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Preface

Analysis of arterial blood gases (ABG) plays an important role in the evaluation of
critical diseases and in determining the etiology and severity of diseases. Experimental
and mathematical methods for assessing acid-base balance and ventilation were
developed in the last century.

In ABG analysis, two main functions of respiration, namely ventilation and oxy-
genation, are examined. Measurements of oxygen (PaO2) and CO2 partial pressures
(PaC02), oxygen saturation (Sa02), pH, and HCO3 values in arterial blood are
performed by ABG analysis to evaluate acid-base balance and respiratory status. On
the other hand, glucose, electrolyte, kidney functions, bilirubin and hemoglobin
levels can also be checked in ABG analysis and information about the metabolic
status can be elicited with the devices developed in recent years.

Evaluation of ABG is a valuable asset in providing information about the severity of
the disease in clinical follow-up. Indications for ABG analysis can be summarized as
follows: Diagnosis and follow-up of metabolic and respiratory acidosis and alkalosis,
recognition of the type of respiratory failure, information on the effectiveness of
the treatment provided, indication and follow-up of O2 therapy, and revealing the
cause of dyspnea.

Blood gas analysis is one of modern medicine’s most essential diagnostic tools,
providing critical information about patients’ oxygenation, ventilation, and
acid-base balance. With a broad range of applications, from emergency depart-
ments to intensive care units, from internal medicine and surgical clinics to
anesthesia practice, this analysis plays a vital role in patient management when
interpreted correctly.

With advancing technology and evolving treatment approaches, blood gas analysis
remains an indispensable tool for healthcare professionals. Therefore, this book
project is intended to reveal the indications and drawbacks of ABG and to draw the
boundaries of this method in contemporary medicine.

This book has been prepared for all physicians and healthcare professionals who wish

to understand blood gas analysis better and integrate it into their clinical practice. It
covers fundamental physiological principles and thoroughly examines conditions such
as acidosis, alkalosis, respiratory and metabolic disorders, hypoxemia, and hypercapnia.
Additionally, it addresses current topics such as pre- and post-intubation blood gas
management, toxic alcohols and their relation with metabolic status and blood gases,
mechanical ventilation optimization, and the role of blood gas analysis in critical patient



monitoring. We hope this book will be a valuable resource for all healthcare providers
seeking to enhance their knowledge and skills in blood gas analysis and related clinical

issues.

Sincerely,
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Professor,
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Chapter1

Introductory Chapter: Arterial
Blood Gases — Canary in the Mine?

Ozgiir Karcioglu, Canan Akman and Neslihan Ergiin Siizer

1. Introduction

A woman in her sixties was brought to the ED with a history of heart failure for
8 years and diabetes for 26 years. She was found to have dyspnea, tachypnea, and
tachycardia. Her complaints have worsened progressively over the past 3 to 4 days,
especially when she lies down. She says that she had been fighting a cold 2 weeks ago,
and a greenish sputum persisted thereafter. She appears anxious and agitated but
denies chest pain, nausea, vomiting, diaphoresis, or fever. She is a smoker with 60
packs/years (40 years and 1.5 packs of cigarettes a day). She has been diagnosed with
bronchitis several times and was hospitalized 3 years ago with pneumonia. She has
gained around four kilograms over the last months. Her respiratory rate was 32 bpm,
heart rate 116 bpm, Sa02 87% at 4 L/min O2 via nasal cannula on the ambulance.
High-flow nasal cannula oxygen therapy increased SaO2 to 93% in the ED.

On the complete blood count, she has increased her leukocyte count 12.400 10°/L.
Blood glucose is 270 mg/dL and serum creatinine is 1.6 mg/dL. Arterial blood gas
values turns out to be pH 7.33, Pa0O2 88 mmHg and PaCO2 52 mmHg on the initial
examination on room air.

Highlight: Almost everyday, emergency physicians encounter patients such as this
lady, in whom many factors contribute to the cause of the ED visit and complicate
the clinical picture. Routine investigations help enlighten the differential diagnosis,
but oxygenation and ventilation can be obscured after these. Respiratory failure and
clinical deterioration despite treatment, can be overlooked in the absence of arterial
blood gases.

2. Role of arterial blood gases (ABG) in evaluation of critical patients

ABG analysis has an important role in the assessment of critical diseases and in
determining the etiology and severity of many entities. ABG is useful in the manage-
ment of various respiratory and metabolic disturbances.

Measurement of oxygen (Pa0O2) and carbon dioxide partial pressures (PaCO2),
oxygen saturation (Sa0O2), pH and bicarbonate values in arterial blood is performed
by ABG analysis in the evaluation of acid-base and respiratory balances [1].

Two basic functions of respiration are examined in blood gas analysis: ventilation
and oxygenation. Multiple pathological entities can be recognized in critically ill patients
using analysis of the pH, PaO2, PaCO2, and Sa0O2, and comparing it to measured serum
bicarbonate [2]. With the devices developed in recent years, glucose, electrolyte, kidney
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functions, bilirubin, and hemoglobin levels can be examined in the ABG analysis and
information about the metabolic status can also be obtained. Table 1 gives a summary of

ingredients of ABG analysis to consider in routine practice.

Indications of ABG analysis include conditions such as respiratory failure,
ventilation-perfusion mismatch, metabolic acidosis or alkalosis, and acute respiratory
diseases are typical indications for the use of ABG. Indications for ABG analysis can
be summarized as follows:

* Diagnosis and follow-up of metabolic and respiratory acidosis and alkalosis

* Determining the type of respiratory failure

* Evaluation of the effectiveness of the given treatment

* Indication and follow-up of oxygen therapy

Variable Explanation Pathological value thresholds
pH Used to determine the H+ status of the blood. It pH >745 = Alkalosis
shows that the patient is in acidosis or alkalosis, pH <7.35 = Acidosis
but it is not possible to understand the type only
by pH. Normal values are between 7.35 and 7.45.
Partial Arterial The partial pressure of oxygen in arterial blood “mild hypoxemia” if between 60 and

Oxygen Pressure
(Pa02):

which is used to evaluate oxygenation. Normal
values are 80-100 mmHg.

79 mmHg

“moderate hypoxemia” if it is between
40 and 59 mmHg

“severe hypoxemia” if below

40 mmHg

Oxygen saturation
(Sa02)

The oxygen saturation level of hemoglobin.
Normal values are 95-100%.

Partial Arterial It is the partial pressure of carbon dioxide in pCO2 > 45 = Acidosis

Carbon Dioxide arterial blood. It is an indicator of alveolar pCO2 < 35 = Alkalosis

Pressure (PaCO2)  ventilation. Normal values are 35-45 mmHg.

Bicarbonate It is the serum concentration of bicarbonate ion. Increased values of actual bicarbonate
(HCO3-) It is an important buffer in the blood and is used indicate metabolic alkalosis, and

to evaluate the metabolic component of acid-base
balance. Normally it is 22-26 mEq/L.

decreased values indicate metabolic
acidosis.

HCO3 > 26 = Alkalosis

HCO3 < 22 = Acidosis

Base excess (BE)

The amount of acid or base required to maintain
the pH of fully oxygenated blood to 740 at

37°C and 40 mmHg pCO2; It is an indicator of
metabolic status.

Normal values of BE vary between —3 and + 3.

BE<3 = metabolic acidosis,
BE > + 3 = metabolic alkalosis

Alveolar-Arterial

The difference between alveolar and arterial pO2

Oxygen Gradient levels. It gives general information about the gas
(p(A-2)02) exchange function of the lungs. Normally, p(A-a)
02 is 5 mmHg, but it increases with age, with an
increase of 4 mmHg for every 10 years after the
age of 20.
Table 1.

Components of arterial blood gas analysis to take into account in the clinical setting.
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* Sudden-onset and unexplained dyspnea

* Cardiac arrest situations and the effect of procedures including CPR or post-
ROSC states

Clinical estimates about oxygenation status is mostly erroneous and have poor
prognostic power in the clinical setting. For example, one of the most important clini-
cal signs, cyanosis is affected by the level of hemoglobin, skin color, perfusion and
lighting status. In most circumstances, ABG and SpO2 offer an accurate measurement
of oxygenation to guide diagnosis and management in the acute setting.

Likewise, Sa0O2 and SpO2 have their inherent deficiencies to demonstrate ventila-
tory function. An important criterion to oversee deterioration in the patient is to be
informed on rising PaCO?2 in respiratory failure or respiratory arrest. SaO2 and SpO2
heralds this kind of worsening status considerably lately in a sedated patient when
consciousness is depressed or periarrest situations [3].

Sampling for ABG analysis triggers unwelcome experiences for patients. In addi-
tion, the procedure is accompanied by complications like arterial injury, thrombosis,
air or clotted-blood embolism, arterial occlusion, hematoma, aneurysm formation,

and reflex sympathetic dystrophy [4].

3. Interpretation of blood gases

Blood gas evaluation in clinical follow-up is a valuable tool that provides informa-
tion on the severity of the disease. PaO2 represents oxygenation, and PaCO2 shows
alveolar ventilation. The clinician must be aware of the normal values in the examina-
tion of ABG, which has a pivotal place in the clinical approach. The patient’s clinical
condition and other laboratory findings should also be taken into consideration in the
clinical decision-making process in addition to ABG findings.

Blood gas measuring devices directly measure pH and PCO2 and calculate bicar-
bonate using the Henderson-Hasselbach equation.

pH =6.1+log ([HCO3]/[0.03xPCO2]). 1)

Pa02 and PaCO2 give insight for gas exchange, while pH, PaCO2, and HCO3 are
the parameters used to evaluate the acid-base status [1]. Of note is that the alveolar-
arterial oxygen gradient is beneficial as a surrogate of pulmonary gas exchange, which
can be abnormal in patients with a ventilation-perfusion mismatch [5].

In addition to evaluation of the patients’ ventilatory, respiratory, and acid-
base status, analysis of ABG is useful for assessment of the response to modes
of treatment and monitoring the degree and progression of cardiopulmonary
disease processes [6, 7]. Of note, incompatible or discrepant values are a potential
drawback of the analysis of ABG; therefore, clinicians should strive to eliminate
potential sources of error [8].

Finally, it should be taken into account that ABG results may be inaccurate due
to laboratory errors and errors during sample collection. Interpretation of the ABG
findings allows evaluation of the severity of disturbances, whether the imbalances
are acute or chronic, and whether the primary disorder is primarily metabolic or
respiratory [9].
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4. Summary

ABG evaluates the physiological functions of the respiratory system, acid-base
balance, and oxygen-carrying capacity through a blood gas analysis taken from an
arterial blood sample, in this way. It plays a pivotal role in the evaluation of patients
with critical diseases. In most clinical scenarios, PaO2 is examined to assess oxygen-
ation, while PaCO2 is examined to evaluate ventilation. P(A-a)O2 is calculated to
evaluate gas exchange. Conditions such as respiratory failure, ventilation-perfusion
mismatch, metabolic acidosis or alkalosis, and acute respiratory diseases are accepted
indications for the use of ABG.

Acid-base balance gains priority in most critical patients to intervene before cor-
recting secondary problems. ABG interpretations prevent unnecessary use of imaging
modalities and medications. Therefore, the patient’s clinical condition and other
laboratory findings should always be taken into consideration in the clinical decision-
making process.
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Chapter?2

Blood Gas Analyzers
and Methodology

Marjan Taherian, Mojtaba Ahmadlou, Asieh Emami Nejad
and Mostafa Manian

Abstract

The basic electrochemical techniques required for blood gas analysis were first
introduced in the 1890s, leading to the development of arterial blood gas (ABG)
analyzers that became clinically available in the 1950s. Modern blood gas analyzers
utilize various electrodes to measure parameters such as partial pressures of arte-
rial oxygen (Pa02), partial pressures of arterial carbon dioxide (PaCO2), and pH,
making them vital diagnostic tools in healthcare settings. This chapter discusses the
technical aspects of blood gas analysis, including the equipment and methods used to
measure blood gases, as well as the differences between bench-top laboratory ana-
lyzers and portable patient-side analyzers. The importance of point-of-care testing
(POCT) is highlighted, emphasizing its role in providing immediate laboratory results
that enhance clinical decision-making, particularly in emergency and critical care
situations. The analysis of blood gases, electrolytes, and metabolites is crucial for
understanding patients’ respiratory, circulatory, and metabolic conditions, ultimately
improving patient outcomes through rapid and accurate testing.

Keywords: blood gas analyzers, arterial blood gas (ABG), partial pressure of arterial
oxygen (Pa0O2), partial pressure of arterial carbon dioxide (PaCO2), point-of-care
testing (POCT), acid-base status, oxygen saturation (Sa02)

1. Introduction

The basic electrochemical techniques required for blood gas analysis were first
represented in the 1890s. The invention of electrodes to measure partial pressure
of arterial oxygen (PaO2) by Clark, and partial pressure of arterial carbon dioxide
(PaCO2) by Stowe, led to the development of arterial blood gas analyzers that became
clinically available in the 1950s. ABGs were considered the most valuable laboratory
examination in the 1960s [1]. Modern blood gas analyzers contain a Clark electrode
for measuring the PaO2, a Stow-Severinghaus electrode for measuring the PaCO2,
and a glass electrode for measuring pH [2]. Now, an arterial blood gas (ABG) machine
is a vital diagnostic tool routinely used in healthcare settings to measure gases and
various parameters in arterial blood, providing crucial data on oxygenation, res-
piration, and metabolic status. This equipment can be situated at the point of care
of the patient and operated by laboratory staff or trained medical professionals.
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This important instrument comes in many varieties, each designed for specific clini-
cal needs, ranging from basic models used in small clinics to advanced systems used
in hospitals. In this chapter, we discuss the technical aspects of blood gas analysis and
cover the equipment and methods used to measure blood gases.

2. Overview of blood gas analyzers

Blood gas analyzer is a commonly used diagnostic instrument to measure or
calculate the partial pressures of blood gas, acid-base status, various electrolytes, and
metabolites. The results provide valuable information that enables clinicians to inter-
pret and understand the respiratory, circulatory, and metabolic conditions of patients
[3]. This equipment is available in various sizes and weights and is usually divided
into two types: bench-top laboratory analyzers and portable patient-side analyzers.

Bench-top analyzers are not usually portable and are often located in diagnostic
laboratories, although newer models are significantly smaller and lighter than earlier
models. Samples need to be transported to a lab to be analyzed with them; thus, it may
take a long time. An example of a bench-top analyzer is the Nova Biomedical Critical
Care Xpress Analyzer (Nova CCX; Nova Biomedical, Waltham, MA, USA), which
provides reliable and accurate results [4]. Bench-top analyzers incorporate multi-use
sensors with separate packages for reagents and quality control. Newer analyzers have
replaced individual sensors and instead have sensor cards to facilitate regular mainte-
nance. These sensor cards are supposed to last around 28-30 days, after which a new
card is installed, allowing to replace all the sensors at once. These types of analyzers are
more cost-effective and, like portable analyzers, require very small blood samples [5, 6].

Portable analyzers are ideal for patient-side or “point of care”, allowing sample
analysis at the patient’s location, thereby eliminating turnaround time and time-to-
treatment. These types of analyzers, including i-STAT (Abbott Point of Care Inc.,
Princeton, NJ, USA) and Enterprise Point-of-Care (EPOC) (Epocal Inc., Ottawa, ON,
Canada), incorporate a single-use cartridge system containing the electrochemical
sensors and calibration solution required in the analysis. The use of a disposable car-
tridge significantly reduces the need for maintenance and calibration of the analyzer
hardware, as well as avoids the waste of time spent removing unwanted blood clots
in a bench-top analyzer. Cartridges vary according to the composition of measured
analytes so that some cartridges can measure up to 15 various analytes. Portable ana-
lyzers also make it possible to provide values easily and accurately even when used by
non-specialist operators. When the cartridge is inserted into the handheld analyzer,
it calibrates itself and brings the cartridge to a suitable temperature, so the operator
only needs to enter the blood sample when the device is ready. The blood sample
required for most of these models is very small, often around 95-97 microliters of
blood or 2-3 drops. Despite these advantages, running large numbers of specimens
with an individual sample cartridge-based analyzer is more expensive than with a
bench-top analyzer [7, 8]. However, portability, minimal maintenance, and ease of
use required make these analyzers strong contenders at the point of care.

3. Point-of-care testing (POCT)

Point-of-care testing (POCT) allows clinicians to overcome the barrier to access-
ing laboratory results in many ways and provides immediate availability of relevant
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laboratory tests that are useful in clinical decision-making. POCT can provide oppor-
tunities to expand patient care services and generate revenue [6].

The availability of POCT in the operating room, post-operative intensive care units
(ICU), emergency department (ED), and pre-hospital transport systems (ambulance)
reduces the time wasted in delivering samples to diagnostic laboratories or referral
facilities that can delay appropriate treatment. Tissue oxygenation, ventilation, and
acid-base status are the most vital parameters in the management of critically ill
patients admitted in these emergency situations. Management strategies in these life-
threatening situations depend heavily on rapid blood gas analysis. The development
of POCT equipment with immediate blood gas analysis is essential in these conditions
to optimize oxygenation and ventilation. As sudden physiological changes can occur
in an anesthetized patient, immediate identification and treatment of problems can
improve patient safety [9, 10]. There is accumulating evidence that point-of-care blood
gas testing with rapid results (analysis typically takes 1-5 minutes) allows immedi-
ate interpretation and enables prompt implementation of targeted treatment plans,
leading to reduced therapeutic turnaround time, and eventually improving patient
outcomes [11, 12]. Studies have also indicated that these rapid results lead to a faster
decision time compared to results from central laboratory testing and subsequent
improvement of management strategies, thus reducing morbidity [13-15]. In addition,
POCT significantly reduces the amount of blood required to measure parameters such
as blood gases, electrolytes, glucose, lactates, and hemoglobin/hematocrit [9].

Although there are still debates among laboratories, clinicians, and administrators
regarding the cost and implementation of POCT technology relative to conventional
laboratory testing, and the fact that POCT for certain blood gases and electrolytes
may not entirely supplant laboratory testing, it significantly alters the clinical practice
paradigm for emergency and critical care physicians.

4. Point-of-care testing (POCT) in the diagnosis and management

Respiratory failure is a syndrome where the respiratory system fails to perform
its gas exchange functions, leading to hypoxemia or hypercapnia. Examples include
conditions like diabetic ketoacidosis (DKA) [16]. In DKA, the respiratory system can
suffer from failure when the body tries to correct the acid-base balance, leading to
potential complications and even death if prompt recognition and management are
not taken [16].

POCT diagnostic systems can play a crucial role in the rapid diagnosis and man-
agement of respiratory failure by providing quick analysis time and high sensitivity.
For example, POCT systems can measure biomarkers such as arterial blood gases
and lactate levels to assess the severity of respiratory failure and guide appropriate
treatment [17].

COPD is characterized by obstructed airflow due to chronic inflammation, mak-
ing it difficult for individuals to exhale air efficiently. As a result, the alveoli do not get
fully deflated, leading to increased dead space, which causes type 1 respiratory failure
[16, 18, 19]. POCT diagnostic systems can aid in the diagnosis and management of
COPD by providing rapid test results for assessing lung function, such as measuring
arterial blood gases, which is crucial for determining the severity of COPD exacerba-
tions and guiding treatment decisions [17, 20].

In the DKA condition, the body produces an excessive amount of ketone bodies
as a result of insulin deficiency or insulin resistance, leading to metabolic acidosis.
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This acid-base imbalance can cause altered breathing patterns, and increased ventila-
tion attempts can exacerbate respiratory failure [21, 22]. In Addition, POCT systems
can be valuable in the early diagnosis and management of DKA by measuring blood
glucose and ketone levels, allowing for prompt initiation of treatment and monitoring
of response to therapy. This is especially important in settings where immediate access
to central laboratories may be limited [17].

Ethylene glycol ingestion leads to metabolic acidosis due to its metabolism into
toxic byproducts such as oxalic acid, glycolic acid, and lactic acid. The increased acid
production can cause a large anion gap and respiratory failure due to the body’s com-
pensatory mechanisms [23, 24]. Furthermore, POCT diagnostic systems can assist in
the timely diagnosis and management of ethylene glycol poisoning by measuring spe-
cific biomarkers such as blood glucose, electrolytes, and toxic metabolites, enabling
rapid intervention and treatment to prevent severe complications [17].

The reliability of POCT in the diagnosis and management of specific diseases such
as respiratory failure, COPD, DKA, and ethylene glycol poisoning can be variable.
For example, in the case of DKA, arterial blood gas analysis is essential for detecting
respiratory failure, while in COPD, POCT may be more reliable for assessing oxygen-
ation and acid-base status. Therefore, the use of POCT in these conditions should be
carefully evaluated and tailored to the specific diagnostic and management needs of
each disease [16]. Each condition presents unique challenges and considerations for
POCT, including the need for accurate and timely results to guide clinical decisions.
POCT can be valuable in providing rapid assessments of ABGs, electrolytes, and toxic
substances, but it is important to consider the potential limitations, such as accuracy
and precision, when interpreting results for these particular conditions. Additionally,
the impact of technical issues with POCT devices on the reliability of results should be
thoroughly discussed to provide a comprehensive overview of the subject [18].

For COPD, DKA, and ethylene glycol poisoning, the data for pH, PaCO2, PaO2,
and HCO3 levels vary based on the specific disease and its stage or severity. In COPD,
patients commonly present with elevated PaCO2 levels and decreased PaO2 levels due
to impaired gas exchange, along with respiratory acidosis and elevated bicarbonate
levels as compensatory mechanisms. When someone has DKA, they usually have
metabolic acidosis (lower bicarbonate levels) and compensatory respiratory alkalosis
(higher PaCO2 levels). The level of compensation depends on how bad the metabolic
acidosis is. For ethylene glycol poisoning, metabolic acidosis with an increased anion
gap and decreased bicarbonate levels is commonly observed, with variable respiratory
compensation. Depending on the severity of poisoning, patients may exhibit varied
PaC02 and PaO2 levels due to respiratory compensation and potential secondary
respiratory failure. It is important to note that these values can vary based on indi-
vidual patient characteristics and the specific stage or severity of the disease [16].

Also, a previous study has provided insight into the ABG parameters associated
with some neuromuscular diseases, aiding in the comparison and understanding
of ABG abnormalities in intensive care unit patients with neuromuscular versus
non-neuromuscular acute respiratory failure. It includes data for pH, PaCO2, PaO2,
and HCO3 levels. Each disease, such as Myasthenia gravis and Guillain-Barré syn-
drome, is listed with the median values and interquartile ranges (IQR) for these ABG
parameters. For example, for Myasthenia gravis, the median pH is 7.39 with an IQR
of 7.32-7.4, the median PaCO2 is 39 with an IQR of 34.5-43.8, the median PaO2 is 88.1
with an IQR of 76.4-1274, and the median HCO3 is 23.7 with an IQR of 19.3-26.3 [18].
These values can be measured through POCT diagnostic systems, providing rapid
assessment and guiding treatment decisions in specific clinical settings [17].
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On the other hand, POCT systems are essential for delivering rapid diagnostic
results, facilitating timely on-site diagnosis and treatment. Essential characteristics
of contemporary POCT diagnostic systems encompass rapid analysis time and
elevated sensitivity, utilizing a sample-to-answer format. Microfluidic lab-on-a-chip
technologies represent a promising solution for meeting the requirements of POCT.
Microfluidic lab-on-a-chip technologies represent effective solutions by miniaturiz-
ing and integrating the majority of functional modules utilized in central laboratories
into a compact chip [17, 20].

Furthermore, POCT systems identify specific biomarkers derived from pro-
teins, cells, nucleic acids, metabolites, and other sources. The advancements in
POCT technologies utilizing microfluidic lab-on-a-chip technologies have been
emphasized, showcasing successful immunoassay POCT systems like the Triage
cartridge and various other lab-on-a-chip systems for protein biomarker detection
[25]. The Alere Triage system stands out as one of the most commercially successful
immunoassay point-of-care testing systems. The Triage cartridge utilizes a working
principle similar to that of lateral-flow assays, wherein target antigens in a sample
initially bind to detection antibodies that are labeled with gold colloids. Previous
studies have demonstrated the potential of microfluidic lab-on-a-chip technologies
in delivering rapid analysis times and accomplishing complex diagnostic assays in a
sample-to-answer format [17, 26].

These examples highlight the potential of POCT diagnostic systems in addressing
the diagnostic and management needs of various medical conditions, especially in
settings where immediate access to central laboratories and trained personnel may
be limited [17, 26].

Taken together, POCT diagnostic systems are being developed in the world
and have unique requirements for these systems, including the need for battery
or solar power operation, stable reagents at high temperatures, and robustness
for transport in resource-limited environments. It is of considerable importance
[26]. Thus, at the outset of developing POCT diagnostic systems, it is essential
to thoroughly evaluate the requirements for the intended objectives and perfor-
mance criteria.

5. Principles of operation

Operation with a traditional analyzer begins with the operator providing a blood
sample into the sample probe, which draws the blood sample with a peristaltic pump
and loads the chamber with a specified amount of blood. The blood sample is then
left in the chamber long enough to complete the measuring procedure. After that,
the pump pushes the sample to waste. Automated blood gas analyzers are generally
used to analyze blood gas samples, with results available within 10 to 15 minutes
[27]. Common analyzers directly and indirectly determine several major areas of
measurement:

5.1 Acid-base status

Analyzers indicate the acid-base balance by measuring two primary components,
including PaCO2 and pH. pH is determined as the negative logarithm of H" activity
in blood that can be affected by pCO2 function, and regulation of the body’s pH level
can greatly affect changes in pCO?2.
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511pH

pH is determined as the negative logarithm of hydrogen ion (H*) concentra-
tion (moles per liter) present in the blood, indicating the acidity or alkalinity of
a blood sample. Blood pH is precisely maintained in the range of about 7.35-7.45
(usually 7.40), via different mechanisms involving the lungs, kidneys, and buffer
systems [28, 29].

The blood carries carbon dioxide (CO2), as a waste product of metabolism, to the
lungs, where it is exhaled. As CO2 combines with water to produce carbonic acid, the
accumulation of CO2 in the blood leads to increased acidity (decrease in the blood
pH). The amount of carbon dioxide is controlled by adjusting the speed and depth of
breathing (ventilation), thereby, the lungs are able to regulate the blood pH. Blood pH
increases with faster and deeper breathing, increasing the amount of exhaled CO2,
while the decrease in ventilation and increase in pCO2 leads to a decrease in blood pH.
In addition, the kidneys are able to affect blood pH by regulating the rate of H"* excre-
tion. The chemical buffer systems, mainly carbonic acid (a weak acid formed from
the CO2 dissolved in blood) and bicarbonate ions (the corresponding weak base), are
further involved in controlling blood pH.

Analyzers indicate the pH of the blood samples using a pH-measuring electrode
and a reference electrode, known as the Sanz electrode [30]. The measuring electrode
comprises silver-silver chloride and is encased in a pH-stabilized solution, enclosed
by an H + -sensitive glass membrane that allows the sample to transit. The resultant
differential in H+ concentration across the membrane alters the voltage recorded by
the electrode. The reference electrode consists of silver-silver chloride or calomel
(mercury chloride) immersed in a saturated potassium chloride solution, producing
a stable voltage. The voltage is compared to that produced at the measuring electrode
when the sample transits through. The disparity between these voltages is trans-
formed and displayed as the pH of the sample [31].

5.1.2 pCO2

Partial pressure is defined as the pressure exerted by a single gas in a mixture of
gases or in a liquid and is calculated by multiplying the ratio of this gas by the total
absolute pressure of the sample [32]. CO2 is transported throughout the body in
various forms, including a plasma-soluble molecular form, bound to hemoglobin,
or most abundantly as a bicarbonate ion. CO2 and oxygen balance the loading
and unloading of each other onto hemoglobin. The binding of CO2 to hemoglobin
increases oxygen depletion (Bohr effect), while the binding of oxygen to hemo-
globin (oxygenation of blood in the lungs) increases the removal of CO2 (Haldane
effect) [33]. The PCO2 in a blood sample is assessed with a modified pH electrode
known as the Severinghaus electrode. This electrode employs a silver-silver chloride
reference electrode alongside a pH-measuring electrode. The measuring electrode is
situated within a bicarbonate solution encased by a thin plastic barrier that permits
CO2 permeability while being impermeable to water, electrolytic solutes, and
hydrogen ions. Upon diffusion of CO2 across the membrane, it interacts with the
bicarbonate solution, resulting in the formation of carbonic acid and subsequently
H+ ions. This reaction alters the pH detected by the glass electrode, in the same
manner as in the pH electrode [34]. The PaCO2 value is normally measured in the
range of 35-45 mm Hg.
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5.2 Oxygen status

Analyzers measure the PaO2 in arterial blood, or the amount of oxygen gas in the
whole blood.

5.2.1p02

Determination of pO2 reflects the uptake of oxygen in the body. PO2 is measured
by a Clark electrode that consists of a silver-silver chloride anode and a centrally
located platinum cathode [35]. This electrode is separated from the sample by an
02-permeable membrane. The cathode has a voltage potential of 0.7 V and, when
exposed to oxygen, produces a current that draws electrons from the anode toward
the cathode, reducing the oxygen. For each mole of oxygen, four electrons are drawn
to the cathode. According to the reaction:

0,+2H,0+4e —>40H" (1)
The silver is then oxidized and ionized at the anode to form silver chloride.

4Ag—>4Ag" +4e 2)

4Ag" +Cl” - 4AgCl 3)

The current produced by these reactions is proportional to the pO2 present in the
sample [31]. The normal value of PaO2 is 75-100 mm Hg.

Furthermore, the modern blood gas analyzer enables to measure additional
parameters by combining the results of various electrodes and applied calculations,
for instance, measuring blood hemoglobin or the ability of oxygen to bind to this
molecule. Current blood gas analyzers now have further Co-oximetry measurements
to better evaluate hemodynamic values [36].

5.2.2 Oxygen saturation (Sa02)

Arterial SaO2 is defined as the percentage of oxygenated hemoglobin (oxyhemo-
globin) versus total hemoglobin (sum of oxyhemoglobin and deoxyhemoglobin).
In the absence of hemoximetry capability, SaO2 is calculated using pH, PO2, and
hemoglobin values.

5.2.3 Oxygen content

Oxygen content is defined as the total amount of oxygen in whole blood,
including oxygen bound to hemoglobin and dissolved oxygen. Oxygen content is
a combination of the amount of oxygen bound to hemoglobin and the amount of
oxygen dissolved in the blood. Hemoglobin-bound oxygen is calculated by multi-
plying the carrying capacity of one gram of hemoglobin (1.34 ml), with the amount
of available hemoglobin (grams per deciliter) and oxygen saturation (SO2) [37].

02 Content =(1.34 x Hemoglobin x S02)+(0.003x P0O2) (4)
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5.3 Metabolites

Various metabolites such as glucose, lactate, creatinine, and bilirubin can be
measured by blood gas analyzer using enzyme-based biosensors. These sensors
exploit amperometric methods, which change the electrical conductivity of the
solution following an oxidation-reduction reaction [38]. These metabolites indicate
the accumulation or breakdown of chemical components in the body that indicate
pulmonary status or disease condition.

5.4 Electrolytes

Analyzer can further measure the level of blood plasma electrolytes, such as
sodium (Na*), potassium (K*) calcium (Ca*") cations, and chloride anion (CI""), by
ion-selective electrodes (ISE). These electrodes utilize a semi-permeable membrane
for each ion, creating different concentrations and an electrical potential from which
the concentration of the free ion is measured [39].

5.5 Other parameters

Analyzer can further calculate the additional parameters by combining the mea-
sured results and applied calculations to provide more information.

5.5.1 Bicarbonate (HCO3)

Blood gas analyzer calculates HCO3 concentration in arterial blood using
measured values of pH and PCO?2. Bicarbonate is a physiological buffer in body
fluids that is produced from CO2 and H2O in the presence of carbonic anhydrase,
and is part of a system that includes carbonic acid, carbonate, and carbon dioxide
contributing to maintain pH balance. The calculation of the HCO3 value is based
on the Henderson-Hasselbalch equation [40]. The range of normal values for HCO3
is 22-26 mEq/L.

5.5.2 Base excess/deficit

Analyzer can also calculate the relative excess (or deficit) of the base according to
the measured pH and HCO3 values, which is a parameter used to assess the metabolic
contribution in acid-base disorders. This parameter is defined as the titratable acid
concentration required to titrate blood to pH 7.4 at 37°C, and 40 mmHg PCO2 [41].
Base excess is normally between —4 and + 2.

5.5.3 Anion gap

The anion gap is the difference between the measured cations and the measured
anions. The most common use of the anion gap is to classify cases of metabolic acido-
sis. Specifically, classification into those with and those without unmeasured anions
in plasma. In fact, the anion gap is a calculation that provides clinicians with the
forethought to manage current problems associated with acid-base balance, fluids,
and electrolytes.

The calculation is based on the measurement of specific cations, Na + and K+, and
specific anions, Cl- and HCO3-, using the following equation:
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. P, - .
Anion gap (Na +K ) (Cl +HCO3 ) )
The anion gap equation can be further manipulated to reveal the presence of
unmeasured cations and anions. The human body is electrically neutral, and thus, it
does not have a true anion gap. Calculation of the anion gap is then useful to reveal
changes in that balance. However, changes in albumin and bicarbonate concentra-
tions require special attention. A normal anion gap is between 4 and 12 mmol/L, and
majorly depends on serum concentrations of phosphate and albumin. An increased
anion gap, or anion gap metabolic acidosis, is usually due to excess acid and/or base
depletion. The decrease in the anion gap is mostly due to the decrease in albumin
concentration because albumin is the primary unmeasured anion [42].

5.5.4 Osmolality and osmolar gap

Osmolality is the number of dissolved particles in a fluid. A blood osmolality test
measures the amount of dissolved substances such as sodium, potassium, chloride,
glucose, and urea in a blood sample. The most common application of serum osmolal-
ity is to detect poisoning or overdose induced by ingestion of toxins such as methanol
(methyl alcohol), ethylene glycol, isopropyl alcohol, propylene glycol, acetone, and
drugs such as salicylates (aspirin). As these toxins are osmotically active, the presence
of the osmolar gap (osmotic gap) has been accepted as a screening test.

The osmolar gap is the difference between measured serum osmolality and calcu-
lated (estimated) osmolality results, which is estimated from the measurable osmoti-
cally active substances in the serum, including sodium, potassium, urea, glucose, and
ethanol (alcohol).

Calculated Osmolality=(2x[Sodiummmol /L)) + [ureammol /L]
[glucosemmol /L ]+ [ethanolmmol /L]

(6)

Osmolar Gap = Measured Osmolality — Calculated Osmolality @)

Normally, the osmolar gap is less than 10, and an osmolar gap above 10 can reflect
the presence of abnormal substances (such as toxic alcohol) [43].

6. Sample collection and handling

Blood gas analysis can be performed on blood samples collected from several sites
within the circulatory system, including arteries, veins, and capillaries. The specimen
for arterial blood gas analysis is whole blood, obtained via arterial puncture or an
indwelling arterial catheter. The dorsal pedal or femoral arteries are the predominant
locations for arterial specimens; however, the coccyx and auricular arteries may also
be utilized for sampling [44].

Specimens for venous blood gas analysis can be obtained from the jugular, saphe-
nous, and cephalic veins. Central sites, such as venous catheters in the jugular vein, are
generally preferred for sampling due to the fact that they provide a more comprehen-
sive understanding of the patient’s acid-base status. It is important to note that changes
in local tissue perfusion can impact blood samples obtained from peripheral veins [45].
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The selection of the sample collection location, whether artery or vein, should be
determined by the diagnostic requirements during patient evaluation and the feasibil-
ity of sampling. The combination of venous blood gas analysis with pulse oximetry
often provides sufficient data, making the challenges of arterial sampling and the
additional stress it causes on the patient unjustified [31]. In the absence of an artery
cannula or when repeated arterial punctures are to be avoided, arterialized capillary
blood serves as an acceptable alternative to arterial blood, as capillary blood gases can
reliably mimic their arterial analogues [46].

Arterial or venous samples should be collected anaerobically by sterile 1- to 3-mL
syringes with lyophilized heparin anticoagulant. The anaerobic collection method
refers to not exposing blood to atmospheric air. The PCO2 of air is approximately
0.25 mm Hg, significantly lower than the PCO2 in blood, which is around 40 mm Hg.
Consequently, the CO2 content and PCO?2 of blood exposed to air diminish, resulting
in an increase in blood pH, which is dependent on PCO2. The PO2 of atmospheric
air (155 mm Hg) exceeds arterial blood by approximately 60 mm Hg and is nearly
100 mm Hg higher in oxygen content. In contrast, blood with a PO2 greater than
150 mm Hg, commonly observed in patients undergoing oxygen therapy, facilitates
the release of oxygen [47, 48].

Small air bubbles may influence blood gas measurements. Blood can easily become
exposed to air through the air inside the needle and the dead space of the syringe hub.
The resulting bubble must be removed after drawing by holding the syringe tip up
and emptying a small amount of blood, and the sample must be sealed to prevent air
exposure. If the bubble is eliminated immediately, the mistake will be reduced [49].
Variations in syringe construction can cause significant differences in pre-analytical
effects on the sample [50].

Lyophilized heparin anticoagulant is preferred over its liquid form because liq-
uid heparin incorporates atmospheric PO2 and PCO2 values that dilute the sample.
This effect is more significant when the syringe is not filled. Moreover, a higher
ratio of liquid heparin to blood can have an increasing effect on the measured PCO2
and the calculated parameters derived from it [51]. Evacuated lithium heparin
sample tubes (vacuum tubes) utilized for plasma collection are undesirable due to
the residual oxygen they contain, which compromises the accuracy of whole blood
PO2 readings [52].

Once obtained, the samples must be introduced for analysis within 15 minutes,
otherwise, the samples should be placed on ice to slow the degradation of the gaseous
components and analyzed as soon as possible to decrease the possibility of erroneous
results. Before introducing the sample for analysis, it should be rewarmed to room
temperature [53].

Since blood gas analyzers process whole blood, it is important to maintain com-
plete homogeneity of the sample to ensure complete mixing and avoid sedimentation
of red blood cells from the liquid plasma. Prior to gas analysis, mixing the sample by
vigorously rotating the syringe between the palms must be done to create a homoge-
neous sample [54].

7. Quality control and calibration

Proper quality control (QC) and calibration are essential for the maintenance of
blood gas analyzer, especially when decisions about critically ill patients are made
based on the results obtained from this equipment. Calibration ensures accurate
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results and verifies that the analyzer is working properly. The following points will
describe some tips to ensure consistent and accurate results based on the main parts
of the blood gas analyzer.

7.1 Sample input

The syringes and glass or flexible capillary tubes of specimens are accepted by the
sample input port. The machine pump typically draws 70-140 pl of blood into the
sample holder for processing. At this stage, it is very important that air does not
enter the sample path and has a good seal between the port and the sample. The most
frequent reasons for air entry are a tear in the flexible port assembly, broken capil-
lary glass, a worn o-ring, blood clots, or a hole in the flexible tubing. Most analyzer
preventive maintenance (PM) kits provide all the components required to rebuild the
assembly [36].

7.2 Calibration gas and reagent bank

Current analyzers have auto-calibration characteristics to ensure proper elec-
trode response and accuracy, reducing the maintenance requirements for staff. They
also incorporate solutions within sealed units, hence removing the necessity for gas
cylinders and humidifiers. These solutions comprise standard reference materials
with established concentrations of oxygen and carbon dioxide. The user can con-
duct 1-point or 2-point calibrations; 1-point calibration modifies the electrodes at
either the high or low level, while 2-point calibration adjusts the electrodes at both
levels. These calibrations may be scheduled for periodic execution or conducted
prior to each measurement [31]. The manual calibration is a critical tool for the
Biomedical equipment technicians (BMET) as special programs in the analyzer
allowing the electronic analog and digital values of the electrodes to be viewed and
utilized for electrode troubleshooting. The clinical laboratory further conducts
external quality assurance validations to verify the accuracy of the blood gas
system, which is usually considered as last step after maintenance or repair [36].

7.3 Washing and rinsing bank

This subset keeps clear and clean fluid paths. Washing is performed after each
sample to avoid cross-contamination between experiments. As an additional feature,
in most analyzer wash processes, air slugs are intentionally introduced into the
sample port, which creates turbulence and a scraping action on the fluid tube walls
to improve the wash performance. When troubleshooting this part, attention should
be paid to the air/fluid pattern and noise of this cycle. With practice, it is possible to
determine whether the fluid paths indicate air leaks or occlusions [36].

Peripheral venous blood gas analysis versus arterial blood gas analysis for the diagnosis
Troubleshooting Common Issues:

Arterial and venous samples can be used for blood gas analysis. An arterial blood
gas (ABG) expressly examines blood drawn from an artery. An ABG test requires a
small volume of blood to be taken from the radial artery, however, arterial samples
can also be obtained from the femoral artery or from an arterial catheter [55].
Although an arterial sample requires more advanced technical skills to obtain, it
is less likely to result in inaccuracies due to poor perfusion compared to a venous
sample [31]. ABG analysis evaluates the PaO2 and PaCO2 of the patient’s blood [56].
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The evaluation of PaO2 offers data on oxygenation status, and PaCO2 provides data
on ventilation status (chronic or acute respiratory failure) [47].

Venous samples are most easily obtained by either direct venipuncture or an intra-
venous catheter. They can be utilized to assess metabolic and electrolyte imbalances,
offering insights into the patient’s breathing condition; nevertheless, these samples
are ineffective for evaluating oxygenation status [57]. The gas values of venous blood
can be affected by changes in metabolism and peripheral circulation, and they can
reflect the metabolic activity of tissues distal to the sample collection site. Thus,
central venous samples are preferred over peripheral venous samples, however, more
data can be obtained from peripheral venous blood gas in well-perfused patients [31].

Moreover, it is important to know the type of sample as venous and arterial
samples have differences in measured blood gas values. These differences are more
pronounced for PO2 because PO2 is the only clinical reason to obtain arterial collec-
tions [58]. After capillary O2 release, PO2 is typically approximately 60 mmHg lower
in venous blood, whereas, venous PCO?2 is often nearly 5 mmHg higher than arterial
PCO2. The pH is usually 0.02 to 0.05 pH units higher in the arterial samples [59].

8. Advancements in sampling technology

ABG testing is essential in critical care and respiratory medicine for assessing a
patient’s oxygenation, ventilation, and acid-base status. Traditionally, ABG analysis
required cumbersome procedures and waiting times, posing risks in urgent care
scenarios. However, recent technological advancements have revolutionized this
process, offering rapid, accurate, and less invasive testing methods [60]. Innovations
in blood gas and electrolyte analyzers are transforming patient care through the
implementation of non-invasive sampling methods and enhanced sensor technology.
These advancements have multiple advantages, including improved accuracy and
sensitivity in measurements, greater patient comfort, and reduced problems. Non-
invasive sampling obviates the necessity for intrusive treatments, enhancing comfort
during monitoring and facilitating frequent assessments.

Advancements in blood gas analysis have focused on improving sampling tech-
nologies, particularly through the exploration of VBGs as alternatives to traditional
ABGs. This shift addresses the challenges associated with arterial sampling, such as
the difficulty of obtaining arterial blood due to patient movement or poor peripheral
circulation.

VBGs can be collected from peripheral veins or central venous catheters, making
them more accessible than arterial samples, especially in emergency and intensive
care settings. Also, the risk of complications such as hemorrhage and arterial punc-
ture pain is significantly lower with venous sampling. This makes VBGs a safer option
for patients, particularly those requiring frequent blood gas assessments [61]. In
addition, studies have shown that VBGs can provide comparable insights into sys-
temic carbon dioxide and pH levels. For instance, research indicates that venous pH
can effectively replace arterial pH in initial emergency assessments, particularly in
patients with conditions like diabetic ketoacidosis [62].

Recent advancements include the development of automated real-time analysis
systems for blood gas interpretation. These POCT devices improve the speed and
accuracy of blood gas analysis, allowing for immediate clinical decision-making. They
reduce turnaround times and minimize errors associated with traditional laboratory
processes.
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One of the significant advancements in ABG testing is the development of portable
point-of-care devices. These compact, handheld units allow for bedside testing, reduc-
ing the time from sample collection to result interpretation. POC devices are equipped
with user-friendly interfaces and require smaller blood volumes, which is particularly
beneficial in pediatrics and for patients with limited vascular access [63]. On the other
hand, emerging research is also exploring non-invasive methods, such as saliva sam-
pling, to evaluate blood gas parameters like PaO2, PaCO2, pH, and HCO3. This method
aims to provide a safer alternative to ABG sampling, especially in traumatic patients
under mechanical ventilation. Preliminary studies suggest that salivary gas values
correlate well with traditional ABG results, potentially expanding the utility of non-
invasive testing in clinical practice [61]. As research continues, the integration of non-
invasive methods like saliva sampling may further revolutionize how clinicians assess
respiratory and metabolic statuses. Additionally, modern sensor technology improves
reliability and accurately identifies even slight variations in concentration. This con-
nection enhances patient care and facilitates real-time, continuous monitoring for
individualized management. Consequently, it offers a favorable market environment,
enhancing efficiency and healthcare results. Furthermore, modern ABG analyzers
are designed to integrate seamlessly with Electronic Health Records (EHRs), enabling
automatic data entry and reducing manual errors. This integration ensures that health-
care providers have immediate access to ABG results within a patient’s comprehensive
medical history, facilitating quicker and more informed clinical decisions [63-65].

Advancements in sampling technology have led to the development of various
non-invasive methods to assess arterial blood gas tensions and pH, providing more
convenient and patient-friendly alternatives to direct arterial catheterization. One
potential substitute for arterial sampling is arterialized capillary blood, which may
closely reflect arterial blood. By promoting vasodilation through topical vasodila-
tory substances or warming the sampling area, the differences between arterial and
arterialized capillary blood may be reduced, making capillary sampling an attractive,
less invasive option. This approach has been suggested for use in physiological exercise
testing and in clinical settings for patients with respiratory disorders, as well as for
endurance athletes to assess gas exchange abnormalities [66]. Despite the potential
benefits of arterialized capillary blood sampling, there have been conflicting views on
its accuracy compared to arterial blood. Some studies have shown agreement between
arterialized samples and arterial blood at rest in both adults and children, while others
have not demonstrated such agreement. Moreover, there has been an ongoing debate
over the accuracy, precision, and usefulness of fingertip and earlobe capillary blood
sampling in comparison to arterial blood sampling. As a result, a comprehensive
understanding of the validity and reliability of arterialized capillary blood sampling
is essential for its widespread adoption as an alternative to arterial blood sampling
[66, 67]. In order to address these uncertainties, a meta-analysis was assumed to
systematically review original research studies comparing arterial blood samples
with arterialized capillary samples. The results of the meta-analysis indicated that
arterialized capillary blood sampled from the earlobe was more accurate in reflecting
arterial PO2 and PCO2 compared to blood sampled from the fingertip. This finding
suggests that, in certain circumstances and conditions, arterialized capillary blood
from the earlobe could provide a reliable substitute for arterial sampling. The study
also identified the critical thresholds at which the mean differences between arterial
and capillary samples are not significant, further indicating the contexts in which
capillary sampling may provide accurate estimations of arterial values. Additionally,
the meta-analysis revealed that the accuracy of capillary blood sampling is dependent
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on the arterial values, with the accuracy of a capillary sample to reflect arterial PO2
improving in hypoxic conditions [67]. Overall, the meta-analysis provided compelling
evidence supporting the use of arterialized capillary blood sampled from the earlobe
as a potential alternative to arterial blood sampling, particularly for assessing PO2 and
PCO2. The findings offer valuable insights into the accuracy and reliability of capillary
blood sampling technology, paving the way for its potential integration into various
clinical applications. The advancements in sampling technology have played a crucial
role in improving the accuracy and precision of point-of-care blood gas testing [68].

Overall, this advancement in sampling technology represents a significant
improvement in the quality management of POC blood gas testing, providing real-
time error detection and automatic correction of errors. It addresses the need for
constant vigilance and safeguards against reporting erroneous results, ultimately
enhancing the accuracy and reliability of POC testing.

9. Digital solutions and robotics in blood gas and electrolyte analyzer

The implementation of digital technology and robots in blood gas and electro-
lyte analyzers has transformed the methodology by which healthcare practitioners
diagnose and monitor patient situations. These modern technologies have markedly
enhanced the efficiency, precision, and simplicity of performing blood gas and electro-
lyte tests, thereby benefiting both patients and medical personnel. Digital technologies
have expedited and automated data gathering and processing, minimizing human
errors and improving the turnaround time for test findings. The advanced algorithms
and machine learning capabilities of these analyzers facilitate the interpretation of
complex data, resulting in faster and more accurate diagnoses than previously possible.

In 2020, Roche v-TAC introduced an advanced digital diagnostics solution
enabling clinicians to obtain arterial blood gas measurements from patients requiring
blood gas analysis. This approach is a simpler, less painful, and minimally invasive
venous operation, offering a more comfortable experience for patients. Roche v-TAC
is fully connected with Roche’s cobas b 123 POC and cobas b 221 systems via the
Roche cobas infinite POC solution. This uninterrupted communication ensures swift
and accurate data transmission and reporting. It enhances the diagnostic process
and improves patient care. The introduction of Roche v-TAC represents a significant
advancement in blood gas analysis, offering a more patient-focused and accessible
approach to obtaining critical diagnostic information [69, 70].

The implementation of digital technology and robotic process automation has
become increasingly common in contemporary healthcare systems. These technolo-
gies possess the capacity to transform multiple facets of healthcare delivery, encom-
passing the optimization of administrative functions, the enhancement of patient
care, and the augmentation of operational efficiency. Digital health solutions com-
prise many tools and services, such as telemedicine, electronic health records, patient
portals, mobile health applications, and wearable devices. In clinical laboratories,
automation and robotics facilitate high-throughput sample processing, minimizing
human error and improving workflow efficiency [68].

In addition, the arterial blood gas algorithm introduces a digital diagnostics
solution that offers real-time interpretation of preliminary data on safety features,
oxygenation measurements, acid-base disturbances, and renal profile evaluations.
This introduction aims to address the challenges associated with numerically reported
test results from point-of-care arterial blood gas measurements, making rapid
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interpretation difficult or open to interpretation. The arterial blood gas algorithm
software presents a new way to improve clinical outcomes by providing clinicians
with automated analysis and interpretation of arterial blood gases, potentially reduc-
ing human errors and promptly identifying life-threatening situations. Additionally,
the software can be integrated into medical devices or interfaces for seamless com-
munication and integration of results with hospital information systems and other
devices. The study focused on clinically validating the arterial blood gas algorithm
against senior experienced clinicians for acid-base interpretation in a clinical context,
demonstrating its potential as a reliable and clinically useful tool for POCT [27].

In this same subject and direction, the ongoing digital revolution in healthcare
has introduced cutting-edge digital solutions and robotics to revolutionize the
interpretation of blood gas tests. These contemporary technologies integrate artificial
intelligence-based systems that have the potential to streamline and enhance the
decision-making process in healthcare centers. By leveraging digital solutions and
robotics, the interpretation of complex blood gas tests can become more efficient
and accurate, ultimately contributing to improved patient care and outcomes. The
integration of these technologies paves the way for the development of registries
and artificial intelligence-based systems, which can further augment the capacity of
healthcare professionals to make informed and timely decisions based on blood gas
analysis data [64]. As a result, the introduction of digital solutions and robotics marks
a significant advancement for the healthcare industry, promising to enhance the
interpretation of blood gas tests and overall patient care [64].

10. Quality assurance and method verification in blood gas analysis

Quality assurance and method verification are critical components of laboratory
practice, ensuring the accuracy and reliability of diagnostic test results, particularly
in critical areas such as blood gas analysis. Quality assurance encompasses the sys-
tematic measures and processes put in place to maintain and improve the quality of
laboratory testing, ensuring that the results generated are both accurate and consis-
tent. One essential aspect of quality assurance in laboratory testing is the establish-
ment and monitoring of quality control procedures, which includes the verification of
assay performance and compliance with regulatory standards [71, 72].

11. Method verification

Method verification involves the assessment and confirmation of the performance
characteristics of an assay or analytical method. It ensures that the method used in
the laboratory is suitable for its intended purpose and provides reliable results. In the
context of blood gas analysis, method verification would involve assessing parameters
such as accuracy, precision, analytical sensitivity, and specificity of the blood gas
analyzer [72].

12. Quality control in blood gas analysis

QC is an essential component of a laboratory’s quality plan, and ensuring the
accuracy and precision of blood gas analyzers is crucial for patient care. Assayed QC
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materials, which come with manufacturer-provided mean values and ranges, are
commonly used for QC testing in blood gas analysis. However, it is important for
laboratories to verify the accuracy of these manufacturer-provided QC mean values
and ranges to ensure that they are appropriate for their specific blood gas analyzer.
The verification of tested QC ranges is a requirement of the Clinical Laboratory
Improvement Amendments (CLIA) and is essential for conforming to quality assur-
ance and patient safety standards. Furthermore, the American Association for
Respiratory Care (AARC) Clinical Practice Guideline emphasizes the necessity of
validating and modifying QC mean values and ranges to align with the analyzer’s
performance [71, 72].

13. Advances in quality control technology

QC testing is an essential element of point-of-care blood gas analysis to ensure
accurate and exact outcomes. The GEM Premier 5000, equipped with next-
generation Intelligent Quality Management 2 (iQM2), was assessed for its efficacy in
monitoring more than 84,000 patient samples across four locations. The researchers
evaluated the efficacy of continuous iQM2 testing compared to intermittent liquid
QC, focusing on method precision, sigma, error detection probability, false rejection
probability, and average error detection time. The study’s findings revealed that the
superior performance of the GEM Premier 5000 with iQM2, exhibiting above six
sigma precision for all analytes and expedited error detection times, especially when
contrasted with intermittent liquid QC methods [68, 71].

A previous study aimed to assess the efficacy of Intelligent Quality Management 2
(iQM2) on the GEM Premier 5000 for error identification and automatic elimination
of errors, comprising those resulting from both pre-analytical and analytical testing
phases. Additionally, the previous studies compared the error-detection capabilities
of continuous iQM2 testing versus intermittent QC testing. Generation Intelligent
Quality Management 2 (iQM2) refers to the next-generation quality management
system used in the evaluation of the GEM Premier 5000 point-of-care blood gas
testing system. It offers continuous monitoring and rapid error detection to ensure
high accuracy and precision in test results. This technology utilizes continuous quality
checks throughout the testing process to ensure the accuracy of sample measurement,
focusing on hardware, software, and analytical functionality. It combines innovative
pattern-recognition algorithms and IntraSpectTM technology, which detects sen-
sor patterns related to errors during the sample measurement process. This includes
identifying transient errors such as micro-clots, micro-bubbles, and interferences
that could affect the analytical performance of the analyzer. These types of errors can
go undetected with traditional liquid-based quality control (QC) processes, thereby
potentially leading to erroneous results [68, 73].

iQM2 technology was able to identify potential pre-analytical errors, including
both systemic and transient errors at the point of care. It demonstrated precision
and efficiency in detecting errors that may negatively impact patient care. The study
examined the method sigma and average detection time (ADT) for an error to com-
pare the performance of continuous iQM?2 with intermittent liquid QC, either manual
or automated. Continuous iQM?2 exhibited faster error detection times, with an aver-
age detection time of approximately 2 minutes, compared to intermittent liquid QC,
which varied from hours to days. Additionally, iQM2 process control solutions (PCS)
precision was found to be similar to or better than manual or automated internal QC
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for all analytes, with greater than six sigma precision. The findings demonstrate that
the GEM Premier 5000 with iQM2 offers excellent performance, including greater
than six sigma precision for all analytes and faster error detection times. The technol-
ogy was able to detect errors in approximately 1.4% of samples, providing an addi-
tional safeguard against reporting erroneous results [68, 74].

Moreover, the results indicated that this continuous quality monitoring procedure
exhibited markedly quicker mistake detection times relative to intermittent QC meth-
ods, with average detection times of approximately 2 minutes for iQM2, in contrast
to hours or even days for intermittent QC. The iQM2 technology not only identified
problems but also promptly alerted the operator and commenced corrective measures
to rectify sample-specific faults within minutes. This prompt reaction reduced the
effect on system availability, resulting in merely 0.186% or 43 minutes of downtime
for the average lifespan of the GEM PAK. These advantages decrease risks at various
stages of testing that are not readily identifiable with sporadic liquid quality control
(human or automated). This is crucial for ensuring the precision and dependability of
point-of-care blood gas analysis [68].

14. Clinical implications of blood gas analysis

Quality assurance and method verification in blood gas analysis are critical for
accurate diagnosis and treatment in clinical settings. Ensuring the reliability of
blood gas measurements directly impacts patient care, particularly in emergency
and intensive care environments. Blood gas QC is essential, requiring laboratories to
verify manufacturer-provided QC ranges against their own measurements. A study
found that 71% of comparisons showed less than 1% difference, yet none of the
manufacturer ranges were clinically acceptable [72]. Blood gas analysis has evolved
significantly, with modern analyzers capable of rapid, multi-parameter testing,
crucial for timely diagnosis in critical care [75]. POCT has been shown to enhance
diagnostic accuracy and treatment quality in pre-hospital settings, allowing for
immediate assessment of respiratory and acid-base disorders [76, 77]. Differences
between POCT and central laboratory results can lead to misdiagnosis, particularly
for parameters like pO2, highlighting the importance of timely analysis [78]. The
strong ion approach provides a more nuanced understanding of acid-base distur-
bances, aiding in targeted treatment strategies [79]. While advancements in blood
gas analysis have improved diagnostic capabilities, the potential for discrepancies
between testing methods necessitates careful interpretation and verification to
ensure optimal patient outcomes.

Taken together, quality assurance is critical in blood gas analysis to ensure accurate
and reliable results that guide patient diagnosis and treatment. Key aspects of quality
assurance include:

Verification of Assayed QC Ranges: Laboratories must verify manufacturer-pro-
vided QC mean values and ranges for blood gas analyzers, even when using assayed
QC materials. This is a requirement under the Clinical Laboratory Improvement
Amendment (CLIA). The laboratory should calculate its own mean and 2 SD ranges
from repetitive testing and adjust QC ranges to match the analyzer’s performance.
Studies have shown that manufacturer-provided ranges are often much wider than
the actual 2 SD ranges, ranging from 2.4 to 75 SD from the measured mean. Using
unverified ranges could allow analyzer malfunctions to go undetected, potentially
impacting patient care [72, 80].
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Calibration Verification: Calibration verification should be performed in vari-
ous situations, including when a complete change of reagents is introduced, after
major preventive maintenance or critical part replacements, if quality control results
indicate a problem, after an environmental change or instrument relocation, when
an instrument is replaced, or if QC materials show an unusual trend or are outside
acceptable limits. The laboratory must establish its own QC ranges with valid statisti-
cal measurements for each test [80, 81].

Continuous Quality Monitoring: Real-time error detection systems like Intelligent
Quality Management (iQM) can provide continuous monitoring of blood gas analyz-
ers. Studies show that iQM detects errors in about 1.4% of samples and provides faster
error detection times compared to intermittent liquid QC. This addresses risks in
different phases of testing that may be missed by periodic QC alone [68].

In summary, verifying QC ranges, performing calibration verification, and imple-
menting continuous quality monitoring are essential to ensure the accuracy and reliabil-
ity of blood gas analysis. This promotes patient safety by providing high-quality data to
guide diagnosis and treatment decisions. Quality assurance and method verification are
fundamental principles in laboratory medicine, playing a pivotal role in safeguarding
the accuracy of diagnostic test results. In the context of blood gas analysis, these pro-
cesses are essential for ensuring the reliability and validity of blood gas measurements,
ultimately contributing to patient safety and effective clinical decision-making.

15. Conclusion

Blood gas analysis is a valuable component in the diagnostic evaluation of the
critically ill patient. Blood gas analysis provides data on oxygenation, ventilation, and
acid-base status that may be difficult to perceive in clinical examination findings or
routine monitoring devices. A blood gas analysis also provides testing of a number of
values, such as electrolytes, blood glucose, and hemoglobin. Interpretation is per-
formed in a systematic manner to detect the primary disorder, secondary disorders,
and thus differential diagnoses that can contribute to the patient’ clinical condition.

Considering the various models of blood gas analyzers and their different mea-
surement capabilities, it is recommended to spend time researching and finding the
ideal device for a specific procedure. After purchase, staff training in sample collec-
tion, sample handling, maintenance of instruments, and quality control is important
for the efficiency and accuracy of the results, which can also raise the level of care in
practice.
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Chapter 3

Blood Gas Monitoring in
Anesthesia Applications

Semin Turhan

Abstract

This chapter provides a comprehensive overview of blood gas monitoring in
anesthesia, focusing on various methods such as arterial blood gas (ABG) analysis,
venous blood gas (VBG) analysis, and non-invasive monitoring techniques. The
chapter discusses the importance of monitoring parameters like pH, PaCO,, and PaO,
during anesthesia to maintain respiratory and metabolic stability, and it highlights the
differences between arterial and venous blood gases in clinical practice. Innovations
in blood gas monitoring technologies, including transcutaneous monitoring, capnog-
raphy, and artificial intelligence (AI)-supported digital systems, are explored, with
emphasis on their impact on real-time decision-making and patient safety. The future
role of artificial intelligence and digital platforms in enhancing blood gas analysis and
preventing complications is also covered. Additionally, the chapter addresses the chal-
lenges of oxygen toxicity and acid-base imbalances during anesthesia and emphasizes
the importance of early detection and intervention. The significance of postoperative
blood gas monitoring in preventing respiratory failure and other complications is also
discussed.

Keywords: blood gas analysis, anesthesia, arterial blood gas, venous blood gas,
capnography, transcutaneous monitoring, Al in anesthesia

1. Introduction
1.1 The importance of blood gas analysis in anesthesia

Blood gas analysis is a critical method for evaluating the respiratory and
metabolic status of patients during anesthesia [1]. Continuous monitoring of body
functions under anesthesia is vital, particularly for assessing the adequacy of res-
piration and maintaining the body’s acid-base balance. Arterial and venous blood
gases directly reflect the patient’s oxygenation status, carbon dioxide elimination,
and acid-base equilibrium. Therefore, blood gas analysis serves as a fundamental
tool for preventing complications and optimizing the treatment process in the
perioperative period.

In addition to assessing oxygenation adequacy and ventilation effectiveness
during anesthesia, blood gas monitoring is indispensable for managing acid-base
imbalances [2].
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1.2 Blood gas monitoring: Historical development and current status

Blood gas analysis began with arterial blood gas (ABG) samples, and over time,
technological advancements have allowed for faster and more reliable results.
Although non-invasive methods have been developed today, arterial blood gas
analysis is still considered the gold standard. However, venous blood gas (VBG)
measurements are being used as an alternative monitoring method in critically
ill patients, offering certain advantages. Central venous blood gas parameters are
sufficiently reliable to substitute for arterial blood gas values in hemodynamically
stable patients [2].

1.3 The role of blood gas values in anesthesia practices

Close monitoring of blood gas values during anesthesia plays a critical role in
evaluating the patient’s respiratory functions and determining ventilation strategies.
Arterial blood gas (ABG) parameters are regularly measured to assess the patient’s
metabolic status and ensure acid-base balance during anesthesia. Conditions such
as hypercapnia (high PCO,) or hypocapnia (low PCO,) provide important clues for
optimizing respiratory management. Moreover, continuous monitoring of oxygen
saturation is crucial to prevent oxygen toxicity.

Arterial blood gas analysis remains the most commonly used method to moni-
tor the effectiveness of oxygenation and ventilation in patients under anesthesia.
Although non-invasive measurement techniques are evolving, ABG is still considered
the gold standard [3].

2. Methods of blood gas monitoring
2.1 Arterial blood gas analysis (ABG)

Arterial blood gas (ABG) analysis is the most commonly used method to monitor
a patient’s oxygenation and ventilation status during anesthesia. ABG is an invasive
method performed by taking a sample directly from arterial blood, measuring levels
of oxygen (Pa0,), carbon dioxide (PaCO,), pH, and bicarbonate (HCO;"). This
method provides the most accurate assessment of the patient’s metabolic and respira-
tory condition, serving as a crucial guide in the clinical decision-making process.

Arterial blood gas (ABG) analysis is considered the gold standard for evaluating
oxygenation and managing respiratory function during anesthesia [4].

2.2 Venous blood gas analysis (VBG)

Venous blood gas (VBG) analysis is used as an alternative to ABG, particularly in
critically ill patients. VBG sampling is less invasive and easier to perform compared
to ABG. However, venous blood gas does not accurately reflect oxygen levels. Despite
this limitation, the pH and PCO; results from venous blood gas analysis often show
good correlation with ABG, making it a reliable option in stable patients.

Central venous blood gas (VBG) analysis shows good correlation with arte-
rial blood gas values and can be used as a less invasive alternative in critically ill
patients [2] (Table1).
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Parameter Arterial blood Venous blood
PaO, High (80-100 mmHg) Low (30-40 mmHg)
PaCO, Low (35-45 mmHg) High (40-50 mmHg)
pH Slightly higher (7.35-7.45) Slightly lower (7.31-7.41)
Oxygen saturation (SpO,) High (95-100%) Low (60-80%)

Table 1.

Clinical significance of artevial and venous blood gas differences.

2.3 Non-invasive blood gas monitoring methods

In recent years, advances in non-invasive monitoring technologies have played
a significant role in evaluating a patient’s respiratory functions during anesthesia
[5]. Specifically, pulse oximetry allows continuous, non-invasive monitoring of the
patient’s oxygen saturation, enabling rapid intervention. However, methods like pulse
oximetry do not fully replace blood gas measurement and require additional assess-
ment for parameters other than oxygen saturation.

Non-invasive blood gas monitoring methods provide continuous monitoring dur-
ing anesthesia but do not fully replace comprehensive blood gas analysis [3].

2.4 Clinical significance of arterial and venous blood gas differences

Arterial blood, which carries oxygen to tissues, has a high PaO, and a low PaCO,.
Venous blood, on the other hand, represents oxygen-depleted blood returning from
tissues, with a lower PaO, and relatively higher PaCO,. These differences should be
considered, particularly when assessing the patient’s oxygenation status and meta-
bolic responses.

The differences between arterial and venous blood gases must be considered in
clinical decision-making, especially in hemodynamically unstable patients, where
these differences may be more pronounced [4, 6].

3. Blood gas parameters in anesthesia

3.1 The significance of pH, PCO2, and PO2

Maintaining safe respiratory and metabolic functions during anesthesia requires
regular monitoring of blood gas parameters. The pH value is one of the most important
parameters, reflecting the acid-base balance in the body. Normally ranging between 7.35
and 745 [7], deviations from this range lead to conditions such as acidosis or alkalosis,
which may require urgent intervention in anesthesia management. PCO, is one of the
most critical parameters indicating the effectiveness of ventilation, serving as a marker
for carbon dioxide elimination. Inadequate ventilation during anesthesia can cause
hypercapnia, leading to a decrease in pH (respiratory acidosis). PO, reflects the oxygen-
ation status and is used to determine whether tissues are adequately oxygenated.

Measurement of arterial PCO, provides direct information about ventilation
efficiency and is crucial for evaluating carbon dioxide elimination during anesthesia.
Additionally, pH changes offer vital clues for understanding conditions like acidosis
and alkalosis [2].
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3.2 Acid-base balance and anesthesia

During anesthesia, especially in prolonged surgical interventions, acid-base imbal-
ances in the patient can result in serious consequences for morbidity and mortality.
Respiratory or metabolic acid-base disorders can disrupt hemodynamic stability
during anesthesia. Metabolic acidosis typically arises from impaired tissue perfusion
or shock, while respiratory acidosis in anesthetized patients results from inadequate
ventilation [8]. Conditions such as hypercapnia and hypocapnia are among the key
respiratory imbalances that must be carefully monitored during anesthesia. Excessive
ventilation can lead to hypocapnia, characterized by low PCO,, which in turn may
cause alkalosis (Table 2).

Maintaining acid-base balance is critical for preserving hemodynamic stability
during anesthesia. Both metabolic and respiratory acidosis increase the risk of com-
plications during the perioperative period and can create situations requiring rapid
intervention [2, 3].

Several clinical conditions contribute to metabolic acidosis, including diabetic
ketoacidosis (DKA), dehydration, fever, and sepsis. Intoxications from substances
such as tricyclic antidepressants (TCAD), opiates, cocaine, methamphetamines,
salicylates, and alcohol can also cause profound acidosis. Additionally, iatrogenic
causes like the overuse of normal saline in fluid resuscitation can lead to hyperchlo-
remic metabolic acidosis. Monitoring arterial blood gas (ABG) values in these cases is
crucial to detect acid-base imbalances early and guide the treatment plan, especially
in the context of anesthesia management.

3.3 Hypercapnia and hypocapnia: Anesthesia management

Hypercapnia is characterized by an arterial PCO, level exceeding 45 mmHg, often
resulting from inadequate ventilation. In patients under anesthesia, the effectiveness of
mechanical ventilation must be continuously monitored. Hypercapnia can depress the
respiratory center, affect brain function, and lead to cardiovascular complications, neces-
sitating precise control of PCO, levels during anesthesia. Hypocapnia, on the other hand,
occurs when PCO; falls below 35 mmHg due to excessive ventilation [9]. Hypocapnia
can cause vasoconstriction and a reduction in cerebral blood flow, potentially impairing
brain oxygenation and resulting in undesirable neurological outcomes (Table 3).

Hypercapnia is a serious condition that can lead to respiratory depression and
hemodynamic instability. During anesthesia, hypocapnia may negatively impact
cerebral perfusion, adversely affecting neurological functions [6].

In cases of metabolic acidosis, additional parameters such as the anion gap and
osmolality/osmolarity play a vital role in diagnosis and management. A high anion
gap metabolic acidosis often indicates the presence of toxins or severe metabolic

Condition pH PaCO, HCO;~ Clinical implication
Respiratory acidosis Low High Normal/high Inadequate ventilation, CO, retention
Metabolic acidosis Low Normal/low Low Excess acid production or bicarbonate loss
Respiratory alkalosis ~ High  Low Normal/low Hyperventilation, CO, depletion
Metabolic alkalosis High Normal/high High Bicarbonate excess or acid loss

Table 2.

Effects of respiratory and metabolic acidosis and alkalosis on blood gas parameters.
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Condition PaCO, pH Effect Management strategy
Hypercapnia High Low Respiratory acidosis, decreased Increase ventilation, correct

brain function underlying cause
Hypocapnia Low High Respiratory alkalosis, reduced Reduce ventilation, monitor closely

cerebral blood flow

Table 3.
Effects of hypercapnia and hypocapnia on blood gas parameters and management strategies.

derangements, such as in lactic acidosis or ketoacidosis. The osmolar gap is another
critical measure, especially in cases of suspected toxic alcohol ingestion (e.g., eth-
ylene glycol and methanol), where abnormal osmolality can provide early clues to
diagnosis. Blood gas monitoring, in conjunction with these parameters, enhances the
anesthesiologist’s ability to manage complex metabolic disturbances.

3.4 Oxygen saturation and oxygen toxicity

Continuous monitoring of oxygenation during anesthesia is of great importance.
Oxygen saturation (SpO,) indicates whether tissues are receiving sufficient oxygen
and is continuously monitored through pulse oximetry. When SpO, falls below 92%,
oxygen therapy is required [10]. However, prolonged exposure to high concentra-
tions of oxygen can result in oxygen toxicity. Oxygen toxicity, caused by the increase
in free radicals, leads to cellular damage and can have severe effects, particularly on
the lungs. Therefore, oxygen administration during anesthesia should be carefully
regulated, and conditions that may lead to hyperoxia should be avoided.

Oxygen saturation is one of the parameters that must be continuously monitored
during anesthesia. However, prolonged high-concentration oxygen therapy can lead
to oxygen toxicity and cause lung damage [3].

4. Blood gas monitoring according to types of anesthesia
4.1 Blood gas monitoring in general anesthesia

General anesthesia is characterized by loss of consciousness, analgesia, muscle
relaxation, and suppression of reflexes. During this process, the patient’s respiratory
functions must be fully managed by the anesthesia team. Blood gas analyses are crucial
during general anesthesia to monitor both respiration and circulation. Arterial blood
gas (ABG) analyses are considered the gold standard for evaluating the effectiveness of
ventilation and the adequacy of oxygenation [11]. Continuous monitoring of parame-
ters such as pH, PaCO,, and PaO, is essential to maintain the patient’s acid-base balance.

Mechanical ventilation is commonly used during general anesthesia, and its effec-
tiveness is assessed through PaCO, levels. Hypercapnia indicates inadequate ventila-
tion and impaired carbon dioxide elimination, while hypocapnia is often associated
with overventilation and may reduce cerebral blood flow. Therefore, monitoring
critical parameters like PaCO, and PaO, is mandatory to ensure effective ventilation
management and cerebral perfusion. Blood gas analysis during general anesthesia is
indispensable for assessing ventilation efficiency and requires continuous monitoring
for proper mechanical ventilation management.

35



Up-to-Date Approach to Blood Gas Analysis — Clues to Diagnosis and Treatment

The prone position, commonly used in patients with acute respiratory distress
syndrome (ARDS), can significantly improve oxygenation by enhancing ventilation-
perfusion matching. Arterial blood gas monitoring is essential when patients are
placed in the prone position, as changes in lung compliance and ventilation distribu-
tion can lead to improved PaO, levels. This positioning is often employed in cases
where conventional ventilation strategies fail to maintain adequate oxygenation, and
blood gas analysis helps to monitor the effectiveness of this intervention.

4.2 Blood gas monitoring in regional anesthesia

Regional anesthesia, including techniques such as spinal, epidural, or periph-
eral nerve blocks, involves blocking the sensation and motor function of a specific
region. In regional anesthesia, patients typically retain their spontaneous respiratory
function, minimizing the need for mechanical ventilation. Consequently, blood
gas monitoring during regional anesthesia is less intensive. However, in some cases,
particularly during prolonged surgeries, hypoxemia or hypoventilation may occur,
warranting oxygenation monitoring [12].

During spinal or epidural anesthesia, the effects of the block on cardiovascular
and respiratory functions must be considered. High-level spinal blocks may impact
respiratory muscles, potentially leading to ventilation insufficiency. In such cases,
monitoring oxygen saturation (SpO,) and PaCO, is essential to ensure proper respira-
tory management [13].

While blood gas monitoring during regional anesthesia is less intensive compared
to general anesthesia, the potential impact on respiratory functions must be carefully
observed.

Special patient populations, such as those with chronic obstructive pulmonary
disease (COPD), asthma, advanced age, or a history of chronic alcohol use, require
careful blood gas monitoring during anesthesia. These patients often present with
pre-existing respiratory or metabolic imbalances, such as chronic respiratory acidosis
or metabolic alkalosis. Blood gas monitoring provides critical insights into their acid-
base status and helps guide anesthesia management, particularly in ensuring adequate
oxygenation and ventilation without exacerbating underlying conditions.

4.3 Blood gas monitoring under sedation

Sedation is a technique used to relax the patient and suppress certain reflexes dur-
ing anesthesia. Depending on the depth of sedation, respiratory function may become
suppressed. Light sedation typically allows spontaneous respiration, whereas deep
sedation may suppress respiratory functions, necessitating ventilatory support. Under
sedation, the risk of hypoventilation and oxygen desaturation increases, making it
necessary to monitor oxygen saturation (SpO,) and PaCO;, [14].

Hypercapnia occurring during sedation is a critical condition requiring immediate
intervention by the anesthetist. For patients unable to maintain spontaneous respira-
tion, continuous ventilation monitoring and mechanical support, if needed, are
essential. In this context, blood gas analyses play a crucial role in evaluating respira-
tory functions and preventing respiratory acidosis.

Blood gas monitoring during sedation requires careful attention to the risk of
respiratory suppression. Ventilatory support should be provided when spontaneous
respiration is lost [4].
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4.4 Blood gas management during cardiopulmonary bypass

Cardiopulmonary bypass (CPB) is a procedure used in cardiac surgery where the
patient’s blood is oxygenated outside the body and pumped back into circulation.
During this procedure, the patient’s respiratory functions are bypassed, and blood gas
management is entirely conducted through the bypass machine. Blood gas analyses
must be continuously monitored during CPB, and parameters such as pH, PaCO,, and
PaO, must be maintained within ideal ranges [6].

Conditions such as hypocapnia and hypercapnia may develop during CPB,
depending on the effectiveness and settings of the bypass machine. Metabolic acidosis
and alkalosis can also be observed in blood gas monitoring during bypass. Therefore,
the anesthesia team must make continuous adjustments based on blood gas analyses.
High oxygen concentrations may also be applied during bypass, increasing the risk of
oxygen toxicity, necessitating careful management of oxygenation levels.

Blood gas monitoring during cardiopulmonary bypass requires meticulous man-
agement, as the patient’s respiratory functions are taken over by the bypass machine.
Both ventilation and oxygenation must be carefully monitored, ensuring the mainte-
nance of pH balance [3].

5. The role of blood gas monitoring in managing anesthesia complications
5.1 Respiratory failure and blood gas monitoring

One of the most serious complications that can develop during anesthesia is
respiratory failure. Respiratory failure is usually associated with ventilation inadequa-
cies, gas exchange disturbances, and circulatory problems. One of the key indicators
of respiratory failure is the deterioration of PaO, and PaCO, levels measured through
arterial blood gas (ABG) analysis. Hypoxemia (PaO, falling below 60 mmHg) and
hypercapnia (PaCO;, rising above 45 mmHg) are emergency conditions during
anesthesia requiring immediate intervention. Respiratory dysfunction can also lead to
acid-base imbalances, resulting in abnormal pH changes [15].

Hypoventilation during anesthesia may develop due to improperly adjusted
ventilator settings, excessive use of muscle relaxants, or a decrease in the patient’s
spontaneous respiratory capacity. In such cases, blood gas analysis provides criti-
cal information for adjusting ventilation and optimizing respiratory support.
Hypercapnia is a common complication indicating respiratory center suppression,
especially in patients under general anesthesia.

Patients in extremis, particularly those suffering from acute respiratory distress
syndrome (ARDS) following conditions such as pneumonia, sepsis, or pancreatitis,
present unique challenges in blood gas monitoring. In these patients, severe hypoxemia
and hypercapnia often occur due to compromised lung function. The management of
such cases requires continuous arterial blood gas (ABG) monitoring to ensure adequate
oxygenation and ventilation. ARDS often necessitates advanced interventions like
mechanical ventilation, and prone positioning has shown significant benefits in improv-
ing oxygenation in these patients, which will be discussed in the following sections.

Respiratory failure can lead to serious complications during anesthesia, and
arterial blood gas analysis is the most reliable guide for managing oxygenation and
ventilation.
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5.2 Postoperative management with blood gas monitoring

During the postoperative period, while the effects of anesthesia persist, the risk of
complications remains high. Monitoring patients’ respiratory functions during this
time is essential. Postoperative hypoventilation is a common issue caused by surgical
trauma, pain, opioid use, and residual muscle relaxant effects. In patients developing
postoperative respiratory failure, arterial blood gas analysis (ABG) plays a critical role
in the early diagnosis of conditions like hypercapnia and hypoxemia. Furthermore,
opioids used for postoperative pain management may depress the respiratory center,
leading to respiratory acidosis.

Postoperative blood gas monitoring ensures that patients’ respiratory functions
are adequately assessed until they fully recover from anesthesia. Rising PaCO, levels
may indicate the need for ventilation support, while declining PaO, levels may require
adjustments to oxygen therapy. Continuous monitoring of oxygen saturation during
the postoperative period is also essential for determining oxygen needs.

Postoperative blood gas monitoring plays a critical role in early detection of
complications and optimizing ventilation [16].

5.3 Acid-base imbalance and clinical intervention

One of the most common complications encountered during anesthesia is acid-
base imbalance. Acidosis and alkalosis disrupt the body’s normal homeostatic balance
and can lead to serious clinical consequences. Respiratory acidosis occurs due to the
accumulation of carbon dioxide as a result of ventilation inadequacies, leading to a
decrease in arterial pH. In this case, immediate ventilation improvement is required
to ensure carbon dioxide elimination. Metabolic acidosis usually arises from impaired
tissue perfusion, shock, or severe bleeding. Blood gas analysis during anesthesia
provides critical information for managing metabolic acidosis.

Alkalosis is often associated with excessive ventilation or metabolic disorders.
Respiratory alkalosis is characterized by excessively low PaCO, levels, typically
caused by hyperventilation. In such cases, reducing ventilation and restoring car-
bon dioxide levels to balance is necessary. Metabolic alkalosis during anesthesia is
often linked to electrolyte imbalances and is managed based on blood gas analysis
findings [17].

Acid-base imbalances during anesthesia can disrupt hemodynamic and respiratory
stability. Blood gas analyses are critical for early detection of acid-base imbalances
and determining appropriate intervention strategies [4, 11].

6. Future approaches and new technologies
6.1 Innovations in blood gas monitoring technologies

Technological advancements in blood gas analysis have contributed to safer and
more efficient management of anesthesia practices. The invasive and time-consuming
nature of traditional arterial blood gas (ABG) analysis has driven the development of
new non-invasive methods and continuous monitoring technologies. Today, methods
like transcutaneous blood gas monitoring have made significant strides in reducing the
need for ABG. This technology offers an alternative by continuously measuring carbon
dioxide (PCO,) and oxygen (PO,) levels through the skin, providing a less invasive
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option for blood gas analysis. Transcutaneous sensors also offer more dynamic man-
agement during surgery due to their continuous monitoring capabilities [18].

Another important innovation is the development of capnography technology.
Capnography, which measures the carbon dioxide levels in exhaled gases during
respiration, offers a rapid and non-invasive method for evaluating ventilation
effectiveness during anesthesia. Technological improvements in capnography have
facilitated the early detection of ventilation insufficiencies, helping prevent potential
complications during anesthesia (Figure1).

Transcutaneous blood gas monitoring and advanced capnography systems play
a crucial role in clinical decision-making by providing continuous and non-invasive
monitoring during anesthesia [6, 11].

6.2 Digital blood gas monitoring and remote monitoring systems

The acceleration of digitization in healthcare has led to significant changes in
anesthesia management as well. Digital blood gas monitoring systems enable real-
time monitoring of blood gas parameters during anesthesia, allowing these data to be
analyzed through digital platforms. These systems not only provide monitoring but
also facilitate the early detection of potential complications through big data analytics
and artificial intelligence (AI)-supported decision support systems. Automatic detec-
tion of sudden changes in blood gas parameters and alerting the anesthesiologist plays
a critical role in preventing complications.

Remote monitoring systems, on the other hand, extend the ability to monitor
anesthesia applications outside the operating rooms and intensive care units. These
systems allow for the remote monitoring and analysis of patients’ blood gas data,
enabling the management of complications from a broader perspective. Known as

Capnography Graph
50+

481

. B
S =]
T T

CO2 Levels (mmHg)

I
N
T

40

381

0 2 4 6 8
Time (seconds)

Figure 1.

Capnography graph showing the changes in CO, levels during the respiratory cycle. The x-axis vepresents time in
seconds, and the y-axis represents the CO, levels in mmHg. During exhalation, CO, levels rise steadily, peaking
before rapidly dropping during inhalation, illustrating the normal pattern of carbon dioxide exchange in the
lungs. This graph is a key tool in evaluating ventilation efficiency during anesthesia.
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telemetric monitoring, this method enhances patient safety by transmitting data col-
lected during anesthesia to a centralized control room, reducing response time.

When combined with big data analytics and Al-supported solutions, digital blood
gas monitoring and telemetric systems offer revolutionary innovations in anesthesia
management [19].

6.3 Al-supported blood gas analysis

The integration of artificial intelligence (AI) technologies into healthcare has
brought significant advancements in blood gas analysis. Al-supported systems can
analyze large datasets, detect abnormal changes in blood gas parameters during anes-
thesia, and develop personalized treatment strategies based on this data. Al-powered
algorithms automate the monitoring of parameters such as pH, PaCO,, PaO,, and
HCO;5", offering more precise and faster results compared to manual assessments.

Al is also utilized not only for data analysis but also for treatment recommenda-
tions. Al-based clinical decision support systems can optimize ventilation settings or
determine the need for additional oxygen therapy based on changes in the patient’s
blood gas parameters during anesthesia. The potential of Al in this area is considered
an important step toward enhancing patient safety by minimizing human error dur-
ing anesthesia.

Al-supported blood gas analysis, combined with big data analytics and clinical
decision support systems, allows for the implementation of more personalized and
safer treatment strategies during anesthesia [20].

7. Conclusion

Blood gas monitoring during anesthesia plays a critical role in safely and effec-
tively managing patients’ respiratory and metabolic functions. Arterial blood
gas (ABG) and venous blood gas (VBG) analyses provide anesthesiologists with
vital information about patients’ ventilation, oxygenation, and acid-base balance.
Complications that may develop under anesthesia can be detected early through
accurate and continuous monitoring of blood gas parameters, enabling the develop-
ment of appropriate intervention strategies.

In addition to traditional arterial blood gas analysis, non-invasive methods such as
transcutaneous blood gas monitoring, capnography, and pulse oximetry offer easier
monitoring by minimizing the risks associated with invasive procedures. However,
despite the speed and convenience offered by non-invasive methods, they still cannot
fully match the accuracy provided by arterial blood gas analysis. This highlights
that ABG remains the gold standard, particularly in the management of critically ill
patients.

Technological advancements are bringing significant innovations to anesthesia
management. Artificial intelligence (AI)-supported systems and big data analytics
have the potential to optimize clinical decision-making by detecting changes in blood
gas parameters more precisely and quickly during anesthesia. Digital blood gas moni-
toring systems and remote tracking applications enhance patient safety and enable
the early prevention of complications. These innovations allow anesthesiologists to
develop more personalized, data-driven treatment strategies.

Blood gas monitoring is crucial not only during anesthesia but also in the post-
operative period. Postoperative complications such as respiratory failure, acid-base
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imbalances, and hypoventilation can be detected early through regular blood gas
monitoring, positively impacting post-anesthesia care processes.

Blood gas monitoring during anesthesia is critical for managing both intraopera-
tive and postoperative complications, and with digitalization, more effective moni-
toring methods are being offered.

In conclusion, blood gas monitoring continues to be one of the cornerstones of
safety in anesthesia practices. With the integration of technological developments
and innovations like artificial intelligence, blood gas monitoring methods are becom-
ing more secure and efficient, minimizing complications. It is anticipated that these
technologies will be more widely used in the future, bringing further advancements
to anesthesia practice.
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Chapter 4

Mathematical Modeling of Oxygen
and Carbon Dioxide Exchange in
Hollow Fiber Oxygenators

Lal Babu Khadka, Foivos Leonidas Mouzakis, Ali Kashefi,
Johannes Greven, Khosrow Mottaghy and Jan Wilhelm Spillner

Abstract

Artificial lungs are commonly used in cardiopulmonary-bypass surgery (CPB),
extracorporeal life support (ECLS), and extracorporeal carbon dioxide removal
therapy (ECCO2R). In this study, a semi-empirical model for O, and CO, transfer in
an oxygenator was formulated to evaluate the gas exchange performance at different
blood/gas flow rates and various inlet conditions. The model uses experimentally
obtained mass transfer coefficients together with blood-gas and acid-base inlet
parameters to determine the corresponding outlet values by considering the mass
transfer equations for both O, and CO,. Increasing the blood flow rate (1-7 L/min)
decreases pO; at the outlet (from 376 to 120 mmHg), but linearly increases the
total oxygen transfer rate (OTR) from 76 to 450 mL/min. CTR, the CO, transfer rate
(64-648 mL/min), depends primarily on the ratio of gas to blood flow rate (1:1-5:1).
In addition, venous concentrations of O,~CO, play a pivotal role in the overall gas
exchange efficiency of the oxygenator. Conclusively, a good agreement (R*=0.99)
could be observed between the experimental data and the model’s predictions for OTR
and CTR alike at standard inlet conditions. The model's capabilities can be extended
by modeling gas exchange during CPB, ECLS and ECCO2R therapies for different
connection configurations.

Keywords: oxygenator, semi-empirical model, mass transfer, blood-gas analysis,
in vitro, gas exchange

1. Introduction

An oxygenator is a medical device used in extracorporeal lung support therapy as
an artificial lung. There are three basic designs of oxygenators: bubble oxygenators,
thin-film oxygenators, and membrane oxygenators [1]. Currently, a microporous
hollow fiber membrane oxygenator is the universally accepted standard design
for gas exchange during cardiopulmonary-bypass (CPB), extracorporeal life
support systems (ECLS), or extracorporeal carbon dioxide removal therapy
(ECCO2R). It consists of thousands of microporous hollow micro-fibers that are
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bundled together within a polymer case [2]. The capillaries are usually made of
polymethylpentene (PMP), silicone, or polypropylene (PP) [3]. Membrane oxygena-
tion prevents the direct physical contact between gas and blood phases and minimizes
blood trauma. It also requires lower priming volumes compared to other designs.
However, it also significantly increases the resistance of the permeating gas species
due to the formation of a laminar boundary layer, an impedance that critically ham-
pers gas exchange between the two phases [4, 5]. The physical dimensions of an
oxygenator depend on the manufacturing process and the target patients. For exam-
ple, a commercial oxygenator for adults such as MEDOS HILITE® 7000 has a surface
area of 1.9 m” and 310 mL of priming volume, whereas the neonatal variant (MEDOS
HLITE® 1000) has a surface area of 0.39 m” and a priming volume of 57 mL [6].
Figure 1 depicts the gas exchange occurring in a typical hollow fiber oxygenator,
where blood and gas flow in countercurrent directions. Here, gas flows inside the
fiber lumen while blood courses in the open space between the hollow fibers. The
countercurrent flow pattern maintains the pressure gradient of oxygen and carbon
dioxide between blood and gas phases along the entire length of the oxygenator and
optimizes the overall gas transfer rate. A heat exchanger is often integrated in the
oxygenator, or annexed to the circuit to regulate the temperature of blood within the
physiological range (37 £ 1°C).

The general performance of an oxygenator is evaluated by calculating the oxygen
transfer rate (OTR) and carbon dioxide transfer rate (CTR) at different blood and gas
flow rates. Table 1 lists the blood inlet conditions to evaluate the OTR and CTR of an
oxygenator according to contemporary standards (ISO 7199/2016) [7]. The naturally
occurring OTR and CTR of an average person is around 250 mL/min and 200 mL/min,
respectively [8].

Here, a semi-empirical mathematical model was formulated for the estimation of
oxygen and carbon dioxide transfer taking place in a commercial hollow fiber

A Blood outlet B .
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Figure 1.

(A) General design of hollow fiber oxygenators with countercurvent blood and gas flows. Blood uptakes oxygen,
and its saturation increases as it flows toward the outlet. (B) Inlet and boundary conditions: blood & gas flow rates
and partial pressure of the individual gas species at the respective inlet-outlet ports (j = [O,, CO,]).

Parameters Range

Oxyhemoglobin saturation 60 + 5%

Base excess 0 £ 5 mmol/L

pCO; 45 £ 5 mmHg

Hb 12 +1g/dL

Temperature 37+1°C
Table 1.

Inlet condition required for testing oxygenator performance according to ISO 7199/2016 [7].
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oxygenator based on the principle of conservation of mass and on mass transfer
equations. The performance of the oxygenator at standard inlet conditions was first
evaluated according to AAMI: ISO 7199:2016, and the mass transfer coefficients for
both oxygen and carbon dioxide were determined. The parameters obtained were
then fed into the numerical model simulating the oxygenator to extrapolate the acid-
base and blood-gas parameters at diverse inlet conditions (e.g., gas flow/blood flow
ratios, partial pressure of oxygen, and carbon dioxide at the inlet).

2. Methodology

Assessment of the oxygenator’s gas exchange performance and the subsequent
estimation of the mass transfer coefficients of oxygen and carbon dioxide was
accomplished via in vitro investigations with fully heparinized porcine blood in
accordance with AAMI: ISO 7199:2016 standard. The inlet conditions for the
experiment are provided in Table 1. The fundamental components constituting
the experimental setup have been previously described by Khadka et al. [9]. The
role of the test apparatus was assumed by an adult oxygenator with 1.95 m
surface area and a priming volume of 320 mL. Blood flow rate was monitored by an
ultrasonic flowmeter (Transonic, Ithaca, NY, USA), whereas gas flowmeters (Platon,
Vienna, Austria) were utilized for the regulation of gas supply. Figure 2 displays the
test setup.

Pre-and post-oxygenator (i.e., venous and arterial) blood samples were drawn at
frequent intervals to be analyzed with a blood-gas analyzer (Radiometer, Copenha-
gen, Denmark). The blood-gas analyzer’s (BGA) report of each sample included
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Figure 2.

Graphical representation of the experimental setup. The civcuit consists of two adult oxygenators (one performs as
a deoxygenator), two peristaltic pumps, a heat exchanger, and a blood reservoir. In terms of sensors: blood flow is
monitored via a liquid flowmeter, whereas gas supply is regulated via three gas flowmeters. A temperature sensor
guarantees that blood temperature remains within 37 + 1°C, while a pressure gauge keeps track of the inlet and
outlet pressure of the test oxygenator. The blue and red lines indicate venous and arterial (saturated) blood,
respectively.
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diverse parameters such as the partial pressure of oxygen (pO,) and carbon dioxide

(pCO,), oxygen saturation (S), the respective concentration of both gases in

blood, co, and ¢co,, along with pH, bicarbonate concentration (HCOj3 ), hemoglobin
concentration (Hb), Hematocrit value (Hct), atmospheric pressure (p,,,,), etc. These
values were implemented in the calculation of the experimental OTR and CTR.

For the mathematical model, the concentration of carbon dioxide in plasma
(¢co,p>mL/L) and in whole blood (cco,,mL/L) was estimated from its partial pressure
(pCO,,mmHg) and pH using the Henderson-Hasselbalch and Douglas equa-
tions [10, 11] as shown below (Egs. (1)-(4)).

_ [HCO; |
pH=61% [0.03pCO;] (1)
[HCO;| — H; = m(pH — pH,) @
cco,, = 22.26.aco, .}QCOZ.]_OPprK 3)
= _ 0~0289CHb
Ceoy = Ccon’ <1 (3352 — 0004568(%))(8142 —pH)) (4)

aco, and pK are 0.0307 mmol /L /mmHg and 6.0907 respectively. H; and pH, are
the initial bicarbonate concentration and pH, and m is the slope of the buffer line
equation.

Similarly, oxygen saturation (S) and concentration (co,,mL/L) were calculated
from its partial pressure (pO,, mmHg) using the simplified Hill equation [12] as given
in Egs. (5)-(7). Where 32.558, 0.266 and 2.9 are the experimentally derived parame-
ters for porcine blood, 1.34 mLo, /g,;, is the Hiifner constant, and aop, =
0.00317 mLo, /dL is the solubility coefficient of oxygen at 37°C. Hb (g/dL) is the
hemoglobin concentration in blood, and Hct (%) is the hematocrit value, which is
considered to be three times that of the Hb.

1+ (B2
S =100 % 5)
(Poz,so)
0350 = 32.558.100:266 (1n(40)=In (pCO2 )) ©6)
_ S(%) Hct
co, = 10 [1.34.Hb. oo+ @000z (1 N ﬁ)] -

Gas exchange in an oxygenator is depicted in Figure 1. Nitrogen, N, flowrate is
considered negligible in comparison to O, and CO, flowrate. Total gas flow rate is
assumed to be constant throughout the length of the oxygenator (QG,szG’oszG).
The partial pressure of water vapor, py o, is 0 mmHg at the gas inlet and 47 mmHg at
the gas outlet. p . and pO, i, are around 747 mmHg, and pCO, i, is 0 mmHg.

Mass transfer equation for oxygen,

(8)

OTR — QG <pOZ,Gin _ pOZ,Gout >

atm Patm — szO
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OTR = Qg(c0,,Bout — €0,,5in) 9)
02,60t — PO2.5in ) — (pOa,Gin — pO
OTR = kaony (Zﬂ 2,Gout — PY2,Bin ) (P 2,Gin — P 2,Bout) (10)
n (poz,courpoz,sm)
202,Gin—pO2,Bour
Mass transfer equation for carbon dioxide,
CTR = Q| 2E926m_ (11)
atm — PH,0
CTR = Qg(cco,Bin — €COyBout) (12)
CcO — (pCO4in — pCO
CTR = ko, Ay L0280~ WCO28in = PCOrGou) (13)

PCO2 Bout
In (pCOz,Bin*PCOz,Guut)

OTR and CTR are the oxygen and carbon dioxide transfer rates (mL/min ), p is
the partial pressure in mmHg, ¢; mL; /L4 is the concentration of species

j (03 0r CO,) inblood, Q¢ (mL/min) and Qg (L/min ) are the gas and blood flow rates
in the oxygenator, and k; (mL;/(min .m?* mmHg) is the total mass transfer coefficient
of species j (O, or CO,). Subscript G is for gas, B is for blood, i is for inlet, and out is
for outlet. A,,, is the total surface area of the oxygenator. ko, and kco, at different
blood flow rate were calculated using the data from Tables 2 and 3.

Eqgs. (8)-(13) are six non-linear equations with six unknowns: OTR, CTR, pO; pout,
P02,Gout> PCO2,gowr and pCO,,Gour. The final equations are solved in Python program-
ming language using SciPy package. The effect of gas and blood flow rate on pO; and
pCO, at the outlet, and the overall OTR and CTR of the oxygenator were calculated for
different combinations of gas flow/blood flow ratios (1:1, 2:1, 5:1) and inlet pO, gx (25,
30, and 40 mmHg).

3. Results

Table 2 summarizes the partial pressure of oxygen and oxygen saturation at the
inlet and outlet of the oxygenator as obtained from the iz vitro experiment with
porcine blood. The average pO, and S at the inlet is 41.5 mmHg, and 63.3%, respec-

tively. The relationship between k0, and Qj is shown in Figure 3.

Qg [L/min] Inlet Outlet OTR kO, [mL/min.
[mL/min] mmHg.mz]
20, mmHg] S [%] p0;[mmHg] S [%]
1 41.81+1.41 63.8+0.98 465.11+79.20 99.66 + 0.49 6295+ 2.24 0.078 £ 0.01
3 41.81 £1.41 63.8+098 340 +105.46 99.63+0.52 188.02+6.93 0.20 + 0.03
5 41.82 £1.30 63.5+0.88 227.11+60.92 98.68 + 0.30 396.12+6.97 0.28 + 0.02
7 40.63 +1.84 62.06 +£2.62 130.80 £+ 31.54 97.43 +0.92 428.94 +22.8 0.36 + 0.02

Table 2.

OTR and kO, at different Qp. Hb, inlet pO,, and pCO, are 12.9 g/dL, 747 mmHg, and 45 mmHg, respectively.
The inlet and outlet values for pO, and S are obtained experimentally by measuving the blood-gas and acid-base
parameters via BGA. OTR increases linearly with rising blood flow rate.
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Figure 3.
Mass transfer coefficient of oxygen at different blood flow rates. An increase in blood velocity decreases the thickness
of the boundary layer, resulting in reduced gas exchange resistance and an elevated mass transfer coefficient.

Similarly, the partial pressure of carbon dioxide and pH at the inlet and the outlet
of the oxygenator, along with CTR and the carbon dioxide mass transfer coefficient at

different Q are shown in Table 3. Figure 4A depicts the relationship between kCO,

QB [L/min] Inlet Outlet CTR kCO; [mL/min.
[mL/min] mmHg.mz]
pCO; [mmHg] pH pCO, pH
[mmHg]
1 4729 +1.27 7.367 + 0.004 23.78 + 0.49 7.550 + 0.005 136.15 + 3.70 9.5+ 0.6
3 4729 £1.27 7.367 + 0.004 28.38 + 0.59 7.499 + 0.005 331.65 + 12.6 10 + 0.67
5 47.40 £1.34 7.376 £ 0.003 31.83 &+ 0.33 7.479 £ 0.007 460.56 +25.32 10.33 + 0.73
7 46.23 +1.03 7.380 &+ 0.007 33.5+ 0.51 7.459 £+ 0.006 553 + 26.19 11.12 + 0.81
Table 3.

CTR and kCO, at different Qg. Hb, pCO, Gin and Qg: Qg are 12.9 g/dL, o mmHg, and 2:1, vespectively. The
inlet and outlet values for pCO, and pH are obtained experimentally by measuring the blood-gas and acid-base
parameters via BGA. CTR also increases linearly with blood flow rate.
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Figure 4.

(A) Relationship between kCO, and Qg. The mass transfer coefficient of CO, is markedly higher than that of
oxygen and only increases slightly with an increase in blood flow vate. (B) pH vs. HCO; diagram depicting the
change in pH during the removal of carbon dioxide for a change in pCO, between approx. 60 mmHg to 20 mmHg.
The linear relationship between bicarbonate concentration and pH is depicted via the buffer line equation. This
buffer line indicates the direction of respiratory compensation for a pH change due to extracorporeal CO,
elimination. The slope of the buffer line (—34.149) depends primarily on Hb concentration.
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and Q. The effect of carbon dioxide elimination on pH during the experiment is
shown in Figure 4B, in the pH vs. HCO; diagram.

The experimentally obtained data for oxygen and carbon dioxide were fitted to the
mathematical model in the corresponding Egs. (8)—(13). Table 4 summarizes the
values predicted by the semi-empirical model for pO; pouss PCO2,pour S, OTR and CTR
for the inlet values of pO, iy = 40 mmHg, pCO, gy = 45 mmHg, Hb = 12.9 g/dL, QB:
1-7 L/min and Q5/Qjp =2:1.

Figure 5A-D depicts the numerically estimated output predicted by the semi-
empirical model for different input conditions. For all the inlet pO, g;, variations
(25 mmHg, 30 mmHg, 40 mmHg), the outlet pO, j,,; decreases constantly with blood
flow rate (Figure 5A). Furthermore, the outlet saturation also depends on the initial
saturation of venous blood (30, 42, 62%), thus affecting the oxygen transfer rate

Qj [L/min] p0; [mmHg] S [%] pCO, [mmHg] OTR [mL/min] CTR [mL/min]

1 376.87 99.94 24.55 75.59 131.16

3 224.72 99.72 27.92 211.15 316.427

5 154.88 99.12 30.46 335.74 438.28

7 120.45 98.12 32.39 450.23 524.12
Table 4.

Oxygen and carbon dioxide transfer rates and their vespective partial pressuves at the outlet of the oxygenator as
predicted by the numerical model. Inlet pO, pin, pCO, pin and Qg/Qp are 40 mmHg, 45 mmHg and 2:1,
respectively. Both OTR and CTR increase linearly with blood flow rate. The numerically generated values for OTR
and CTR show high correlation (R* = 0.99) with the experimental values.
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Figure 5.

(A) pOz,Bm at different pO, pin (25, 30 and 40 mmHg) as estimated from the mathematical model. pCO, gy is
45 mmHg. The pO, pou: decreases with increasing blood flow rate for any pO, pin. (B) Oxygen saturation at the
outlet for different inlet saturations (30%, 42% and 62%). pCO, iy, is 45 mmHg. (C) CTR at different QG/QB
(1:1-5:1). pO, pin and pCO, pi, ave 40 mmHg and 45 mmHg, vespectively. CTR increases linearly with QBfor
constant QG/QB. (D) pCO, pous at different QG/QB (1:1-5:1). pO, pin= 40 mmHg and pCO, pi,= 45 mmHg. Hb
is 12.9 g/dL in every case.
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(Figure 5B). Similarly, the carbon dioxide transfer rate, CTR, is dependent both on
gas and blood flow rate (Figure 5C and D), as it increases linearly with Qj for all the
provided QG/ QB ratios (1:1-5:1) (Figure 5C).

4. Discussion

Using the mass transfer and mass conservation principles for oxygen and carbon
dioxide, a semi-empirical numerical model of an artificial lung has been developed as
an addendum to the mathematical model introduced by Khadka et al. [9] in order to
consider the gas exchange phenomena in an oxygenator. The new version differenti-
ates itself from the older one in the implementation of a modified Hill equation with
experimentally derived parameters for the numerical estimation of oxygen concen-
tration from its partial pressure in furtherance of minimizing the margin of error.

The mass transfer coefficients of oxygen and carbon dioxide of the oxygenator
were determined using experimental data obtained from iz vitro investigations with
porcine blood (Tables 2 and 3), which were fed afterward into the semi-empirical
model to assess the theoretical performance of the oxygenator at different inlet blood-
gas values and acid-base states. The obtained carbon dioxide transfer coefficient is
significantly higher than that of oxygen due to the high solubility of carbon dioxide in
blood compared to oxygen. However, the resistance to gas diffusion decreases at
higher blood flow rates due to the deflating boundary layer [13], resulting in elevated
mass transfer coefficients for both oxygen and carbon dioxide (Figures 3 and 4A).

The findings of the numerical simulation suggest that blood flow rate has a higher
impact on the partial pressure of oxygen at the blood outlet and its overall oxygen
transfer rate. Arterial pO, decreases monotonously from 376 mmHg to 120 mmHg
with increasing blood flow rates (1-7 L/min), for inlet pO; of 40 mmHg (Table 4).
That being said, oxygen saturation in venous blood plays a significant role in the
oxygen transfer rate and directly affects the saturation levels at the outlet. In a
hypoxic patient with venous saturation of around 42%, for instance, saturation at the
outlet of the given oxygenator stays below 85% at higher blood flow rates (> 5 L/min)
(Figure 5B). However, oxygenators with higher surface area or embellished mass
transfer coefficients are capable of delivering outlet saturations well above 95% at
higher blood flow rates (> 5 L/min), even when inlet saturation is lower than 42%.

Elimination of carbon dioxide by means of an oxygenator increases the pH of blood
along the buffer line as Figure 4B denotes. The slope of the buffer line is determined
by the total hemoglobin concentration in the blood.

In general, carbon dioxide removal chiefly depends on the gas flow / blood flow
ratio [14]. As Figure 5C indicates, doubling the gas flow rate offers nearly 50%
increase in carbon dioxide elimination (292 vs. 438 mL/min), whereas a fivefold
increase of gas flow / blood flow ratio can yield CTR values enhanced by 95% at a
constant blood flow rate of 5 L/min (292 vs. 570 mL/min). Both oxygen and carbon
dioxide transfer rates increase linearly with rising blood flow rates at constant
gas flow / blood flow ratios.

To realize the gas transport modeling several assumptions had to be made. Utili-
zation of the aforementioned simplified mass transport equations for countercurrent
flows was accomplished under the hypothesis of a steady state solution with purely
convective transport. It was also theorized that the oxygen-hemoglobin reaction
remained always in equilibrium, and that the total gas flow rate remained constant
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over the entire length of the hollow fibers. Blood flow was also considered to be
homogeneous throughout the oxygenator. Additionally, metabolic compensation was
also not taken into account for acid-base balance, despite the fact that during an

in vivo application, metabolic compensation could cause a shift in the buffer line.

Such simplifications may affect the overall accuracy of the model and limit its
applicability when used in an in vivo setting. Furthermore, the model has been vali-
dated so far only with porcine blood. Therefore, further experiments with human
blood are necessary for the optimization of the relevant parameters, prior to any
clinical implementation.

Ultimately, the introduced mathematical model of an artificial lung has been
conceived with a single purpose in mind: the ability to emulate the gas exchange
performance of any commercially available oxygenator in silico. The disclosed results
corroborate this statement, and the fact that the numerically derived values for OTR
and CTR correlate highly (R* = 0.99) with the experimental data further emphasize
the model’s potential as a valuable tool for the assessment of gas exchange in diverse
therapies (e.g., CPB, ECMO, and ECCO2R) and different connections. Complex
models can be evaluated by devising the corresponding iz vitro circuits mimicking
these connections [15].

5. Conclusion

A mathematical model of an oxygenator capable of evaluating the gas transfer
between countercurrent flows across hollow fibers was established on experimentally
derived mass transfer coefficients for oxygen and carbon dioxide. The exchange of
oxygen and carbon dioxide and its impact on acid-base balance was estimated based
on the combined transfer rate formulas for oxygen and CO, along with the
Henderson-Hasselbach, Douglas, and modified Hill equations. The obtained numeri-
cal results correlate highly with the experimental data in standard settings. Hence, the
model is capable of determining the performance of any oxygenator at diverse blood/
gas flow rates and inlet conditions (e.g., acid-base balance) not only in terms of gas
exchange but also by predicting the blood-gas and acid-base parameters at the outlet.
In future, the model will be integrated into the mathematical of a cardiopulmonary
system for the estimation of oxygen and carbon dioxide exchange during complex
procedures such as CPB, ECLS, and ECCO2R. Eventually, this could become an
indispensable tool assisting in decision-making by determining the influence of dif-
ferent operating conditions (blood-gas flow rates, oxygenator size, connection type,
etc.) on the overall oxygen and carbon dioxide transfer rate during such therapies.
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A New Approach to Understanding
Diabetic Retinopathy from Retina
Vessels Blood SaO, Study

Luis Nirio-de-Rivera, Erwin Michel Davila-Iniesta and
Félix Gil-Carvasco

Abstract

This chapter discusses a new method for assessing SaO, oxygen saturation from
fundus photography (EFP). In addition, a new method for assessing SaO, oxygen
saturation from fundus photography (EFP) is discussed. These enhancement differ-
ences follow the evolution of ocular diseases associated with metabolic dysfunctions
in which the oxygen saturation SaO, plays a key role. A new visual and numerical
method to follow the evolution of diabetic retinopathy, glaucoma, or other degenera-
tive eye diseases is also discussed. The chapter shows how the fundus photograph of
the eye (EFP) is segmented to show its oxygen content from each pixel of the EFP.

In this chapter, we discuss the description of ocular Sa0O, as a mathematical function
that allows us to understand measurable differences in the metabolic output of blood
within the retinal microvasculature. The SaO, function across the ocular microvascu-
lature system is a set of numbers that can be analyzed using statistics or other math-
ematical tools to better understand the complex metabolic process within the ocular
microvasculature system. The chapter will show graphical and analytical results of
healthy eyes compared to the disease diabetic retinopathy. It is hoped that this new
approach will allow the clinician to better understand the evolution of diabetic eye
disorders.

Keywords: diabetic retinopathy, eye fundus photography (EFP), fundus
images, oxygen saturation (Sa0,), optical coherence tomography (OCT), retinal
microvasculature, retinal oximetry, retinal vessel segmentation

1. Introduction

Diabetic retinopathy (DR) is one of the most important causes of visual loss
worldwide and is the leading cause of vision impairment in patients with diabetes,
with an estimated 130 million people with the disease by 2030 and 161 million by
2045 [1]. DR is usually asymptomatic until the advanced stages. To prevent further
visual loss and disease progression, it is necessary to regularly monitor patients with
diabetes and ensure awareness of the metabolic disturbances that they undoubtedly
present in the retinal microvasculature [1, 2].
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DR analyses from conventional sightseeing Eye Fundus Photography (EFP) images
and optical coherence tomography (OCT) are not enough to understand correctly the
complex metabolic process in the retinal microvasculature [1, 2]. Traditional methods
are based on the physician’ clinical experience, and even the clinic’s expertise always
welcomes a better approach to joining technology with new image processing tools,
database platforms from optical coherence tomography, and artificial intelligence,
which will improve physicians’ labor.

The human retina is one of the most demanding oxygen systems in the human
body. The retina, to ensure health, requires a continuous supply of oxygen through
its microcirculatory system [3]. Retinal ischemia is undesired to any degree since it
leads to vision loss. Clinicians do not have efficient methods to measure the evolution
of ischemia in degenerative eye illness. Diabetic retinopathy and glaucoma, by their
clinician manifestation, supposes insufficient oxygen in the retina blood system [4].
However, there are non-invasive facilities to follow properly ischemia. Under that
scope, we discuss new alternatives to evaluate Oxygen Saturation SaO, from EFP, an
essential non-invasive procedure.

Non-invasive retinal oximetry is constantly developed to find more precise
oxygenation measurements from retinal veins since invasive methods to measure
Sa02 inside the ocular globe are unavailable. Physicians will surely enjoy looking at
the retina vessel size, arterial, and vein structure, thickness, and blood color differ-
ences associated with SaO2 to follow illness performance. SaO2 evaluation is a critical
issue in monitoring eye degenerative diseases [3-5]. However, photo oximetry faces
essential challenges in evaluating SaO, inside the retinal circulatory system. Among
others, photo oximetry requires efficient segmentation methods to properly separate
the arterial and vein retina complex structures to show oxygen consumption through
the eye’s circulatory system. Eye fundus images require proper image processing
procedures to expose blood color differences associated with blood SaO,. The hemo-
globin Hb has the highest blue tone, if nonoxygen carries in there. In contrast, the
highest red tone is for the oxyhemoglobin HbO,, with the highest levels of oxygen
in the arterial system [3-6]. The effect of wavelength looking at the same EFP image
after segmentation and color assignment is shown below.

This research aims to show researchers and physicians new alternatives to follow
Sa0, performance in different stages of the illness. The SaO, performance in the
retina circulatory system is represented numerically as a set of pixels whose value
has a linear relationship with its oxygen content, and then the SaO, map represents a
matrix which value sequences is a mathematical function. The disease is seen not only
as a set of symptoms, but also as a numerical description of ocular metabolic dysfunc-
tion and a mathematical function was found to describe how the O, process works
in ocular degenerative diseases such as diabetic retinopathy or any other pathology
related to O, deficiencies (Figure 1).

1.1The light absorbance complexity

The incidence and reflectance of light at the ocular globe face complex non-linear
light absorption phenomena related to the wavelength of the emitting light camera
sensor. The blue and red graph in Figure 2 shows the absorbance coefficient of Hb
and HbO, when exposed to incident light from 300 to 1000 nanometers (nm). The
Blue Hb graph represents blood with cero O,, which means oxygen saturation at cero
%, SatO, = 0, while the red graph HbO, represents arterial blood with maximum O,
content, SaO, = 100.
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Figure 1.

Example of the different color shades between veins and arteries from images taken with specialized cameras
where the diffevent thicknesses between the two corpora cavernosa ave visualized. Fundus images show sensitivity
in the central area of light reflection in retinal arteries and veins [7].
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Figure 2.

Shows the Hb and HbO, light Absorption Coefficient AC when blood is exposed to wavelength WL from 300 to
1000 nanometers (nm). The Blue Hb graph represents blood with cero O, content, while the red graph HBO,
represents arterial blood with 100% of saturated O,.

Wavelength plays a vital role in EFP image acquisition. As shown in Figure 2,

Hb and HbO, have the same absorbance coefficient at 540, 570, and 800 nm. This
supposes the same scale reference to measure the light reflected from veins and arteri-
als when an incident light goes through them. However, at 600 nm, the absorbance
coefficient is lower for HbO,, about one order of magnitude with respect to Hb. At
first sight, 540 and 570 nm. are the optimum wavelengths for analyzing SaO,, assur-
ing the same energy is reflected for both arterial and venues. However, the frequency
at 600 nm finds the absorbance coefficient one order of magnitude lower than at

570 nm [3, 4, 6].

The incident light at a wavelength of 600 nm will reflect more of the red tones of
HbO, than the blue tones of Hb. At 802 nm, the absorption coefficient is the same
for both HbO, and Hb, and it is the lowest absorption coefficient for both HbO, and
Hb [3].

It is stated that at 802 nm, the absorption coefficient is the same for both HbO, and
Hb, with the lowest absorption coefficient. This makes 802 nm a favorite wavelength
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for getting the highest possible tone intensity reflected in the image with very similar
scale tone tonality for both venues and the arterial system. Furthermore, it is impor-
tant to look at any EFP and acquire conciseness about what we see from EFP coming
from different wavelength images. The same eye from EFP from 570 nm and 600 nm
will not necessarily show the same retina vessel system, as shown below.

A deeper discussion about this topic can be found in Refs. [3-6].

1.2 A brieflook at retinal oximetry

The importance of the wavelength has already been mentioned; let us briefly look
at the parameters of the EFP eye sensor. The Lambert-Beer law lets us calculate the
intensity of light transmitted through a solution. According to Eq. (1), the Lambert—
Beer law shows the relationship between the intensity of light I transmitted through
solutions and the intensity of incident light Io [3, 8]. The light I transmitted through
the blood depends on three variables: two of them related to blood chemistry: its
extinction coefficient (molar absorbance) of the blood sample (¢) and its hematocrit
concentration (c), and a third one that depends on the distance through the sample
(d) or path length (d) of the optic system (Figure 3).

I=Ie" 1)

I = Intensity of light transmitted through the sample.

Io = Incident light intensity (light intensity before interaction with the sample).
The optical density (OD) shows the relationship between transmitted light I
and the incident light I, [9-11]. in blood. This relationship (—logyo (I/Iy)) is a linear

dependency of (g*c*d).

ODlog101/1,)=(£"c’d) )

Incident Light
Iy

Sample

Figure 3.
Graphical representation of incident light ray I, transmitted light ray 1, concentration of the absorbing
substance c, the molar absorption coefficient € and the optical path length d.
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However, the light absorbance of a blood sample at any given wavelength is called
lambda optical density (OD X ) and is defined as:

OD%zlogézfs*c*d. 3)

There is an isosbestic wavelength where the extinction coefficients for Hb and
HbO, are identical. Then, in this case, the OD for blood depends only on c, d.
However, at a non-isosbestic wavelength, the extinction coefficients for Hb and
HbO, are different, and the OD depends on ¢ d and oxygen saturation [9]. The ratio
between two ODs at two distinct wavelengths, one isosbestic and the other non-
isosbestic, ODR is sensitive to oxygen saturation [10]:

OD Non —isobestic
ODR= - - 4)
OD —isobestic

2. Methodology

Based on the above discussion, a set of tools is available to assess Sa0, using
numerical and graphical tools. The aim of this research work is to apply this method-
ology to images of healthy and diseased cases and to look for numerical differences to
aid in the diagnosis and monitoring of the disease and to focus on finding differences
in SatO; in Diabetic Retinopathy DR not only by a visual image showing SaO, per-
formance but also by a numerical vector of SaO, to allow the researcher or clinician a
better understanding of the metabolic dysfunction in DR disease.

2.1 Oxygen calculus of the blood

The Blood Oxygen Saturation SaO, is the relationship between HbO, and
(HbO, + Hb), as discussed in [2]:

SatO, = __HbO, 100% (5)
HB + HbO,

This straightforward relation will give the percentage of HbO, compared
with the oxygen in both HbO, + Hb [3, 6]. SatO, computing in Eq. (1) requires
the same relative scale for both Hb and HbO,, like in 540 and 570 nm; however,
the absorbance coefficient for Hb and HbO; is different at most wavelengths, as
shown in Figure 2. The oxygen saturation equation, according to Eq. (1), requires
an adjustment for image wavelengths where the absorbance coefficient is not
the same, non-isosbestic such as 418, 542, 577, and 925 nm, where HbO, has the
highest absorption points, and 430, 550, 758, and 910 nm, where Hb has its highest
absorption values.

SatO, =a(ODR)+b (6)
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where a and b are constants. Karlsson et al. [8] reportsa = —1.28 and b = 1.24.

Arteries and veins in EFP reflect different gray tonalities [7] depending on wave-
lengths and optics parameters. The oxygen, seen from EFP gray images, considers the
gray tonality changes proportional to O, on venues and arteries. The first gray level
(1/255) in the 1 to 255 is the absence of O, in Blood. Each of the 255 levels represents
0.39% of SatO,. The gray level 255 means a pixel full of oxygen, with 100% of SatO,
(0.39 x 255 =100) [3].

The performance of SatO, in the circulatory eyeball system (COGS) can be easily
shown by its gray hue ranging from (1 to 255), but also equivalent from purple to red,
transforming the gray to red, green, and blue RGB. This approach considers each pixel
as HbO, cumulus representation, delivering oxygen through its way until HbO, loses O,
to become Hb with 1 to 50 levels. The vessels, HbO,, Hb, and consequently, its oxygen
content are filtered by a segmentation process, becoming the circulatory eye system
into a numerical matrix that represents its oxygen content, estimated by SatO, and rep-
resented by a set of gray tones or its translation to RGB to show an EFP colored image.

The set of gray colors in Hb and HbO;, is a numeric vector that graphically shows
the metabolic process’s performance. Physicians can see the evolution of the illness
from segmented EFP more precisely from a set of numbers than from typical OCT
or eye fundus images, where diagnosis depends on the physician’s expertise, always a
man’s subjective interpretation.

2.2 Pseudocolor tonality map

The Pseudocolor Tonality Map shows the O, transition from HbO, to Hb. The
deoxyhemoglobin Hb is the set of levels at the gray scale from 0 to 187 corresponding to
tonalities in RGB going from purple, blue, and green, equivalent to 30-70% of SatO,.

The SatO, from 71-100% is the set of gray levels going from 188 to 255, which,
converted to RGB, shows SatO, as colors going from yellow to red. Veins and arterial
color transition is a visual representation of SatO, performance. The SatO, is easily
computed from number 0 to 255 by SatO, = (number)*(0.39) (Figure 4).

Figure 5A shows a healthy eye from HRF database [12]. Figure 5B shows the
segmented and colored EFP according to Equation. Figure 5B separates the O,
concentration by a set of colors. The red represents O, concentration going from the

CMap = [170, 0, 255 $// purple 100
85, 0, 255 $// violet 90

o, I T $// Blue 80

9, 255; 255 $// Cyan =5

0o, 187, 0 $// Green
255, 255, D $// Yellow
255, 136, ©O $// O
255; 0O, 0] ./255;

oo

Figure 4.
(A) shows the colorimetric proposal of the pseudo color to show (B) the oxygen transition from Hb to HbO,.

62



A New Approach to Understanding Diabetic Retinopathy from Retina Vessels Blood SaO, Study
DOI: http://dx.doi.org/10.5772/intechopen.1007532

Sat02: 98 %

HE1-HRF_Original

1750

1500

H
H
I
i
.
1250
P
1000
3
e
S0
i ||||| I
[ T -----.Illlllllllll“l
50 0

[+]
C 4] 100 150 20 250
HE1-HRF _Original

>,
-]

=2

o

Figure 5.

(A) shows the original image from the HRF database [12], (B) shows the colorimetric proposal of the pseudo
color for the original image and (C) shows the oxygen concentration depending on the gray level intensity of the
image (A).

highest red tone to the lowest, as red loses O, in yellow, green, and blue end violet.
Figure 5C shows the amount of accumulated O, by gray level, count versus oxygen
concentration in the 1 to 255 scale. This count versus SatO, on a 0 to 255 scale is the
estimation of O, distribution through microvasculature. This objective set of values
allows comprehensive mathematical analysis of what is going on with O, performance
inside the retina microvasculature. This is the counterpart of the subjective interpre-
tation from conventional EFP analysis.

The oxygen yield in the microvasculature tree can be further analyzed. In
Figure 6A, we show the EFP microvasculature extracted from Figure 5A, which
shows all gray levels. Figure 6B shows pseudo color EFP with a pixel tonality from
0 to 95. Figure 6C shows the O, distribution from 96 to 199; this is the green zone
representing the O, lost transition, and Figure 6D shows the reds with the highest
content of O, from 200 to 255.

2.3 The light absorption in the blood a practical case

This section presents the effects of isosbestic and non-isosbestic wavelengths on
the same image after EFP segmentation and pseudocolor assignment. First, the absor-
bance coefficient must be correctly understood when using an isosbestic wavelength;
then, the results are compared by applying the SatO, algorithm, proposed in this
work, to the same EFP image at 570 nm and 600 nm [4, 9-11]. Figure 7B on the left
shows the EFP Oxymap T1 at 570 nm from Kristjansdéttir et al. [10].

63



Up-to-Date Approach to Blood Gas Analysis — Clues to Diagnosis and Treatment

Figure 6.

Shgows the O, performance in the microvasculature separated by three sets of color tonality. (A) shows the original
image from the HRF database [12], (B) shows the areas where oxygen saturation is minimal, (C) shows the areas
where oxygen saturation exists but is not the maximum, and (D) shows the areas where the highest amount of
oxygen saturation is found.

Sat02: 74 %

30
20
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oo
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Figure7.

The veins and arterial systems at 570 and 600 nm, obtained by Kristjdnsdottir et al. [10] using Oxymap T1,
ensure the same scale hue for both veins and arterial colorimetry. (A) shows the image obtained at 570 nm by
Kristjdnsdottiv. (B) shows the application of the pseudo color method applied to (A). (C) shows the image
obtained at 600 nm by Kristjdnsddttir. (D) shows the application of the pseudo color method to (C).
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Figure 8.
(A) shows the zone where reds are distributed in the arterial tree. Red intensities are proportional to its SatO.,.
(B) shows how many pixels ave in each level from 198 to 255. This is called the Oximetric function distribution.

Figure 7B at left shows a healthy gray eye fondus image taken from Oxymap T1
at 570 nm. Figure 6C at left shows the same image but taken at 600 nm, both images
reported by Kristjansdéttir et al. [9], in their important work that discusses Oxymap
T1 tune and software SatO, visual sight associated with OxymapT1. On the right in
Figure 7B, oxygen saturation in veins and arterial branches is shown using the color
tone method [3].

The reader must distinguish the arterial network difference from the venue system
from 570 to 600 nm. As said above, at 570 nm, light reflectance is the same for both
HbO, and Hb, which means that oxygen reflectance is proportionally the same for
arterial and venue systems; this proportionality is not detectable by sight at the
original image. It can be seen in the colored image how, at 600 nm, the absorption
coefficient enhances the arterial network (HbO,) because it is an order of magnitude
higher than Hb. This schematically shows that wavelength plays a vital role in SaO,
analysis. The strategy of representing SaO, as a vector allows it to be examined
separately, which means that the regions from 200 to 255 can be processed as the set
of points and zones with the highest O, levels. This idea is in Figure 7, which shows
the zone where reds are distributed in the arterial tree. Red intensities are propor-
tional to its SatO,, which shows how many pixels are in each level from 198 to 255
in the saturation function graph. This is called the oximetric function distribution.
Figure 8B shows the distribution of O, count by gray level. This means if there are 255
at 255 level, there are 255-pixel cells with 100 of Sa0,.

3. Results
3.1 Healthy cases

The oxygen saturation estimates of the healthy eyes have an oxygen saturation per-
centage of 93% + 7%, where the eye with the lowest oxygen saturation has a value of
85%, while the eye with the highest oxygen saturation percentage has a value of 98%.

Seventeen EFR images of healthy eyes with the optic nerve oriented to the right were
selected from the database used by Cen et al. [13] to apply the pseudocolor method
discussed above. Table 1 shows the results of the first four images analyzed. The reader
can find all the processed images from that database together with the codes used to
obtain the results shown at https://github.com/MetatronEMDI/Fundus-Images-Results.
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Table 1.

Application of the pseudo color method applied to patients HE-1to HE-4 (Healthy Eye [13]). In addition to the
graphing of the repetition of the values obtained from the vector of each image.

Table 1 shows that the arterial and venue trees are clearly defined over a black
background, showing a clear sclera by contrast. The count function associated with
each EFP shows a similar going-up tendency from the lowest value to its mean value
(1to 50) and a similar download from its mean to near 200. Figure 9 shows the
comparative density performance of the 17 SatO, eyes. It is observed that the highest
SaO, pattern, the (200 to 255) curve that compares the SaO, performance of the 17
healthy eyes, has the same approach in the red range. It looks like a rectifier sine wave
with a mean value in the valley’s middle. This pattern was found to remain constant in
red tones for healthy eyes.

3.2 Diabetic retinopathy analysis by SatO, performance

This section discusses the results from our SatO, pseudocolor method applied to
a set of Diabetic Retinopathy DR cases to look for new tools. Diabetic retinopathy is
classified as Diabetic Retinopathy Type 1 DR1, Diabetic Retinopathy Type 2 DR2, and
Diabetic Retinopathy Type 3 DR3. The study analyzes sets of DR1, DR2, and DR3 EFP
images previously classified by traditional methods. These analyses show colorimetry
SatO, performance in the retina microvasculature system for each DR. In addition,
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Figure 9.
Shows the comparative density performance of the 17 SatQ, eyes.

the oximetry density function is the key to finding numerical singularities among
Diabetic Retinopathy status. The differences among DR1, DR2, and DR3 are measur-
able, as shown in the result below. The methodology used to analyze DR performance
is the same as the one discussed above for healthy eyes.

3.2.1 Diabetic vetinopathy type 1

DR grading from Hammersmith [14] evaluates five components of retinopathy:
microaneurysms and hemorrhages, exudates, new vessels, venous irregularities,
and retinitis proliferating. Those five issues are highly related to retina micro-
vasculature changes. A new approach to help recognize those variables is SatO,
performance from EFP images. This DR1 analysis uses 11 EFP images previously
classified as DR1 from a public database used by Cen et al. [13]. All images have the
optic nerve oriented to the right. Table 2 shows four DR-1-EFP images after seg-
mentation and colored by our method. The reader can analyze the 11 DR1 images
from the next link (https://github.com/MetatronEMDI/Fundus-Images-Results).
Notice from the link that it is not evident from the original EFP images that those
are DR1. However, colorimetry shows images 2, 6, 7, 8, 9, 10, and 11 have more
green areas than red ones. SatO, estimations are not conclusive since all of them
are 93% + 7%. Table 1 shows a clear tendency to lose SatO,. The DR1 SatO, density
distribution function tends to increase lower O, values with a decrease in the red
region (200 to 255) (Figure 10).

Table 2 shows four DR1 EFP images after segmentation and colored by our method.

3.2.2 Diabetic vetinopathy type 2

Type 2 diabetic retinopathy was analyzed from 16 DR2 EFP images showing
vascular dysfunction. Table 3 shows the diverse grades of microaneurysms, and
hemorrhages, exudates, new vessels, and venous irregularities not appreciated in
original DR2 EFP images. This indicates that the proposed method can define a
wider DR grading as a future assignment. The oximetric density function shows a
deep decay in O, in the 200 to 255 Red scale in all images and a new rectifier wave
in the lowest SaO,, which means loss of O, transportation by the predominance of
venues tree. The SaO, metrics show evident differences among all images, which
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Table 2.

Application of the pseudo color method applied to patients DR1-1 to DR1—4 (Diabetic Retinopathy Type 1 [13]).
In addition to the graphing of the repetition of the values obtained from the vector of each image.

Figure 10.
Shows the comparative performance of the density in the 11 type 1 diabetic retinopathy eyes from SatO.,.

let us think we have a new tool for following diabetic patients and comparing their
own EFP images through time. The reader must notice an increment in the Sa0,.
However, this phenomenon is correlated with blood increase, not in the retina
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Table 3.

Application of the pseudo color method applied to patients DR2—1 to DR2—4 (Diabetic Retinopathy Type 2 [13]).
In addition to the graphing of the repetition of the values obtained from the vector of each image.

microvasculature but in microaneurysms, hemorrhages, and new vessels. Another
important issue is the absence of a black background, indicating inflammatory
process.

Table 3 shows the diverse grades of microaneurysms, hemorrhages, new vessels,
and venous irregularities in DR2 SatO, analysis.

3.2.3 Diabetic vetinopathy type 3

Results from Diabetic Retinopathy type 3 analysis show a more profound deg-
radation of the microvasculature. Table 4 shows SaO, analysis from 10 EFP images
previously classified as DR3. Images are from [13].

The oximetric density function clearly shows decomposition in the waveform
in the 200-255 range. The rectifier sinewave that appeared in the healthy eye is no
longer there.
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Table 4.

Application of the pseudo color method applied to patients DR3—1 to DR3—4 (Diabetic Retinopathy Type 3 [13]).
In addition to the graphing of the repetition of the values obtained from the vector of each image.
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Figure 11.
Shows the comparative performance of the density in the 10 type 3 diabetic retinopathy eyes from SatO,.
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Table 4 shows the varying degrees of microaneurysms, hemorrhages, new vessels,
and venous irregularities in the DR3 SatO, analysis (Figure 11).

4. Discussion

Vessel segmentation is an increased research field, and there is no doubt better
solutions are coming to differentiate vessels from arteries. However, that differentia-
tion is not only in the image segmentation area or in traditional methods of classifying
diabetic retinopathy grading. Our results show that DR in any of their grading shows a
wide range of differences that must be reclassified. This will help better follow-up with
diabetic patients, observing the illness evolution closely without expecting to detect
the transition from DR1 to DR2 or DR3. Assuming that better vessel segmentation
results are obtained, the results shown indicate that, if associated with SatO, vectors,
the vessel color images are numerical vectors that can be studied as a mathematical
function. This opens new opportunities for researchers and physicians to study DR not
only from sight observation but also from deep learning and artificial intelligence tools.

4.1 Healthy eyes: A comparative analysis

Maliheh Miri et al. [7] proposed a method to distinguish arteries from veins in the
retina microvasculature in 2017. This work is a significant contribution to the field
that seeks an automatic procedure to classify arteries and veins. For comparison with
our proposal, the results of the same DRIVE EFP obtained with both the Maliheh Miri
method and the proposed method are shown. Figure 12(A-D) shows the DRIVE EFP
used in both studies.

Figure 13 shows Maliheh Miri et al. [7] results for distinguishing arteries from
veins in the retina microvasculature. Blue represents the vein system, and red shows
the arterial retina microvasculature. The segmentation algorithm used by Maliheh
Miri is based on contrast and illumination differences between arteria and veins.
Those differences, as shown, show the arterial and veins with two colors (a,b,c,d);
however, they do not identify the SatO, performance in the microvasculature.

Figure 14 shows the results of the proposed segmentation method of arteries
and veins using the same DRIVE EFP images as Maliheh Miri. The segmented

........

Figure 12.
Shows the comparative performance of the density in the 16 type 2 diabetic retinopathy eyes from SatO,.
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Figure 13.

M%liheh Miri et al. [7] proposed a method to distinguish arteries from veins in the retinal microvasculature. The
blue color represents the venous system, the red color shows the arterial microvasculature of the retina. (A, B, C,

D) shows the original images extracted from the DRIVE database [11], while (a, b, c, d) shows the segmentation
method to identify such microvasculature.

Figure 14.
(A, B, C, D) shows the images reported by Maliheh Mivi et al. [7] extracted from the DRIVE database, while (a,
b, ¢, d) shows the application of the oxygen saturation estimation method proposed in this vesearch work.

trajectories found in Figure 14(a-d) are the same as in Figure 10(a-d). This
means that both segmentation methods obtain equivalent results. Differences

in colorimetry were found. Maliheh Miri proposes fixed blue and red colors, as
shown in Figure 13. The assigned colors in our method reflect the O, content in
each pixel along the arteries branches’ veins, according to the gray levels in the
original image for both arteries and veins. Both methods show precise trajectories
from the microvasculature supported by a black background. The black back-
ground without blood signals is evidence of a healthy eye showing noninflamma-
tory processes.
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5. Conclusions and future challenges

The research presents an innovative method to quantify oxygen saturation in
the retinal vascular system by analyzing fundus images. This method proposes the
Oximetric Distribution Function (ODF), which transforms images into vectors
where each pixel of the circulatory system has a specific gray level and an estimate
of oxygen saturation. This methodology allows detailed and accurate tracking of
oxygen saturation, providing a fundamental graphical tool for understanding reti-
nal vascular function. ODF provides not only a numerical representation but also a
graphical visualization of ocular health status, which has both clinical and research
applications.

The proposed method significantly improves accuracy and traceability com-
pared to current methods by providing a detailed map of oxygen saturation rather
than an average measurement. This may have important implications for the
diagnosis and monitoring of oxygen saturation-related eye diseases, such as retinal
vascular disease.

The results of the oximetric function vary according to the parameters of the
camera used and the errors in the conversion from spherical to flat images. The
research highlights the need to adjust fundus imaging technology to minimize errors,
such as those associated with the conversion of curved areas to flat images, and to
normalize Lambert-Beer’s law alpha value. This normalization is crucial to ensure the
consistency and reliability of the results obtained by the proposed method.

A significant contribution of this study is the postulation of the hypothesis
of quantifiable and visible vascular inflammation in the retina, with preliminary
results suggesting the possible detection and measurement of such inflammation.
This finding has the potential to significantly improve the diagnosis and monitor-
ing of various ocular diseases. However, to ensure the validity of these results, the
analysis requires images obtained from the same fundus camera and captured at the
same wavelength, highlighting the importance of uniformity in the image acquisi-
tion process.

Future research will focus on the normalization of alpha values and the consid-
eration of errors due to diffraction and light scattering, factors that have not been
considered so far but that directly affect the images obtained by fundus cameras.
These investigations will contribute to establishing guidelines and standards that
allow effective comparison of results between different equipment, providing
greater confidence in the clinical interpretation of the oximetry data obtained.
Understanding these variabilities and implementing the necessary corrections are
essential to ensure the consistency and validity of the results in different clinical
contexts.
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Chapter 6

Methyl Alcohol Intoxication:
Recognition and Management with
Arterial Blood Gases

Canan Akman, Neslihan Ergiin Siizer and Ozgiir Karcioglu

Abstract

Intoxication with methanol and other toxic alcohols remains a major public
health issue in most parts of the world. Recognition of pathological mechanisms
and outcomes that can be encountered following methanol intake is necessary for
all healthcare providers. Symptoms begin as early as half an hour and if there is no
treatment, progress to decompensate metabolic acidosis within 12 hours. Seizures,
acidosis, hypoglycemia, and blindness often complicate the picture. Acute kidney
injury requires emergency hemodialysis. General and fundoscopic examination,
biochemistry, and arterial blood gas analysis comprise the main diagnostic arsenal.
Intravenous sodium bicarbonate, correction of electrolyte imbalance, ethanol, folate/
leucovorin, and hemodialysis are crucial agents for effective treatment in selected
patients with specific indications. The basic steps in the management are initiated in
the prehospital area, emergency department, and intensive care unit and should be
closely monitored for the prevention of long-term sequelae. This chapter is intended
to summarize the clinical presentation and emergency management of these cases
within the framework of basic physiological and biochemical events that follow toxic
alcohol consumption including methanol.

Keywords: methanol, methyl alcohol intoxication, toxic alcohol, poisoning,
hemodialysis, arterial blood gases

1. Introduction

Methanol or methyl alcohol is a type of toxic alcohol that can cause death by leading
to severe poisoning just after consumption. The compound is obtained by distillation
from charcoal and was first used in ancient Egypt for mummification [1]. Due to the
solvent effect, it can be sold legally because it is widely used in certain industries includ-
ing dry cleaning, automotive, and energy. As a colorless, odorless substance, methyl
alcohol is usually not distinguished from ethyl alcohol when ingested orally. Therefore,
it can be used especially in the illegal production of alcoholic beverages because its cost
is lower than ethyl alcohol. Methyl alcohol poisoning (MAP) is increasingly common
in emergency departments (ED) due to widespread consumption of illegally produced
beverages in recent years. Rarely, there are accidental oral intakes of eau de cologne,
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spirits, disinfectant agents, industrial alcohol, etc., resulting in significant clinical
conditions and MAP. It has been reported that it can also cause poisoning by inhalation
or dermal route, mostly accidentally.

Lifesaving steps in patients with MAP include early referral of patients to the ED
or hospital, early diagnosis and effective antidote treatment, as well as the initiation
of hemodialysis in the necessary patients. Provided that the level of methyl alcohol
cannot be measured in most institutions, difficulty in the recognition and manage-
ment of MAP can be overcome by the increased awareness of society and by knowing
the early clinical diagnostic findings, especially about MAP by physicians.

2. Physicochemical properties and mechanism of action

Methyl alcohol is a liposoluble compound that can be absorbed orally, through
inhalation or through the skin. Severe cases of intoxication reported by exposure from
different routes are available [2, 3]. When methyl alcohol is taken orally, it is absorbed
very quickly from the gastric mucosa and reaches the plasma peak concentration in
about 30-60 minutes [4]. Methanol is a water-soluble compound unbound to protein
weighing 32 Daltons. The volume of distribution (Vd) is 0.6 L/kg and the endogenous
clearance is 0.7 mL/kg/min [5, 6].

Dose-response relation: Intake of a small amount—even 8-10 mL—of methanol
can cause serious toxicity. About 25-30 mL can result in MAP leading to permanent
blindness, while 1 mL/kg or 100 ml of methanol intake can cause death of the patient.
Methyl alcohol is converted into formaldehyde by enzymatic reaction with alcohol
dehydrogenase (AlcoDH). Formaldehyde is metabolized by aldehyde dehydrogenase
(AldeDH) to formic acid [7]. Formic acid is converted into CO, and water by using
folic acid as cofactor and thus completes the metabolism of methanol.

Clinical signs and symptoms associated with MAP can begin as short as 40 min-
utes, depending on the type and amount of exposure, while it may extend up to
72 hours after ingestion taken with ethanol (antidote) [8].

Usually, the period between ingestion and the appearance of signs and symptoms
is the time taken for methanol to turn into toxic metabolites. The metabolism of
methyl alcohol through AlcoDH and AldeDH leads to the formation of metabolites
that contribute to the increased anion gap. Therefore, the clinical course of MAP
in these patients is manifested by high anion gap metabolic acidosis (HAGMA).
Formic acid, the metabolite of methanol, is toxic to many tissues. Formic acid causes
cytochrome C oxidase inhibition in the electron transport chain, leading to cel-
lular dysfunction and destructive organ damage. Formic acid also inhibits oxidative
phosphorylation, leading to augmented anaerobic metabolism increasing lactate. This
also contributes to metabolic acidosis in those with MAP.

3. Diagnostic tests

The first critical step to establish a diagnosis is to suspect intoxication in MAP, as
in all patients presented with poisoning. Along with clinical suspicion, adjunctive
diagnostic tests are important for definitive diagnosis and management. Fingertip
blood glucose measurement, complete blood count, blood biochemistry, drug levels
such as paracetamol and salicylate, electrocardiography (ECG), pregnancy test
(B-HCG) for all female patients of childbearing age, should be performed on all
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patients who present with significant signs and/or symptoms of poisoning. Arterial
or venous blood gases and electrolytes (to determine the anion gap), kidney func-
tion tests, lactate level, complete urinalysis, and serum osmolarity should be ordered
in association with testing for ethanol, methanol, and other toxic alcohol levels in
patients with suspected poisoning with methanol or other toxic alcohol.

The best method for the definitive diagnosis of MAP is the measurement of
methanol levels in the blood. Levels above 20 mg/dL are toxic, while >50 mg/dL
causes severe central nervous system toxicity and around 200 mg/dL is lethal [6].
However, the level of methanol in the blood is not available in most EDs. In recent
years, several studies have recommended bedside tests that can measure formic acid
levels, but their use is still limited [9, 10]. The normal level of methanol measured in
the blood does not exclude MAP, because the blood level of methanol is reduced as a
function of time. Therefore, the laboratory should be supported with current clinical
findings for diagnosis.

Patients with MAP have a HAGMA due to the metabolism of methanol to organic
acids, both the osmolar gap and the anion deficit are increased [11, 12]. If metabolic
acidosis in ED patients cannot be clearly explained, poisoning should be considered
first, and MAP should be a priority among the presumptive diagnoses.

Osmolality vs. osmolarity: Direct measurements (i.e., measurements reported from
an osmometer) measure osmolality (mosm/kg water) while calculated measure-
ments, as described below, are estimates of osmolarity (mosm/L solution) [13]. In
routine clinical practice, these two measurements are virtually the same and are often
used interchangeably.

Osmolar gap is the difference between measured and calculated serum osmolarity.
If the amount of alcohol ingested is known, the osmolar gap can be calculated exactly.

On the other hand, osmolality is a measurement of the number of moles of dis-
solved particles per kg of solvent (for clinical purposes, water is the solvent). Levels of
serum osmolal gap can be used as a valuable instrument in the suspicion of intoxica-
tion with various alcohol types. Normally osmolal gap are expected to be lower than
10 mOsm/kg). Osmolal gap higher than 20 mOsm/kg mostly follows ingestion of toxic
alcohols (i.e., methanol, ethylene glycol, isopropanol, propylene glycol, diethylene
glycol), or organic solvents (acetone) but rarely of ethanol alone. Some reports identi-
fied an increase in the osmolal gap may be a result of ethanol intoxication solely [14].

Osmolarity(Normal285+10mOsm /L) =(2xNa)+Glu/18+BUN/2,8+ Methanol /3,2 (1)
Calculated osmolarity =(2xNa)+Glu/18+BUN/2,8 2)
Osmolar gap(normal0 - 5) = Measured - Calculated 3)
Aniongap(Normal8+4)=Na+—-(HCO3-+CI-) 4)

Formic acid inhibits oxidative phosphorylation, leading to increased anaerobic
metabolism, which causes hyperlactatemia in patients with MAP. Lactate levels will
also be high in patients with hypotension (leading to hypoperfusion) and end-organ
failure.
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Basal ganglia necrosis can be seen in the patients exposed to methanol and is mani-
fested by bleeding and edema in computed tomography (CT) and magnetic resonance
imaging (MRI) [15, 16]. These imaging methods must be ordered in patients with
altered mental status or other neurological deficits.

4. Differential diagnosis

There are several clinical conditions that cause HAGMA, including hyperlacta-
temia, status epilepticus, shock states, mesenteric ischemia, diabetic ketoacidosis,
metformin overdose (Table 1). Intoxications with agents including metformin,
aspirin, other toxic alcohols, and aluminum phosphide should also be considered in
the differential diagnosis in patients with metabolic acidosis.

Laboratory findings: MAP can be distinguished from isopropyl alcohol poisoning by
the fact that isopropyl alcohol is metabolized into ketone instead of acidic compounds.
Therefore, osmolar gap and ketosis are apparent without acidosis. Ethylene glycol
toxicity, on the other hand, causes HAGMA associated with increased osmolar gap.

On the other hand, recent studies emphasize that the measurement of blood
formate concentrations is required for immediate management and investigation of
the cause of death [15]. The authors indicated that headspace gas chromatography-
mass spectrometry (HS-GC-MS) and a formate assay kit are valuable adjuncts in the
diagnosis of MAP.

Bedside testing of formate can help in establishing the diagnosis of MAP.
Detection of formate with the enzyme formate oxidase (FOX) is a viable alternative to
diagnose MAP simple and fast. The sensitivity of the FOX-enzyme was 100% and the
specificity was 97% while no false positives were detected [16].

5. Clinical findings

Although the signs of poisoning are often specific in the late period of MAP, most of
the early findings are nonspecific. Early signs involving the gastrointestinal tract such
as nausea, vomiting, and abdominal pain are prominent. Patients often have signs of
drunkenness following ingestion of alcohol, which renders history-taking quite difficult.
Clinical manifestations of MAP are characterized by different findings in three periods.
Complaints that begin with nonspecific gastrointestinal findings in the first stage, wane

Methanol, Metformin

Uremia

Diabetic ketoacidosis

ulo|lc|=

Paraldehyde

—

Isoniazide, Iron

Lactate

Ethylene glycol

«» | m |

Salicylate

Table 1.
Mnemonic of causes of high anion gap metabolic acidosis: "MUD PILES".
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Clinical stages Signs and symptoms

Stage 1 (the first hours after intake) ¢ drunkenness
* Gastrointestinal system irritation

* Increased osmolar gap

Stage 2 (latent stage; 3 to 30 hours) Signs and symptoms may be subtle or absent

Stage 3 * Visual impairments or blindness
* High anion gap metabolic acidosis
* Abdominal pain, vomiting, pancreatitis
¢ Altered mental status, seizures, coma
¢ Kidney injury
* Myocardial dysfunction

* Cerebral hemorrhage

Table 2.
Clinical staging in methanol poisoning.

in the second stage and become quite similar to symptoms after classical alcohol intake
for a short period (Latent Period). This period may last for 2 hours, or extend up to 1 or
2 days, especially if the patient had ingested ethyl alcohol concurrently.

Blurred vision, double vision, photophobia, and early or late blindness may occur
after the latent period, accompanied by metabolic acidosis [17, 18]. The severity of
acidosis at the time of admission may be associated with the degree of persistent
visual impairment; however, more studies are needed to assess this relationship. The
level of consciousness may vary from patient to patient. Findings of clinical staging in
methanol poisoning are given in Table 2.

6. Metabolic status

Increased anion gap ensues with metabolic acidosis with the metabolism of metha-
nol in the body. The investigation of venous blood gases is essential in the diagnosis
of MAP to detect the presence of metabolic acidosis in patients with alcohol intake. In
patients with nonspecific clinical manifestations of alcohol intake, especially in the
first and second stages, the presence of osmolar gap with calculated blood osmolarity
is critical in the diagnosis of MAP in institutions where anion gap and blood osmolar-
ity can be measured. While osmolar gap is more predictive and valuable in the early
stages of MAP, it begins to decrease and the anion gap becomes even more important
in diagnosis with the accumulation of metabolites.

7. Ocular findings

Untreated MAP causes injury to the optic nerve and retinal epithelial cells, leading
to symmetric or asymmetric blurred vision or blindness in severe poisoning. These
findings result from the effects of methanol metabolites and formic acid, which may
be subtle or absent until 48-72 hours. On ophthalmological examination, central
scotoma, hyperemia, paleness in the optic disc, and papillary edema are character-
istically detected. It is unclear why the eyes are affected by MAP, while some other
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tissues are spared, which attracts the attention of ongoing research [19-21]. MAP can
cause non-reversible toxic optic neuropathy. Acidemia associated with HAGMA and a
suspicious fundus ophthalmic examination allows a fast diagnosis [22].

8. Neurological findings

Depending on the amount taken, all alcohols cause a change in the level of
consciousness and intoxication. However, alcohol tolerance is usually developed in
chronic alcoholics, and signs of intoxication can be seen even when the patient’s level
of consciousness is normal. Neurological signs of MAP occur with increased levels of
presynaptic gamma-aminobutyric acid (GABA) receptors, N Methyl-D-aspartic acid
(NMDA) inhibition of glutamate receptors, and GABA. Patients with MAP may expe-
rience headaches, central nervous system depression, coma, and seizures [23, 24].
Imaging is definitely recommended in patients with a change of consciousness or neu-
rological deficits, which may predict putaminal necrosis, and/or intracranial hemor-
rhage (e.g., subarachnoid hemorrhage, putaminal intraparenchymal bleeding).

9.Imaging

Lesions in the basal ganglia, abnormal appearance in the caudate nuclei and necrosis
in the putamen with or without bleeding can be detected in computed tomography and
magnetic resonance imaging, especially in patients with neurological deficits [25, 26].
The appearance of these lesions is associated with grave outcomes, while eye-related
complications and cerebral lesions may form permanent sequelae [27].

10. Treatment

MAP can cause coma and cardiorespiratory compromise, which prompt immedi-
ate evaluation of ABC and fingertip glucose measurement, along with the stabiliza-
tion of vital signs and resuscitation of the patients. The management comprises IV
sodium bicarbonate, correction of electrolyte imbalance, ethyl alcohol, folate, and
hemodialysis, if necessary [28]. The basic steps in the approach must be undertaken
in the ED and followed up with meticulous monitoring in the ICU for salvage as well
as prevention of long-term sequelae.

Control of the airway patency through tracheal intubation may be required. The
cause of hypotension, which is common in these patients, is initially secondary to
vomiting, fluid loss, and vasodilation, whereas severe metabolic acidosis and multiple
organ failure are prominent in the later phases. Adequate replacement of crystalloid
fluids and inotropic drugs are administered in the treatment of these severe conditions.
Since methanol is absorbed very quickly from the gastrointestinal tract, using gastric
lavage and activated charcoal is not indicated [29]. In addition to supportive treatment,
antidote treatment, and hemodialysis are among the most critical steps to save lives.

11. Antidotes

Indications for the administration of antidotes are determined by clinical and
laboratory findings in a patient considered to have MAP. A history of methanol
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Criteria

1. The serum methanol level is above 6.2 mmol/L or 20 mg/dL

2. Osmolar gap is >10 mOsm/L with a history compatible with a toxic dose of methanol intake

3. Having at least two of the following conditions with a history of suspected methanol intake
* Arterial pH <7,3
* Bicarbonate <20 mmol/L
¢ Osmolar gap >10 mOsm/L

* High anion gap metabolic acidosis with compatible clinical manifestations

Table 3.
Indications for antidote treatment in methanol poisoning.

intake, unexplained HAGMA or osmolar gap with another possible cause necessitate
antidote treatment. The elimination half-life of methanol is between 2 and 14 hours in
the absence of antidote therapy. ADH inhibition with fomepizole or any other agent
can extend the elimination half-life of methanol to an average of 54 hours. Indications
of antidote treatment are given in Table 3 [30].

12. Fomepizole

Fomepizole is a competitive antagonist for the ADH enzyme and an effective
antidote used for MAP. After an IV loading dose of 15 mg/kg, 10 mg/kg IV, the agent is
repeated in 12 hours, up to 4 doses in total. Fomepizole treatment has many advantages
over ethanol and needs to be administered every 12 hours to provide stronger ADH
inhibition than ethanol. Its effect lasts longer and eliminates the need for ethanol
infusion. There will be no significant difference in serum concentration when given IV
or PO. Due to its effectiveness and lower adverse effect profile compared to ethanol,
fomepizole may reduce the need for admissions to intensive care in selected patients.
There are some published data from centers where methyl alcohol level can be measured
urgently in patients who present early, in whom fomepizole application can eliminate
the need for hemodialysis, but these conditions are not possible in most circumstances
[30]. In patients receiving hemodialysis, two different regimens are recommended for
fomepizole. In the alternative regimen, the loading dose remains the same, but the sec-
ond dose is recommended to be administered at 12 hours instead of 6 hours. Additional
doses may be repeated every 4 hours or at a rate of 1-1.5 mg/kg/h after loading dose, and
continuous infusion may also be administered during hemodialysis [6]. The drawbacks
comprise the need for transportation, high cost, and unavailability of the drug except
for poisoning centers [31]. Fomepizole administration may cause bradycardia and
hypotension, thus patients should be monitored during administration [32].

13. Ethyl alcohol

Ethanol and fomepizole are strong inhibitors of ADH. If fomepizole is not avail-
able and the administration of hemodialysis in patients will be delayed, an IV loading
dose of 10%’ ethanol, 10 mL/kg/h, followed by an infusion of 1 mL/kg/h to maintain
a serum concentration about 150 mg/dL can be given as a competitive ADH substrate.
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Respiratory depression, hypotension, flushing, hypoglycemia, and gastrointestinal
symptoms may develop during the treatment. Patients treated with IV ethanol will gen-
erally necessitate follow-up in the ICU. In cases where monitoring is not feasible, ethanol
can be administered orally or via a nasogastric tube. When administered orally, 5 mL/
kg 20% solution of ethanol will be loaded and repeated at doses of 0.5 mL/kg/h. Ethanol
levels must be measured every 1-2 hours in those with ethanol administration [33, 34].

14. Sodium bicarbonate

In patients suspected of MAP, sodium bicarbonate (NaHCO;) is usually recom-
mended only pH is below 7.3 and NaHCO3 < 20 mEq/L [35]. The goal of this treat-
ment is to mitigate the end-organ damage of acid degradation products, increasing
renal excretion, and achievement of a blood pH target (above 7,30). Although there is
no consensus on dosage, administration of 1-2 mEq/kg IV is recommended [36].

15. Folic acid and leucovorin

A total of 1 mg/kg (up to 50 mg) of folic acid and leucovorin may be administered
IV every 4 hours in those with MAP. The aim is to augment the metabolism of formic
acid. Formic acid needs folic acid in the breakdown process as a cofactor. Although the
effectiveness of this treatment has been demonstrated in animal experiments, there
are ongoing human studies [7].

16. Corticosteroids

There is scarce data on the use of corticosteroids in patients with retinal injury due
to MAP, in whom the treatment partially improves ocular symptoms or stops their
progression. In a case series with MAP an improvement in vision was observed in
most patients receiving corticosteroid therapy [37]. The authors reported that 500 mg
methylprednisolone IV every 12 hours, followed by 5 mg/kg prednisolone for up to
2 days, and after 2 weeks may improve eye findings [38, 39].

17. Hemodialysis

Hemodialysis is the recommended method of extracorporeal therapy in MAP,
based on the pharmacokinetic properties of methanol and formic acid. Hemodialysis
removes methanol and its toxic metabolites from the blood, which institutes acid-
base balance. The main indications of the use of hemodialysis are given in Table 4.

In situations to prevent the formation of formate, ethanol or fomepizole therapy has
been quickly initiated, and if there are no acute clinical signs, ECTR does not need to
be initiated immediately [40].

Each patient with MAP presented with impaired vision and de novo emergence of
organ failure is recommended to undergo hemodialysis of MAP without wasting time.
Many patients may require recurrent hemodialysis. In cases where hemodialysis can-
not be performed due to a patient’s hemodynamics or unavailability, continuous renal
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1. Hemodialysis a. Coma

indications b. Seizures
c. De novo visual impairment
d. Blood pH <715

e. Persistent acidosis despite supportive treatment and antidotes

aa)

Anion gap >24 mmol/L

. Methanol level > 700 mg/L (21,8 mmol/L) after fomepizole treatment

=gl

. Methanol level > 600 mg/L (18,7 mmol/L) after ethanol treatment

. Methanol level > 500 mg/L (15,6 mmol/L) if ADH inhibitor (fomepizole) is
unavailable

—

j. Osmolar gap is informative when methanol levels are not measured

k. Impaired kidney functions

2. Stopping a. Methanol level < 200 mg/L (6,2 mmol/L) accompanied by clinical
hemodialysis improvement

3. Extracorporeal a. Intermittent hemodialysis is preferred
treatments b. Continuous renal replacement therapy or similar methods can be employed

when intermittent hemodialysis is not feasible.

Table 4.
Extracorporeal treatment recommendations in patients with methanol poisoning.

replacement therapy is a viable alternative method of venovenous hemodiafiltration,
albeit hemodialysis is more effective in removing drugs from the blood than the latter.
Hemodialysis treatment can be terminated when the methanol concentration drops
below <200 mg/L (6.2 mmol/L) or when clinical relief is observed (improvement

of acidosis in blood gas). If possible, dialysis without heparin should be performed,
since anticoagulation may worsen hemorrhage. In severe toxicity associated with
altered mental status, it should be considered that there may be putaminal necrosis
and/or hemorrhage, intracranial hemorrhage, SAH, and massive brain edema.

18. Other treatments

Thiamine (100 mg IV) and Pyridoxine (50 mg IV) may be employed in chronic
alcoholics. The antiretroviral drug Abacavir is also a substrate for ADH and slows the
metabolism of methanol. It has been recommended in treatment in cases not receiv-
ing fomepizole [40]. In addition, neuroprotective effect of erythropoietin against
hypoxic damage has been demonstrated in animal experiments. Studies on its use to
treat ocular symptoms show promise [41].

19. Outcome and disposition
Although early diagnosis and aggressive treatment are lifesaving, MAP can be
highly mortal even after proper treatment. Vision loss and neurodeficits may remain

as important sequelae in severe cases. Every patient with suspicion of methanol
intake should be kept under follow-up in the ED or ward for around 24 hours to
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monitor osmolar gap, anionic gap, and blood gases and evaluated clinically for MAP.
Occasionally, patients may experience delayed emergence of the classical signs of
MAP, especially if they have concurrent ethanol consumption. In EDs, where the
follow-up period is shorter due to high patient numbers, the patient(s) must be
informed of signs of poisoning while being discharged.
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