection site was shaved, surgically prepared, and local anesthesia was provided
by subcutaneously injecting 2.5 mL of procaine hydrochloride (Procamidor®). Spinal needles
of either 18 G and 90 mm in length or 21 G and 50 mm (Terumo) were used for the CSF
collection, based on the body size of the animal.

The CSF was collected by gently aspirating it into a syringe attached to the needle hub. The
collected samples were then divided into sterile empty tubes for gold standard analysis

(minimum volume 800 pL) and EDTA tubes for automated analysis (minimum volume 300

pL).

2.3 Gold standard laboratory CSF analysis

The freshly collected CSF samples were transferred to the Laboratory Service of the VTH
of Turin and analyzed within one hour of collection. For the assessment of the TNCC, 100
pl of CSF were mixed with 100 ul of Turks stain and placed on a Nageotte haemacytometer.
The number of cells in an eight by ten rectangle was counted. Cytospin slides were prepared
using 250 pl of CSF, which was centrifuged at 150 g for six minutes using a Cytospin2

(Shandon). The slides were then stained with May-Grinwald Giemsa for both the differential
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cell count and morphological evaluation. Only samples with a minimum of 10 cells per slide
were included in the differential cell count. A certified clinical pathologist evaluated the
cytocentrifuge preparations providing a comment regarding the types of cells observed and
their respective proportions. The total protein concentration of the samples was measured
using a spectrophotometer (Sentinel Diagnostics) with a pyrogallol red assay. Based on the
characteristics of the sample, CSF possible final interpretations included: normal CSF or
CSF with one of the following: mononuclear PL, neutrophilic PL, mixed PL or AC
dissociation.

PL was defined when the TNCC was > 10 cells/ yL. Cases with increased TNCC were further
divided into mildly increased when TNCC < 50 cells/ pL, moderately increased when TNCC

> 50 and < 100 cells/ yL, markedly increased when TNCC > 100 cells/ yL.

2.4 Automated CSF analysis with Idexx Procyte Dx®

To perform automated CSF analysis, the CSF sample collected in an EDTA tube was
inserted into the Idexx Procyte Dx® machine. After collection the sample was gently rotated
to resuspend any sedimented cells and the analysis was always performed within one hour
of collection. A specific cycle was selected, choosing the substrate "other fluid". The analysis
produced a TNCC per liter (TNCC/L), and a red blood cell count per liter (RBCC/L) which
were subsequently converted to TNCC/pL and RBCC/uL respectively for further
examination. Furthermore, a scatter plot was generated to visually represent the distribution
of cells in the sample. In cases where the sample exhibited sufficient cellularity (TNCC >
1000/uL), the automated analysis also provided a differential cell count, distinguishing
between granulocytes (polymorphonucleate cells) and agranulocytes (mononuclear cells).

In cases where the preceding sample that was analyzed by the machine was blood, the
analysis of the CSF was conducted twice. The first analysis was performed without any

additional steps, while the second analysis was preceded by a cleaning cycle was carried
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out using 2 mL of IDEXX Hydro-Clean solution (a manufacturer-provided cleansing agent
containing 5.25% active chlorine). However, if consecutive CSF samples were being

analyzed, the cleaning cycle was only performed for the first sample.

2.5 Statistical Analysis

All analyses were performed using Rstudio version 4.1.3 and Prism version 9.1.1.
Numerical variables were analyzed for normality distribution with the Shapiro Wilk test and
described as mean SD or median and IQR as appropriate. Categorical variables were
described as relative frequency and percentage. A preliminary Rl for Procyte Dx® CSF
TNCC was identified with the percentile method by the 2.5th and 97.5th percentiles within
the normal TNCC group. The correlation and discrepancies between the pre- and post-
cleaning cycle for Procyte Dx® TNCC were evaluated using the Spearman rank test
coefficient and Wilcoxon signed rank test, respectively.

The correlation between TNCC performed by Procyte Dx® and laboratory analysis were
assessed with Spearman rank test coefficient. The agreement between the two methods
were assessed using Bland-Altman plots. All the aforementioned analyses were performed
for the combined data and separately for the normal TNCC and increased TNCC groups.
The Wilcoxon rank sum test was employed to examine the TNCC provided by the Procyte
Dx® between cases classified as with normal TNCC and those with increased TNCC, as
determined by the laboratory analysis. A ROC analysis was conducted to compare the
TNCC obtained through the Procyte Dx® analysis between cases within the increased TNCC
group and those within the normal TNCC group, as determined by the laboratory analysis.
The Youden index was used to identify the optimal cut-off point for distinguishing between
the two groups based on the Procyte Dx® analysis. Statistical significance was defined as p

< 0.05.
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In the increased TNCC group, the correlation in differential cell count between the Procyte
Dx® and the laboratory was conducted using the Spearman rank test coefficient when the
data were available. Moreover, scatter plots were subjected to visual analysis and
assessment by one of the authors who was unaware of the interpretation of the laboratory.
This process involved determining the number of cell types present in the plot and identifying
the predominant cell type. Instances where the observer identified predominantly
mononuclear cells were categorized as mononuclear PL, cases where both mononuclear
cells and polymorphonucleated cells were equally present were classified as mixed PL, and
finally, when polymorphonucleated cells were the most prevalent, it indicated neutrophilic
PL. The agreement between the Procyte Dx® scatter plot interpretation compared to the
laboratory CSF interpretation was subsequently calculated according to the K Cohen

statistic.

3. Results

3.1 Study population

113 cattle were included in this prospective study. 25/113 (22%) cattle belonged to healthy
group while 88/113 (78%) to the sick cattle group. The normal TNCC group was composed
of 76/113 (67%) bovine CSF samples. The increased TNCC group was composed of 37/113
(33%) bovine CSF samples. Nineteen out of 37 (51%) presented a mild PL (median cells/uL
14, 1QR 12.2 - 20.9), 3/37 (8%) a moderate PL (median cells/pL 80.6, IQR 73.8 — 88.6) and

15/37 (41%) a marked PL (median cells/puL 221, IQR 133.2 — 824).

3.2 Comparison pre- and post- cleansing cycle

There was significant correlation between TNCC counted by the Procyte Dx® pre and post
cleansing cycle in both the normal TNCC group (TNCC: rho = 0.48; p = 0.002), the increased

TNCC group (TNCC: rho = 0.98; p < 0.0001) and when groups were combined (TNCC: rho
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= 83; p < 0.0001). The median of the differences in TNCC between pre and post cleansing
cycle was not significantly different from zero in both the normal TNCC group, the increased

TNCC group, and when the groups were combined.

3.3 Procyte Dx® Rl for CSF TNCC

Median Procyte Dx® CSF TNCC in the normal TNCC group was 10 cells/uL (IQR 0-10

cells/uL). The RI for CSF TNCC was 0-20 cells/pL.

3.4 Comparison between Procyte Dx® and laboratory TNCC

We found a significant difference in median Procyte Dx® TNCC between the increased
TNCC group and the normal TNCC group. Specifically, the increased TNCC group had a
substantially higher median of 70 cells/puL (IQR 30-410 cells/pL), (p-value < 0.0001; Figure
1). When we compared Procyte Dx® TNCC between the normal TNCC group and the mildly
increased TNCC subgroup, a higher median TNCC was observed within the mildly
increased TNCC subgroup (median for the mildly increased TNCC subgroup: 20 cells/uL,

IQR 20-30 cells/uL; p < 0.0001).

Figure 1: Difference in Procyte Dx® TNCC/uL between the normal TNCC group and the increased
TNCC group. The scatter points represent individual data points. The median and IQR are shown.
Asterisks (*) indicate the level of statistical significance: *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001.
The absence of an asterisk indicates a lack of statistically significant differences between groups.

TNCC = total nucleated cell count.
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The AUROC for Procyte Dx® in distinguishing between the increased TNCC group and the
normal TNCC group was 0.93. Using the Youden index method, we determined a cutoff
value of 15 cells/ pL, which corresponded to a diagnostic sensitivity of 79% and specificity

of 89% in detecting CSF PL (Figure 2).

Figure 2. ROC curve for predicting the presence of PL based on Procyte Dx® TNCC/uL.

The x-axis represents the false positive rate (1-Specificity), and the y-axis represents the true
positive rate (Sensitivity).
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A strong and significant correlation was observed between Procyte Dx® and laboratory
TNCC, in the increased TNCC group (rho = 0.89; p < 0.0001; Figure 3), as well as when
considering both groups together (rho = 0.68; p < 0.0001). Within the normal TNCC group,

there was no significant correlation observed (rho = 0.19; p = 0.09).

Figure 3: Correlation between Procyte Dx® and Laboratory TNCC in the increased TNCC group.
Scatter points represent individual data points. The X-axis represents Procyte Dx TNCC/uL and the
Y-axis represents Laboratory TNCC/uL. The correlation coefficient (rho 0.89; p < 0.0001) indicates

the strength and the direction of the correlation between the variables. TNCC = total nucleated cell
count.
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The Bland-Altman plot, when focusing solely on the normal TNCC group, showed 95% limits
of agreement ranging from -8.45 to 21.11 cells/uL, with a bias of 6.33 + 7.54 uL. For the
increased TNCC group, the 95% limits of agreement spanned from -311.7 to 548.5 cells/uL,
with a bias of 42.35 + 134.1 pL. When examining the combined data, the Bland-Altman plot
showed 95% limits of agreement ranging from -200.5 to 305.2 cells/pL, with a bias of 118.4

+119.5 L (Figure 4).

Figure 4: Bland-Altman plot showing the difference between the TNCC of various CSF samples
determined with the Idexx ProCyte Dx® against the mean of the two methods evaluated (N = 113).
The dotted lines represent the mean + 2SD difference between the methods. TNCC = total nucleated

cell count.
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3.5 Comparison between Procyte Dx® and laboratory differential cell count

For differential cell count comparison, we focused exclusively on the increased TNCC group.
For 4/37 (11%) subjects in this group, we had access to differential cell counts from both
Procyte Dx® and laboratory analyses. In this limited sample, the Spearman rank test
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coefficient (rho) was 0.8, indicating a strong correlation. However, due to the small sample
size, we were unable to make any meaningful population-wide inferences.

For 27/37 (73%) subjects, we compared the Procyte Dx® scatter plot interpretation with the
CSF interpretation conducted by the laboratory, revealing a K-Cohen coefficient of

agreement of 0.69.

4. Discussion

In the present study, the Procyte Dx® analyzer performed well in measuring CSF TNCC and
could distinguish samples with normal TNCC from those with increased TNCC, with a cutoff
of 15 cells/ pL. By analyzing samples with normal TNCC, we defined a Rl for Procyte Dx®
TNCC. The upper RI cut off (20 cells/uL) was higher than the laboratory cut off for normal
TNCC (10/uL). This finding might reflect the Procyte Dx® tendency to produce slightly higher
values compared to the laboratory or might depend on the limited sensitivity and precision
of the instrument. Procyte Dx® in fact can only provide TNCC in 10 cell/uL increments.

When assessing Procyte Dx® TNCC against the laboratory values, a strong and significant
correlation was observed within the increased TNCC group. Conversely, within the normal
TNCC group, we identified only a weak and non-significant correlation, supporting the
hypothesis that Procyte Dx® lacks capabilities at low cellularity levels. We performed further
analysis to evaluate Procyte Dx® abilities in distinguishing mildly increased TNCC from
normal TNCC and disclosed an overlapping distribution of values, with a few higher values
in the mildly increased TNCC subgroup contributing to the observed statistical significance.
Bland-Altman analysis revealed that measurement differences tended to increase with
higher TNCC values. This finding was deemed clinically insignificant. Elevated differences
were observed solely when TNCC exceeded 200 cells/pL, a threshold at which TNCC does

not provide additional meaningful information for clinical interpretation of a disease process.
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Upon analyzing the bias in this analysis, we indeed confirmed a consistent trend in Procyte
Dx® to produce slightly higher values compared to the laboratory method.

Regarding differential cell count, our ability to obtain significant results was hindered by the
limited sample size due to Procyte Dx®'s high threshold for providing differential cell count.
Nevertheless, we observed a substantial agreement between the evaluation of the scatter
plot and the laboratory CSF interpretation.

Our findings are consistent with a previous study that applied the same procedure in dogs
(199). Notably, ProCyte Dx® analysis, based on 10 cells/uL increments, may be well-suited
for bovine species, given that the normal range for TNCC in this species extends up to 10
cells/uL (5), whereas in dogs, it is 5 cells/uL (12). Additionally, we observed a strong and
statistically significant correlation in TNCC between the pre- and post-cleansing cycle
samples. This finding suggests that Procyte Dx® CSF analysis is not influenced by prior
samples with higher cellularity, such as blood.

The main limitation of this study was the lack of CSF samples with a TNCC exceeding 1000
cells/uL. This would have enabled ProCyte Dx® to perform differential cell counting,
facilitating a direct comparison with laboratory values. Nevertheless, it is worth noting that
such severe PL cases are infrequent in clinical practice.

In conclusion, CSF Procyte Dx® analysis can be conducted rapidly without being preceded
by a cleansing cycle, with results available just a few minutes after CSF collection. Based
on our study, this analysis can effectively detect increased TNCC in bovine CSF, and values
>20 cells/uL indicate CSF PL. However, the instrument may not accurately detect mild
increases in TNCC. Moreover, it is important to acknowledge that the high threshold of the
instrument for providing a differential cell count is a limitation in its clinical application. To
enhance accuracy in CSF differential cell counting, the software implementation with a

tailored panel for CSF would be beneficial.
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Additional information

The present study will be submitted to a peer-reviewed scientific journal shortly.

DISCUSSION

With the thesis presented here we investigated different approaches to overcome
challenges in interpretation of CSF analysis and bacterial CNS infection diagnosis:
- We created a ML based web-app that can help predict the probability of infectious
and inflammatory disorders of the CNS in cattle.
- We applied 16S gene sequencing to investigate the presence of bacteria in the CSF
of cattle with neurological disorders.
- We identified that high concentration of CSF L-lactate indicates acute CNS
inflammation.
- We assessed the performance of an automated and rapid CSF analysis tool.
By applying 16S gene sequencing we highlighted difficulties in distinguishing microbial
communities in samples with infections from those associated with other neurological
disorders. We hypothesized that this challenge was dependent on the inadvertent retrieval
of contaminant bacterial DNA during sampling or lab processing. Furthermore, as our
analysis typically yielded results on the genus level, we were unable to definitively identify
different species present within the samples. To address these limitations, the following
adjustments to the sample workflow should be considered:
- Incorporating negative controls, including 16S gene sequencing of CSF samples from
healthy subjects, farm environment samples, skin samples from the CSF collection

site, and DNA extraction and PCR blank controls. This approach can identify potential
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contaminants and enable the subtraction of contaminants to detect genuine bacteria
originating from CSF samples in infected cattle.

- Conducting orthogonal tests on the CSF/subject to confirm the presence of infection
agents, which may involve bacterial isolation through culturomics, 16S qPCR, 16S
FISH, and IHC staining for bacterial components (LPS for gram-negative and LTA for
gram-positive).

- Implementing a higher level of sterility, such as processing samples under biological
hoods and using buffers with certified levels of sterility.

- Exploring innovative 16S gene sequencing techniques that expand the number of
sequenced regions, enhancing sequencing depth and improving taxonomic
classification, potentially allowing the differentiation between pathological and
environmental species within the same genus (75,81).

If these improvements lead to further pathogen characterization, the association between L-
lactate and neutrophils provides insights into the role of the host immune system during
bacterial infection (181). Additional research could expand on this hypothesis by analyzing
the composition of the CSF immune system during inflammation through flow cytometry.
Furthermore, fluorescent activated cell sorting (FACS) could be utilized to isolate different
immune system cells and measure their L-lactate production rates.

The study of the composition and function of immune system cells in the CSF of cattle with
CNS infection, integrated with further pathogen characterization provided by 16S gene
sequencing, will provide a wealth of additional information, defining a large and complex
dataset. ML models can then be trained to identify the intricate relationships between these
features, with the ultimate goal of developing an algorithm capable of predicting precise

etiological diagnoses, aiding in the correct use of antimicrobial drugs.
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CONCLUSION
In conclusion, with the present studies we advanced our understanding of CSF analysis and

the diagnosis of bacterial CNS infections in cattle. Key accomplishments include the
development of a ML-based web app to assist with making clinical diagnoses and the
identification of CSF L-lactate as an indicator of inflammation. However, challenges persist,
such as microbial community differentiation and contamination issues during 16S gene
sequencing. To address these challenges, we propose a comprehensive approach involving
improved workflow, sterility measures, and innovative sequencing techniques. Additionally,
the study highlights the potential for further research into the host immune response and
pathogen characterization, aiming to create a complex dataset for ML algorithms to enhance
diagnostic precision. This work represents a further step forward in veterinary diagnostics

and the understanding of CNS infections in cattle.
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