96950 Auto Edited-check.docx



Name of Journal: World Journal of Clinical Pediatrics
Manuscript NO: 96950
Manuscript Type: SYSTEMATIC REVIEWS

Pulse oximetry in pediatric care: Balancing advantages and limitations

Al-Beltagi M et al. Pulse oximetry in pediatrics

1/49




Abstract

BACKGROUND

Pulse oximetry has become a cornerstone technology in healthcare, providing non-
invasive monitoring of oxygen saturation levels and pulse rate. Despite its widespread
use, the technology has inherent limitations and challenges that must be addressed to

ensure accurate and reliable patient care.

AIM
To comprehensively evaluate the advantages, limitations, and challenges of pulse
oximetry in clinical practice, as well as to propose recommendations for optimizing its

use.

METHODS

A systematic literature review was conducted to identify studies related to pulse
oximetry and its applications in various clinical settings. Relevant articles were selected
based on predefined inclusion and exclusion criteria, and data were synthesized to

provide a comprehensive overview of the topic.

RESULTS

Pulse oximetry offers numerous advantages, including non-invasiveness, real-time
feedback, portability, and cost-effectiveness. However, several limitations and
challenges were identified, including motion artifacts, poor peripheral perfusion,
ambient light interference, and patient-specific factors such as skin pigmentation and
hemoglobin variants. Recommendations for optimizing pulse oximetry use include
technological advancements, education and training initiatives, quality assurance

protocols, and interdisciplinary collaboration.

CONCLUSION
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Pulse oximetry is crucial in modern healthcare, offering invaluable insights into
patients’ oxygenation status. Despite its limitations, pulse oximetry remains an
indispensable tool for monitoring patients in diverse clinical settings. By implementing
the recommendations outlined in this review, healthcare providers can enhance the
effectiveness, accessibility, and safety of pulse oximetry monitoring, ultimately

improving patient outcomes and quality of care.
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Core Tip: For clinicians utilizing pulse oximetry in practice, it's essential to remember
several key considerations. Firstly, ensure proper sensor placement on well-perfused
areas. Minimize motion artifacts by securing the sensor snugly but not too tightly.
Establish baseline oxygen saturation levels and consider patient-specific factors like age
and medical conditions. Continuous monitoring is crucial in high-risk patients.
Regularly maintain and calibrate equipment, replacing sensors as needed. Educate
caregivers on the importance of pulse oximetry and proper usage. Lastly, readings
should be accurately documented in patient records. By adhering to these core tips,
healthcare providers can optimize the effectiveness of pulse oximetry monitoring and

enhance patient care.

INTRODUCTION

Pulse oximetry, a cornerstone in modern pediatric healthcare, swiftly and noninvasively
offers clinicians invaluable insights into a patient’s oxygenation status and is considered
the “fifth vital sign”[1]. In the pediatric setting, where oxygen saturation (SpO-) levels

hold profound implications for respiratory function and overall well-being, pulse
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oximetry is a vital tool in the armamentarium of healthcare providers. It plays a crucial
role in assessing respiratory function and oxygenation status in children of all ages,
from neonates to adolescents[2]. This technology has revolutionized the management of
pediatric patients by providing real-time data on oxygen levels, enabling timely
intervention and improved patient outcomes. It is used in many pediatric conditions,
such as monitoring respiratory status, assessment of oxygenation during procedures,
screening for congenital heart defects, monitoring sleep-disordered breathing, and
home monitoring for conditions that need more than usual care[3]. Pulse oximetry
operates on the spectrophotometry principle, which measures light absorption by
oxygenated and deoxygenated hemoglobin molecules in the blood. The pulse oximeter
emits two wavelengths of light, typically red and infraxed, through a translucent part of
the patient’s body, such as a finger, toe, or earlobe[4]. Oxygenated hemoglobin absorbs
more infrared light, while deoxygenated hemoglobin absorbs more red light. By
analyzing the ratio of absorbed light at these wavelengths, the pulse oximeter calculates
the SpO: level, expressed as a percentage (%SpO2)[5].

However, as with any diagnostic modality, understanding its advantages and
limitations is paramount to its effective utilization and interpretation. Understanding
the technology and its limitations is vital to avoid unnecessary testing due to erroneous
readings[6]. This review article is not just a theoretical exploration of pulse oximetry in
pediatric care. It is a practical guide that aims to equip clinicians with the knowledge to
utilize and interpret pulse oximetry in their daily practice effectively. This article
provides a nuanced understanding of its utility in pediatric practice by
comprehensively exploring pulse oximetry principles, clinical applications across
various pediatric conditions, and inherent advantages in enhancing patient care.
Moreover, this systematic review critically examines the limitations and challenges
associated with pulse oximetry use in pediatrics, including factors that may impact the
accuracy and reliability of readings. By addressing these considerations, clinicians can
confidently navigate pulse oximetry interpretation complexities, ensuring optimal

patient management and clinical decision-making. Ultimately, this systematic review
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underscores the pivotal role of pulse oximetry in pediatric healthcare while
emphasizing the importance of maintaining a discerning approach that acknowledges
its strengths and limitations. By striking this delicate balance, clinicians can harness the
full potential of pulse oximetry to improve outcomes and enhance the quality of care for

pediatric patients worldwide.

MATERIALS AND METHODS

Literature searching

In conducting this systematic review, a thorough search of electronic databases,
including PubMed/MEDLINE, Embase, Scopus, and Google Scholar, was conducted
from inception to May 11, 2024, employing a combination of Medical Subject Headings
terms and keywords relevant to pulse oximetry monitoring in pediatric patients.
Additionally, reference lists of pertinent articles and reviews were manually scrutinized
to identify any additional relevant studies. Studies meeting the following criteria were
included: (1) Focus on pulse oximetry monitoring in pediatric populations; (2) Address
the advantages, limitations, challenges, or guidelines for effective use of pulse oximetry;
(3) Published in English; and (4) Available as full-text articles. Two independent
reviewers screened the titles and abstracts of identified articles, with subsequent full-

text reviews for potentially eligible studies.

Data resources

Data from included studies were extracted using a standardized form, encompassing
study characteristics, participant demographics, intervention or exposure details,
outcomes assessed, and key findings. The narrative synthesis approach was employed
to summarize findings, identify themes, and organize data descriptively. Quality
assessment of included studies was conducted using appropriate tools based on study

design, with any limitations or biases discussed within the review.

RESULTS
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The systematic review identified 231 relevant studies meeting the inclusion criteria.
Figure 1 shows the flow chart of the article (106 research articles, 86 review articles, 8
systematic reviews and meta-analyses, 10 case reports, 9 letters to the editors, 6
guidelines, 3 editorials, and 3 books). These studies encompassed a range of topics
related to pulse oximetry monitoring in pediatric patients, including its advantages,
limitations, challenges, and guidelines for effective use. The results were categorized

into several key themes to facilitate comprehensive analysis and synthesis.

Advantages of pulse oximetry

Advantages of pulse oximetry highlighted in the literature included its non-invasive
nature, real-time feedback on SpO: levels and pulse rate, early detection of hypoxemia,
suitability for various medical procedures, portability and versatility, user-friendliness,
continuous monitoring capabilities, integration into telemedicine platforms, and cost-

effectiveness.

limitations and challenges

Conversely, limitations and challenges identified encompassed motion artifacts, poor
peripheral perfusion, ambient light interference, nail polish or acrylic nails, skin
pigmentation, intravascular dyes, hemoglobin variants, carbon monoxide (CO)
poisoning, changes in altitude and barometric pressure, delayed measurement

compared to arterial blood gas analysis, false alarms, and alarm fatigue syndrome.

Guidelines for effective use

Guidelines for effective pulse oximetry use in pediatric patients emphasized proper
sensor placement, establishment of baseline SpO: levels, continuous monitoring,
consideration of patient factors, regular equipment maintenance, alternative sensor sites
for patients with poor perfusion, minimizing patient movement, staff education, and

accurate documentation. Overall, the results underscored the importance of pulse
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oximetry monitoring in pediatric care while highlighting the need to address its

limitations and challenges to optimize its effectiveness.

DISCUSSION

Historical perspective

The invention of pulse oximetry reflects a success story of the continuous and
successive collaboration of scientists spanning over a century and a half. In the mid-19t
century, German scientists like Friedrich Ludwig Hunefeld (1840) from Germany and
Felix Hoppe-Seyler (1864) began unraveling the mysteries of blood oxygenation[7].
Their discoveries laid the groundwork for the Irish-English mathematician and
physicist George Gabriel Stokes in 1864 to investigate how oxygen interacts with
hemoglobin in the bloodstream. Through experiments, Stokes and Hoppe-Seyler
determined that hemoglobin binds to oxygen, leading to changes in blood color(8].
Despite this breakthrough, measuring blood oxygen levels remained a challenge until
the development of the modern pulse oximeter, which revolutionized medical
monitoring.

In 1935, German physician Karl Matthes developed a rudimentary pulse oximetry
device to measure blood oxygenation through light. This device, attached to a patient’s
earlobe, detects the presence of oxygenated and deoxygenated hemoglobin, which
easily shines through a patient’s blood without taking a blood sample. The device
detected oxygenated and deoxygenated hemoglobin using green and red-light
wavelengths. Matthes later found red infrared light to be more effective. Despite its
innovation, Matthes’s device was challenging to calibrate and provided saturation
trends rather than precise values[9]. In the 1940s, American inventor and physiologist
Glenn Millikan created the first practical and portable oximeter, primarily for World
War II pilots flying at high altitudes. This device used a technique called “ear
oximetry”, which involved placing a sensor on the earlobe to measure SpO> in arterial
blood. However, Millikan’s device could only measure static oxygen levels without

advanced technology, offering a limited understanding of the pilot's condition.
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Millikan’s original oximeter design lacked the crucial element of ensuring sufficient
blood volume in the ear[7]. Recognizing this oversight, Dr Earl Wood of the Mayo
Clinic substantially enhanced the device between 1948 and 1949. He ingeniously
devised a method using pneumatic pressure to increase blood flow into the ear,
improving accuracy and reliability for real-time readings. Wood's innovative earpiece
was a key component of his advanced oximetry system, which gained prominence
through advertising in the 1960s[10].

In 1964, surgeon Robert Shaw from San Francisco enhanced the oximeter sensor by
incorporating additional 8 wave lengths of light, surpassing the two utilized by
Matthes’s original design. Shaw’s innovation expanded the device’s capability with
eight light wave lengths, enabling more comprehensive data collection for calculating
oxygenated blood levels[11]. This advancement marked the creation of the first ear
oximeter, which provided absolute readings. In 1970, Hewlett Packard introduced the
first commercial oximeter based on Shaw’s design. Despite being expensive and
cumbersome, Shaw’s oximeter demonstrated the viability of pulse oximetry principles
for commercialization. Hewlett Packard’s commercialization of the eight wave length
ear oximeter paved the way for the availability of pulse oximetry devices in medical
settings[12].

In the 1960s, Japanese scientist Takuo Aoyagi discovered that the ratio of red to
infrared light absorption could be used to estimate arterial blood SpO,. Between 1972
and 1974, while investigating methods to enhance arterial blood flow measurement
devices, he uncovered a breakthrough relevant to pulse oximetry. He realized that
arterial blood oxygenation levels could be determined by monitoring the heart’s pulse
rate. Aoyagi's principle led to the development of the Oximeter OLV-5100 by Nihon
Kohden in 1975, recognized as the world’s first modern ear pulse oximeter utilizing
pulse oximetry based on his discovery[13]. Despite initial commercial setbacks,
Aoyagi’s insight eventually gained recognition. Minolta launched the first fingertip
pulse oximeter, OXIMET Met 1471, in 1977, followed by pulse oximeters from Nellcor
and Biox Technology in the 1980s. By 1987, Aoyagi was celebrated as the inventor of
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modern pulse oximetry devices, advocating for non-invasive continuous monitoring
technology in patient care. This principle has been embraced by modern pulse oximetry
devices, which are now efficient and painless for patients, reflecting Aoyagi’s visionary
approach to healthcare technology[14].

Over the years, pulse oximetry technology has continued to evolve. Early pulse
oximeters were large, bulky, and primarily used in operating rooms and critical care
settings. Technology advancements led to the miniaturization of pulse oximeters,
making them more portable and suitable for use outside hospital settings. This allowed
for greater flexibility in monitoring pediatric patients, both in hospitals and at
home[15]. One of the key advancements in pediatric pulse oximetry was the
development of sensors specifically designed to be used for infants and children. These
sensors are smaller and often include adhesive attachments to secure them to a child’s
finger, toe, or other appropriate site. Continuous improvement in sensor technology,
sophisticated algorithms, and signal processing techniques have increased pulse
oximeters” accuracy and reliability, even in challenging pediatric populations with low
perfusion or motion artifacts[16]. As a standard tool for assessing oxygenation and
respiratory function across diverse medical conditions, pulse oximeters seamlessly
integrate into patient monitoring systems, facilitating continuous tracking alongside
vital signs like heart and respiratory rates. This integration heightens patient safety and
enables early detection of respiratory issues in patients with a wide range of medical
conditions. With the rise of telemedicine and remote patient monitoring technologies,
pulse oximeters have assumed greater significance in pediatric care. Parents and
caregivers can now monitor children’s SpO: levels at home, guided by healthcare

providers, facilitating timely interventions as needed[17].

Principles of pulse oximetry
Pulse oximetry is a non-invasive method for monitoring blood SpO: by measuring the
ratio between oxygenated and deoxygenated hemoglobin. It operates on a sophisticated

understanding of hemoglobin’s behavior in response to oxygen and light. Hemoglobin
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is a specific blood protein responsible for cargying oxygen; every gram of hemoglobin
can carry 1.34 mL of oxygen[18]. Hemoglobin exhibits positive cooperativity. When one
oxygen molecule binds to one of hemoglobin’s four binding sites, it increases the
affinity for oxygen in the remaining sites. This property leads to a sigmoidal oxygen
dissociation curve, facilitating rapid lung oxygen loading and efficient offloading in
oxygen-deficient tissues. Hemoglobin exists in two forms: Taut (T), the deoxygenated
form with low oxygen affinity, and relaxed (R), the oxygenated form with high oxygen
affinity[19]. These configurations result in different electromagnetic absorption
properties, influencing how hemoglobin interacts with light. Pulse oximeters capitalize
on these differences in light absorption between the T and R configurations[20].

éhe technique involves shining light through a translucent part of the body, typically
a fingertip or earlobe, and measuring the amount of light absorbed by oxygenated and
deoxygenated hemoglobin (Figure 3). Pulse oximeters utilize electronic processors and
light-emitting diodes (LEDs) that emit light at specific wavelengths, typically red (with
a wave length of 660 nm) and infrared (with a wavelength of 940 )[21]. These
wavelengths are chosen because they correspond to the absorption peaks of oxygenated
and deoxygenated hemoglobin. Oxygenated hemoglobin absorbs more infrared light
and allows more red light to pass through, while deoxygenated hemoglobin absorbs
more red light and allows more infrared light to pass through. The LEDs turn on and
off quickly, switching between red and infrared light about thirty times every
second[20]. The oximeter measures how much light goes through (doesn’t get
absorbed). These measurements change over time because there’s more blood in the
arteries when the heart beats. The oximeter shows how much of the light is from the
arteries by comparing the lowest and highest light readings. This helps it measure just
the arterial blood. The processor then calculates the red-to-infrared light ratio, which
shows how much oxygen is in the blood[22]. Following the Beer-Lambert law, the
processor uses this ratio a special table to determine the SpO: level based on how
much light gets absorbed. This law describes the relationship between the concentration

of a substance in a medium and the amount of light absorbed by that substance[23]. In
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pulse oximetry, the absorption of light by hemoglobin is proportional to its
concentration in the blood. By measuring the absorption of light at specific
wavelengths, the pulse oximeter can determine the ratio of oxygenated hemoglobin to
total hemoglobin and calculate the SpO; level[24]. Pulse oximeters come in two main
types: Transmittance devices and reflectance devices. Transmittance pulse oximeters,
the more common type, operate by transmitting light through a body part like a
fingertip or ear. The amount of oxygen in the blood affects how much light is absorbed
by the tissue. A light detector on the opposite side of the probe measures the
unabsorbed light, and a microprocessor computes the blood SpO2[25]. Reflectance pulse
oximeters, on the other hand, are placed on the skin surface and measure the light
reflected off the tissues rather than passing through them. This reflected light’s
absorption is then used to determine SpO: levels. It's worth noting that designing
reflectance devices to perform effectively is inherently more challenging|[26].

The pulsatile nature of arterial blood flow allows for the differentiation between
arterial and venous blood. During each cardiac cycle, arterial blood volume increases,
leading to a temporary increase in the amount of light absorbed by the pulsatile arterial
blood[27]. By detecting these fluctuations in light absorption, pulse oximeters can
isolate arterial blood and provide accurate SpOz readings. The raw light absorption data
collected by the pulse oximeter undergoes sophisticated signal processing algorithms to
filter out noise and motion artifacts[28]. These algorithms analyze the amplitude and
frequency of the pulsatile signal to extract SpO information accurately. These
algorithms are formulated based on SaO: measurements in healthy volunteering
individuals who inhale various oxygen concentration blends, and typically, each
manufacturer develops their specific algorithms. Signal processing techniques are
crucial for obtaining reliable measurements, particularly in challenging conditions such
as low perfusion or motion interference[29]. The SpO: value shown reflects the average
of readings taken over the preceding 3 to 6 seconds, while the information is refreshed
at intervals of 0.5 to 1.0 seconds. However, pulse oximeters require periodic calibration

to ensure accuracy. Calibration involves comparing the oximeter’s readings to a
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reference standard and making adjustments as necessary[30]. Factors such as ambient
light, skin pigmentation, and device performance can affect the accuracy of pulse
oximetry measurements, highlighting the importance of regular calibration
procedures[31]. Therefore, pulse oximetry operates based on three main principles:
Difference in light absorption by oxygenated and deoxygenated hemoglobin, pulse
modulation of arterial blood flow, and sophisticated signal processing techniques.
Using these three principles, pulse oximeters provide clinicians with real-time
information about a patient’s oxygenation status, facilitating timely interventions and
improving patient care[1]. Clinicians shoulddealize that when there is decreased
hemoglobin concentration, such as in anemia, there is a decrease in total O, content of
the blood but no change in the O; saturation; hence, oximetry is not an effective test to

evaluate oxygen status in the presence of anemia or polycythemia[32].

Special considerations of pulse oximetry in pediatric age
Several considerations are specific to pulse oximetry in pediatric patients. Children
have smaller fingers and earlobes than adults. Therefore, specialized sensors designed
for pediatric use are necessary to ensure proper fit and accurate readings. These sensors
are often smaller in size and may include adhesive attachments to secure them to the
child’s finger, toe, or other appropriate site[33]. Children, especially infants and
toddlers, may be more prone to movement during monitoring, which can introduce
motion artifacts and affect the accuracy of pulse oximetry readings[34]. Careful
positioning of the sensor and minimizing patient movement can help mitigate this
issue. Skin pigmentation can vary widely among children, which may affect the
accuracy of pulse oximetry readings. Darker skin tones can absorb more light,
potentially leading to lower readings. Healthcare providers should be aware of this
factor and consider appropriate adjustments or alternative monitoring sites if
necessary|[35].

Pediatric patients, particularly neonates and infants, may have lower peripheral

perfusion compared to adults, making it challenging to obtain reliable pulse oximetry
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readings. In such cases, choosing a monitoring site with better perfusion or using pulse
oximetry in conjunction with clinical assessment can help ensure accurate
monitoring[36]. Pediatric pulse oximeters may require specific calibration settings
tailored to the age and size of the patient population they are intended for. Healthcare
providers should ensure that pulse oximeters used in pediatric settings are
appropriately calibrated to obtain accurate readings[37]. When interpreting pulse
oximetry readings in pediatric patients, healthcare providers should consider factors
such as the child’s age, clinical condition, and baseline SpO> levels[38]. Contextualizing
the SpOs readings within the overall clinical picture is essential for accurate assessment
and appropriate intervention. Although pulse oximetry is a valuable tool for assessing
oxygenation, it has many considerations in pediatric patients[39]. Therefore, healthcare
providers must be mindful of the unique considerations associated with monitoring
children of varying ages and sizes. Attention to sensor size and placement, motion
artifacts, skin pigmentation, perfusion, calibration, and clinical interpretation is
essential for obtaining accurate and reliable pulse oximetry readings in pediatric
settings. Table 1 shows some of the challenges that may face using pulse oximetry in

children and how to overcome them.

Preferred placement sites for pulse oximetry probe in pediatric age

For accurate pulse oximetry readings in children, choosing the right probe placement
site is crucial. In neonates, the preferable placement sites are palm of the hand followed
by the sole of the foot if a reading on the palm is difficult. Some studies suggest
alternative sites like the wrist or ankle in neonates, but the palm and sole are generally
preferred due to better accuracy. In infants and children, the finger (index finger is the
preferable one, followed by the thumb, middle finger, and the great toe), nose, earlobe,
and forehead are preferable sites for pulse oximetry probe placement[40,41]. These
areas have a higher vascular density than other regions, such as the chest wall, making
them suitable for accurate SpO:> measurements. The choice of probe placement site

depends on the clinical circumstances, and some trial and error may be necessary to
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find the optimal site for placement areach patient[1]. For example, in patients with
hypotension orvasoconstriction, the ear and forehead may be more reliable as these
areas are less likely to have vasoconstriction than the fingers in response to
catecholamines. In hypothermia, where secondary vasoconstriction occurs, the forehead
probe is more reliable than the finger probe[42,43].

There are two main types of pulse oximeter probes used in pediatric patients:
Reusable clip probes and single-patient adhesive probes[1]. Reusable clip probes are
advantageous for their rapid deployment, ease of sampling different body sites, and
cost-effectiveness, especially in outpatient settings where multiple patients are
monitored sequentially with one probe[44]. On the other hand, single-patient adhesive
probes offer advantages such as potentially lower transmission of infections, secure
placement in patients with excessive movement, and the ability to monitor sites other
than the fingers, nose, ears, and forehead. These adhesive probes are particularly useful
for continuous monitoring of SpOx[45].

It is important to ensure that the probe is placed correctly on a well-perfused site. The
two parts of the probe (the light emitter and the light sensor) need to be opposite each
other to get an accurate reading. The probe should fit snugly but comfortably on the
chosen site, avoiding excessive pressure that could restrict blood flow. In addition, the
probe should not be placed on a constricted area, such as a finger with a band age or an
infant’s mitten[46]. If the signal quality is poor, try shining a light on the fingertip to
improve signal strength. Minimize movement during measurement to prevent
interference with the readings. When using the foot for neonates or infants, secure the
probe to prevent dislodging[47]. Commercially available wraps or securing methods
designed for pulse oximetry on the foot can be helpful. Even after selecting the
appropriate probe type, false SpO: readings may still occur due to various factors and
medical conditions[48].

For all age groups, it's important to follow general tips to ensure accurate pulse
oximetry readings. When placing the probe, ensure it fits snugly but comfortably on the

chosen site, avoiding excessive pressure that could restrict blood flow. If the signal
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quality is poor, try shining a light on the fingertip to improve signal strength[49].
Minimize movement during measurement to prevent interference with the readings.
These tips and careful consideration of clinical circumstances help optimize pulse

oximetry monitoring in pediatric patients and individuals of all ages (Table 2).

Clinical application and utilization of pulse oximetry in pediatric diagnosis and
monitoring

Pulse oximetry is crucial in pediatric diagnosis and monitoring, offering a non-invasive
and real-time assessment of SpO: levels in children. This technology has become
indispensable in various clinical settings, from neonatal intensive care units (NICUs) to

general pediatric wards, emergency departments, and outpatient clinics (Table 3).

Fetal and neonatal care

In neonatal care, pulse oximetry can continuously monitor SpO: during delivery in
preterm infants, term neonates, and those with respiratory distress syndrome (RDS),
congenital heart defects, or other respiratory conditions. Early detection of hypoxemia
allows for prompt intervention, such as supplemental oxygen therapy or adjustments in

ventilatory support, to optimize oxygenation and prevent hypoxic injury[50].

Fetal pulse oximetry: Fetal pulse oximetry, a technique healthcare providers use to
monitor SpO:z levels in a fetus’s blood during labor and delivery, is crucial in assessing
the fetus’s well-being. It provides real-time information about fetal oxygenation status,
allowing for prompt intervention if necessary[51]. A specialized sensor is placed on the
fetus’s scalp or another appropriate location within the birth canal to measure oxygen
levels in the fetus's blood. During labor, the fetus depends on a constant supply of
oxygen from the mother’s blood through the placenta[52]. Any complications during
labor, such as umbilical cord compression, placental insufficiency, or prolonged labor,
can lead to fetal distress or hypoxia, which can compromise oxygen delivery to the

fetus. Fetal pulse oximetry, with its ability to detect changes in fetal oxygenation,

15 / 49




enables healthcare providers to monitor oxygen levels continuously and take immediate
action[53].

Fetal pulse oximetry is a valuable tool that can be used in conjunction with other fetal
monitoring methods, such as electronic fetal heart rate monitoring, to assess the overall
condition of the fetus during labor. This combined approach allows healthcare
providers to make timely decisions regarding interventions, such as administering
oxygen to the mother, changing her position, or proceeding with a cesarean delivery if
fetal distress is detected[54]. However, it is important to note that fetal pulse oximetry
has limitations. It may not be suitable for all pregnancies or labor situations due to
factors such as the position of the fetus, the presence of meconium, and certain maternal
conditions, which may affect the accuracy and reliability of the readings. Additionally,
fetal pulse oximetry is not routinely used in all labor and delivery settings[55]. It may be
reserved for cases where fetal well-being is questioned or other inconclusive monitoring
methods. However, the clinical effectiveness of fetal pulse oximetry is still a subject of
debate[56]. For example, Bloom et al[57] discovered that monitoring fetal SpO> does not
correlate with decreased cesarean delivery rates or improved neonatal outcomes. On
the other hand, East et al[58] found that employing fetal pulse oximetry to assess fetal
well-being during labor led to a statistically significant decrease in operative
interventions for non-reassuring fetal status compared to solely utilizing conventional
cardiotocograph monitoring. This decrease occurred without any significant variance in
neonatal outcomes. However, Peek ef al[59] claimed that Bloom et al[57] failure to
interpret the results of fetal pulse oximetry may be the cause of their findings. He also
expected a higher rate of cesarean sections when using fetal pulse oximetry. He
suggested having clear guidelines for intrapartum use of fetal pulse oximetry. Despite
these limitations, fetal pulse oximetry remains a valuable tool in the array of fetal
monitoring techniques, aiding in the comprehensive assessment of fetal health during

labor and delivery[52].
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Newborn screening for critical congenital heart disease: Pulse oximetry screening is
recommended and integrated into routine newborn screening protocols to detect critical
congenital heart disease (CCHD) in many healthcare facilities worldwide. Newborns
undergo pulse oximetry screening at 24 to 48 hours of life or before discharge from the
birthing facility to detect potentially life-threatening heart defects early[60]. The
screening involves comparing the SpO: readings between the upper and lower
extremities to identify significant differences that may indicate underlying heart defects.
Specific cutoff values for SpO, are used to interpret the screening results. Pulse
oximetry readings in neonates can indicate the presence of CCHD through several key
indicators[61]. By measuring SpO: levels simultaneously in the right hand and foot,
pulse oximetry can reveal significant differences in saturation between the upper and
lower extremities, suggesting impaired oxygenation or cardiac shunting characteristic
of CCHDI[62]. Additionally, low SpQO: levels, reflected by SpO: readings below the
normal range, may signify hypoxemia associated with certain types of CCHD. Clinical
cyanosis, coupled with low SpO» readings, further supports the diagnosis of severe
hypoxemia in neonates with critical heart defects[63].

A hyperoxia-hyperventilation test can differentiate the cardiac cause of central
cyanosis from the pulmonary cause in a sick newborn. This test typically involves a
series of steps. Initially, an arterial blood gas sample is obtained while the neonate is
breathing room air to establish baseline oxygenation levels. Subsequently, the patient is
administered 100% oxygen (FiO) for a duration of 10 minutes[64]. A repeat arterial
blood gas is then performed to evaluate the response to oxygen therapy, specifically
looking for an increase in the partial pressure of oxygen (PaO:2) to greater than 150
mmHg. If the hypoxia is attributed to a respiratory cause, such as RDS, the PaO; is
expected to rise above the threshold of 150 mmHg with supplemental oxygen.
However, in cases where hypoxia is secondary to a congenital cardiac lesion, such as a
right-to-left cardiac shunt, the PaO; may not significantly increase despite high levels of
supplemental oxygen[65]. Alternatively, many physicians use pulse oximetry to

monitor SpOz levels before and after administering 10 minutes of 100% FiOs. If, after
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this period, the SpO2z remains below a certain threshold (typically 95%, although some
references suggest 85%), it suggests that central cyanosis is likely due to an intracardiac
shunt. This sequential evaluation aids in distinguishing between respiratory and
cardiac causes of neonatal hypoxia, facilitating appropriate management and
intervention[66].

Pulse oximetry can help the clinician expect the presence of ductal-dependent lesions
in the neonates. Pulse oximetry measures SpO: at two different sites: Pre-ductal
(typically the right hand) and post-ductal (either foot). In normal circulation, there is a
minor difference in SpO; between these two sites due to the mixing of oxygenated and
deoxygenated blood in the systemic circulation[67]. However, in ductal-dependent
CCHD, this difference can be significant. In ductal-dependent lesions, such as
hypoplastic left heart syndrome or critical aortic stenosis, oxygenated blood from the
placenta preferentially flows through the patent ductus arteriosus to reach the
descending aorta[68]. As a result, SpO> is higher in the pre-ductal site (right hand)
compared to the post-ductal site (lower extremities)[69]. Conversely, the lower
extremities receive deoxygenated blood, leading to lower SpO: levels post-ductal. This
discrepancy in SpO: between the pre-ductal and post-ductal sites, known as
“differential cyanosis”, is highly suggestive of ductal-dependent CCHD[70]. Infants
with ductal-dependent lesions may present with cyanosis and hypoxemia due to
inadequate oxygen delivery to the body. Pulse oximetry readings may reveal lower
SpO: levels in the post-ductal site, reflecting impaired systemic perfusion and
oxygenation[71].

In the transposition of the great arteries, the aorta and pulmonary artery are
switched, causing oxygen-rich blood to be pumped back to the lungs instead of the
body. This results in cyanosis and hypoxemia shortly after birth. Pulse oximetry
screening in newborns can detect lower SpO: levels, often showing a significant
difference in saturation between the upper and lower extremities. This discrepancy
alerts healthcare providers to the possibility of transposition of the great arteries or

other forms of CCHD, prompting further diagnostic evaluation and timely
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intervention|[72]. etralogy of Fallot (TOF) is a congenital heart defect characterized by
four abnormalities in the heart’s structure, including a ventricular septal defect,
pulmonary stenosis, overriding aorta, and right ventricular hypertrophy. In infants
with TOF, SpO; levels may be lower than normal due to decreased pulmonary blood
flow and the mixing of oxygenated and deoxygenated blood[73]. Pulse oximetry
screening can detect hypoxemia and cyanosis, indicating inadequate blood
oxygenation. Additionally, pulse oximetry readings may reveal SpO: discrepancies
between the upper and lower extremities, reflecting the presence of a significant shunt
associated with TOF[74].

Monitoring the response to interventions, such as oxygen therapy or prostaglandin
infusion, allows for dynamic assessment of cardiac function and pulmonary circulation
in neonates suspected of having CCHD. Continuous monitoring facilitates the
identification of trends in SpO2, enabling early recognition of deteriorating cardiac
status and prompt intervention[75]. Pulse oximetry is a valuable tool for detecting
CCHD in neonates by assessing SpO. discrepancies, hypoxemia, and response to
interventions, leading to timely diagnosis and management of these critical
conditions[76].

Neonates with abnormal pulse oximetry screening results undergo additional
diagnostic tests, such as echocardiography, to confirm or rule out the presence of
CCHD. Early detection of CCHD allows prompt referral to pediatric cardiology services
for a comprehensive evaluation and timely intervention if necessary[77]. Pulse oximetry
screening for CCHD has led to the early detection of heart defects in newborns,
enabling timely interventions that can improve outcomes and reduce morbidity and
mortality associated with undiagnosed CCHD. Identifying infants with CCHD before
they become symptomatic allows for proactive management and appropriate planning
for medical and surgical interventions[78]. While pulse oximetry screening has proven
effective, it is not foolproof, and false-positive and false-negative results can occur.
Factors such as low birthweight, prematurity, transient physiological changes, and

technical issues with the screening process can affect the accuracy of the results[79].
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Healthcare providers should be aware of these limitations and use clinical judgment to

interpret screening results in the context of the individual patient’s clinical presentation.

RDS: Preterm infants are at risk of developing RDS due to immature lung development
and surfactant deficiency. RDS in newborns, also known as hyaline membrane disease,
is a condition characterized by inadequate lung development and surfactant deficiency,
leading to respiratory distress shortly after birth[80]. While pulse oximetry alone can
not definitively diagnose RDS, it plays a vital role in assessing oxygenation and
monitoring respiratory status in affected infants. Infants with RDS often present with
hypoxemia due to impaired gas exchange in the lungs[81]. Pulse oximetry allows for
continuous non-invasive monitoring of SpO; levels in these infants. Lower-than-normal
SpO2 readings indicate inadequate oxygenation and may prompt further evaluation for
RDS. Infants with RDS frequently require supplemental oxygen to maintain adequate
SpO: levels[82]. Pulse oximetry is used to titrate oxygen therapy, ensuring that SpO-
levels are within the target range while avoiding hyperoxia or hypoxia. Monitoring
SpO: trends helps healthcare providers adjust oxygen therapy as needed based on the
infant’s respiratory status[83]. Pulse oximetry is valuable for assessing the response to
treatment interventions in infants with RDS. Initiating interventions such as
supplemental oxygen, nasal continuous positive airway pressure, or mechanical
ventilation aims to improve oxygenation and respiratory function[84]. Monitoring SpO-
levels before and after treatment can gauge the effectiveness of interventions and guide
further management decisions. Infants with RDS are at risk of developing complications
such as respiratory failure, pneumothorax, or bronchopulmonary dysplasia (BPD)[85].
Pulse oximetry facilitates early detection of worsening respiratory status or the onset of
complications by monitoring changes in SpO: levels and providing real-time feedback
to healthcare providers. Serial measurements of SpO:z over time allow for longitudinal
monitoring of respiratory status and oxygenation trends in infants with RDS[86].

Continuous pulse oximetry monitoring provides valuable information on the infant’s
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response to treatment, disease progression, and readiness for weaning off supplemental
oxygen support[87].

BPD: BPD is a chronic lung disease that primarily affects premature infants who require
mechanical ventilation and oxygen therapy for an extended period. While pulse
oximetry alone cannot definitively diagnose BPD, it is a valuable tool in assessing
oxygenation and monitoring respiratory status in affected infants[88]. Infants with BPD
often have ongoing respiratory issues and may become oxygen-dependent and require
supplemental oxygen to maintain adequate SpO> levels. Continuous pulse oximetry
monitoring is used to titrate oxygen therapy, ensuring that SpO: levels are within the
target range while minimizing the risk of hyperoxia or hypoxia. Pulse oximetry allows
for continuous monitoring of SpO: trends over time[89]. In infants with BPD,
fluctuations in SpO: levels may indicate changes in respiratory status, disease
progression, or response to treatment. Healthcare providers use these trends to adjust
oxygen therapy and assess the effectiveness of interventions. Infants with BPD are at
increased risk of respiratory distress episodes, such as apnea, desaturation, or
bradycardia[90]. Pulse oximetry provides real-time monitoring of SpO: levels during
these episodes, allowing for prompt intervention and management to stabilize the
infant’s respiratory status. Infants with BPD may exhibit instability in oxygenation, with
fluctuations in SpO> levels during periods of activity, feeding, or respiratory
distress[91]. Pulse oximetry helps identify episodes of oxygen desaturation or
instability, guiding healthcare providers in optimizing respiratory support and
monitoring the infant’s response to interventions. Serial measurements of SpO: over
time enable longitudinal monitoring of respiratory status and oxygenation trends in
infants with BPD[92]. Continuous pulse oximetry monitoring provides valuable
information on the infant’s respiratory stability, response to treatment, and readiness

for weaning off supplemental oxygen support as the disease resolves[93].
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Apnea of prematurity: Apnea of prematurity (AOP) is a common condition
characterized by episodes of breathing pauses in premature infants. While pulse
oximetry alone cannot definitively diagnose AOP, it plays acritical role in monitoring
respiratory status and detecting apnea-related oxygen desaturation events[94]. Infants
with AOP may experience oxygen desaturation during apneic episodes due to
decreased respiratory effort or airflow obstruction. Pulse oximetry continuously
monitors SpO:z levels in these infants, allowing healthcare providers to detect and
quantify episodes of oxygen desaturation associated with apnea. While pulse oximetry
primarily measures SpO», it can indirectly signal the presence of apnea by detecting
associated oxygen desaturation events[95]. A sudden decrease in SpO: levels below the
normal range may indicate the onset of an apneic episode, prompting further
evaluation and intervention. Apnea episodes in premature infants often coincide with
bradycardia and oxygen desaturation. Pulse oximetry, in conjunction with heart rate
monitoring, helps identify apnea-bradycardia events by detecting simultaneous
decreases in SpO> and heart rate[96]. These events are suggestive of apnea and warrant
clinical intervention. Continuous pulse oximetry monitoring provides real-time
feedback on SpO; levels, allowing healthcare providers to assess respiratory status and
response to interventions[97]. Monitoring SpO: trends over time helps identify apnea
and oxygen desaturation patterns, guiding treatment decisions and adjustments in
respiratory support. Infants with AOP may require supplemental oxygen to maintain
adequate oxygenation during apneic episodes. Pulse oximetry enables titration of
oxygen therapy to target SpO: levels, ensuring optimal oxygenation while minimizing
the risk of hyperoxia or hypoxia during apnea events[98].

Persistent pulmonary hypertension of the newborn: Persistent pulmonary
hypertension of the newborn (PPHN) is a life-threatening condition characterized by
elevated pulmonary vascular resistance and right-to-left shunting of blood, resulting in
hypoxemia. While pulse oximetry alone cannot definitively diagnose PPHN, it plays a

crucial role in assessing oxygenation and monitoring response to treatment[70]. Infants
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with PPHN typically present with severe hypoxemia due to impaired oxygenation
secondary to pulmonary hypertension. Pulse oximetry continuously monitors SpO2
levels, allowing healthcare providers to promptly detect and quantify the degree of
hypoxemia[99]. Persistent low SpO: readings despite oxygen therapy may raise
suspicion for PPHN. Oxygen therapy isa cornerstone of management for PPHN, aimed
at improving oxygenation and alleviating hypoxemia. Pulse oximetry provides real-
time feedback on SpO: levels, enabling healthcare providers to assess the effectiveness
of oxygen therapy and titrate supplemental oxygen to target SpO: levels[100]. Serial
measurements of SpO» over time help monitor SpO; trends in infants with PPHN. Pulse
oximetry allows healthcare providers to assess the stability of oxygenation, detect
fluctuations in SpOz levels, and evaluate the response to interventions such as oxygen
therapy, vasodilator therapy, or mechanical ventilation[101]. Pulse oximetry helps
differentiate hypoxemia associated with PPHN from other causes, such as RDS,
pneumonia, or congenital heart defects. The characteristic pattern of hypoxemia in
PPHN, often refractory to oxygen the rapyalone, may raise suspicion for the condition.
Infants with PPHN may require intensive care management, including mechanical
ventilation, inhaled nitric oxide therapy, and hemodynamic support[102]. Pulse
oximetry allows for continuous monitoring of SpO: levels during treatment, guiding

adjustments in therapy and assessing the infant’s response to interventions[103].

Neonatal methemoglobinemia: Neonatal methemoglobinemia is a condition
characterized by elevated levels of methemoglobin, a form of hemoglobin that cannot
bind oxygen effectively. While pulse oximetry is generally reliable for detecting SpO2
levels in the presence of normal hemoglobin, it may underestimate SpO> in the presence
of methemoglobinemia[104]. Methemoglobin absorbs light differently than oxygenated
or deoxygenated hemoglobin, leading to altered light absorption patterns[105]. Pulse
oximeters may inaccurately measure SpO: in the presence of methemoglobinemia,
resulting in lower-than-actual readings. Despite oxygen therapy, persistent low SpO-

readings may prompt further investigation for methemoglobinemia[106]. Some
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advanced pulse oximeters off era feature known as methemoglobin pulse oximetry,
which specifically measures the percentage of methemoglobin in the blood.
Methemoglobin pulse oximetry readings can provide additional information about the
presence and severity of methemoglobinemia in neonates[107]. In neonates with
unexplained cyanosis or persistent hypoxemia despite adequate oxygen therapy,
clinicians may suspect methemoglobinemia as a possible underlying cause. Pulse
oximetry findings and clinical assessment and history can raise suspicion for
methemoglobinemia and prompt further diagnostic evaluation, such as blood gas
analysis or co-oximetry[108]. Treatment of neonatal methemoglobinemia typically
involves the administration of methylene blue or exchange transfusion to reduce
methemoglobin levels and improve oxygen-carrying capacity. Pulse oximetry can
monitor the response to treatment, with increasing SpO: levels indicating successful

reversal of methemoglobinemia[109].

Postoperative care: Neonates undergoing surgical procedures, such as congenital heart
or abdominal surgeries, require close monitoring of SpO: levels during the
postoperative period[110]. Pulse oximetry is used to assess respiratory status, detect
hypoxemia, and monitor for complications such as atelectasis, pneumothorax, or airway
obstruction. Continuous SpO: monitoring facilitates early detection of postoperative
respiratory compromise and guides interventions to optimize oxygenation and

ventilation[4].
Case study: Management of a neonate with RDS.
Patient background: A full-term neonate is admitted to the NICU with respiratory

distress shortly after birth. The infant was delivered via emergency cesarean section due

to fetal distress during labor.
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Clinical presentation: Upon ad mission, the neonate exhibits tachypnea (respiratory rate
of 70 breaths per minute), nasal flaring, and intercostal retractions. Initial assessment

reveals cyanosis of the extremities. The infant’s SpO> on room air is 82%.

Pulse oximetry monitoring and management: Continuous pulse oximetry monitoring
is initiated using a neonatal-specific pulse oximeter with appropriate sensor placement
on the infant’s right hand. The pulse oximeter displays fluctuating SpO: readings
between 80% and 88%, indicating intermittent hypoxemia despite supplemental oxygen

therapy via nasal cannula at 2 liters per minute.

Clinical decision-making: Based on pulse oximetry readings and clinical assessment,
the NICU team adjusts the oxygen therapy to maintain SpO; levels between 88% and
92%, aiming to balance oxygenation while avoiding hyperoxia. Frequent bedside
assessments, including periodic blood gas analysis, confirm the effectiveness of therapy

adjustments in improving the infant’s oxygenation status.

Outcome: Over the next 24 hours, the neonate’s respiratory distress gradually
improves. Pulse oximetry continues to guide oxygen therapy adjustments, ensuring
optimal SpOz levels without compromising respiratory function. The infant is weaned
off supplemental oxygen successfully by the third day of admission, and pulse oximetry
monitoring is continued intermittently to monitor respiratory status during feedings

and sleep.

Conclusion: This case study highlights the critical role of pulse oximetry in managing
RDS in neonates. By providing continuous, non-invasive monitoring of SpO: levels,
pulse oximetry guided timely interventions and optimized oxygen therapy,
contributing to improved clinical outcomes and ensuring the safe transition from NICU

to regular nursery care. This case study exemplifies how pulse oximetry is used in
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clinical practice to monitor and manage oxygenation in neonates with respiratory

distress, demonstrating its practical application and impact on patient care.

Infants and children care

Children with respiratory illnesses: Pulse oximetry plays a vital role in man aging
respiratory illnesses in children, providing valuable insights into their SpO: levels and
respiratory status. This non-invasive monitoring technique allows healthcare providers
to promptly assess oxygen levels, particularly in conditions like pneumonia,
bronchiolitis, and asthma exacerbations, where hypoxemia can occur. Detecting
hypoxemia early enables timely interventions to improve oxygenation and prevent
complications[111]. In pediatric respiratory illnesses, pulse oximetry serves several key
purposes. Firstly, it helps gauge the severity of the condition by indicating the extent of
hypoxemia. Low SpO: levels may signal respiratory distress or failure, guiding
decisions regarding the need for hospitalization, intensive care, or advanced respiratory
support like non-invasive ventilation[112]. Additionally, pulse oximetry is crucial for
monitoring the effectiveness of oxygen therapy. Healthcare providers can adjust oxygen
flow rates by regularly assessing SpO: levels to optimize delivery while avoiding
oxygen toxicity[113]. Moreover, pulse oximetry aids in tracking the response to
treatment. Changes in SpO; levels over time can indicate the efficacy of interventions
such as bronchodilators, corticosteroids, or antibiotics, helping clinicians tailor
management strategies accordingly[114]. In emergency departments or hospital
settings, pulse oximetry readings help make decisions regarding discharge or continued
hospitalization. Stable SpO: levels may suggest readiness for discharge, while persistent
hypoxemia may necessitate further observation or treatment[115].

SpO: is a sensitive marker for assessing disease severity in conditions characterized
by ventilation/perfusion mismatch, such as asthma exacerbations, acute bronchiolitis,
chronic lung disease of prematurity, and pneumonia[l16]. Conversely, in cases of
proximal airway obstruction (e.g., acute laryngotracheitis, vocal cord dysfunction, or

foreign-body aspiration), SpO2 may not reliably reflect disease severity. Hypoxemia in
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such instances primarily arises from hypoventilation, leading to elevated PaCO:
levels[117]. Consequently, patients may not exhibit significantly low SpO: readings, as a
SpOz below 90% typically corresponds to a PaCO: level of over 80 mmHg, according to
the alveolar gas equation[18]. It is important to recognize that concurrent diffuse
peripheral airway obstruction (e.g., laryngotracheobronchitis) may contribute to
ventilation/ perfusion mismatch and decrease SpO: levels. However, in this scenario,
hemoglobin desaturation signifies a secondary physiological phenomenon rather than
the disorder’s primary mechanism[118].

Pulse oximetry facilitates home monitoring for children with chronic respiratory
conditions like asthma or cystic fibrosis. Portable pulse oximeters allow parents or
caregivers to assess a child’s SpO: levels regularly, especially during respiratory
symptom episodes[3]. Abnormal readings prompt timely medical evaluation and
intervention, enhancing the management of chronic respiratory conditions. While pulse
oximetry is widely used for continuous SpOz monitoring in infants and children, its
routine use in acute respiratory illness is not universally recommended[86]. The
American Academy of Family Physicians advises against continuous pulse oximetry
unless the child requires supplemental oxygen. Continuous monitoring has been
associated with increased admission rates and longer hospital stays, highlighting the
need for judicious use based on clinical assessment[119]. However, pulse oximetry is
still an invaluable tool in managing respiratory illnesses in children. It provides real-
time information on oxygenation status and guides clinical decision-making. By
incorporating pulse oximetry into comprehensive care protocols, healthcare providers

can optimize outcomes for pediatric patients with respiratory conditions[120].

Assessment of circulatory status: Pulse oximetry, a precise and accurate tool, plays a
significant role in assessing circulatory status in children. It provides valuable
information about tissue perfusion and oxygen delivery. By measuring SpO; levels in
the blood, pulse oximetry enables healthcare providers to confidently evaluate the

adequacy of circulatory function in pediatric patients[121]. In children with circulatory
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compromise, such as shock or hypovolemia, pulse oximetry can detect changes in tissue
oxygenation early, allowing for prompt intervention to restore perfusion and prevent
organ dysfunction[122]. Additionally, pulse oximetry can help monitor the response to
interventions to improve circulatory status, such as fluid resuscitation or vasopressor
therapy. By continuously monitoring SpO: levels, pulse oximetry provides real-time
feedback on the effectiveness of treatment strategies, guiding further management
decisions[123]. Overall, pulse oximetry is a valuable tool in assessing circulatory status
in children, aiding in the early detection of circulatory compromise and facilitating

timely interventions to optimize patient outcomes[124].

Monitoring during anesthesia and sedation: Pulse oximetry is crucial in monitoring
children during anesthesia and sedation, providing a continuous and non-invasive
assessment of SpO: levels and pulse rate. For instance, in a recent case, a child
undergoing anesthesia experienced a sudden drop in SpOs levels, immediately detected
by the pulse oximeter. This allowed the healthcare team to intervene promptly and
prevent a potential crisis[125,126]. This monitoring technique is essential for ensuring
the safety and well-being of pediatric patients undergoing anesthesia or sedation
procedures. During anesthesia or sedation, there is a risk of respiratory depression,
airway obstruction, and hypoxemia, particularly in children, due to their unique
physiological characteristics and vulnerability[127]. Pulse oximetry allows healthcare
providers to detect changes in SpO: levels early, enabling prompt intervention to
prevent hypoxemia-related complications such as tissue hypoxia, organ dysfunction, or
cardiac arrest[128]. The continuous monitoring of SpO>, a precise assessment tool, helps
anesthesia providers assess the adequacy of ventilation and oxygenation throughout the
procedure. Any decline in SpO2 can indicate airway compromise, hypoventilation, or
respiratory depression, prompting immediate corrective measures such as airway
repositioning, oxygen supplementation, or assisted ventilation[129].

Furthermore, pulse oximetry aids in titrating the delivery of supplemental oxygen

during anesthesia or sedation. However, it’s important to note that pulse oximetry may
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not always accurately reflect the patient’s true oxygenation status, especially in certain
clinical conditions[66]. By closely monitoring SpO: levels, healthcare providers can
adjust oxygen flow rates to maintain optimal oxygenation while minimizing the risk of
hyperoxia-associated adverse effects, such as absorption atelectasis or oxygen
toxicity[130]. In addition to oxygenation monitoring, pulse oximetry provides valuable
information about the child’s cardiovascular status through continuous pulse rate
monitoring. Changes in pulse rate can indicate hemodynamic instability, cardiovascular
depression, or adverse drug reactions, prompting further assessment and intervention
as needed[131]. Generally, pulse oximetry is not only an indispensable tool for ensuring
the safety and effective management of children undergoing anesthesia or sedation, but
it also proves to be a cost-effective investment[132]. By facilitating real-time monitoring
of SpO2 and pulse rate, pulse oximetry enhances the detection of respiratory and
cardiovascular compromise, allowing for timely intervention and optimization of
patient outcomes, thereby reducing the need for more expensive interventions or

treatments[133].

Management of sleep disorders: Pulse oximetry plays a significant role in managing
childhood sleep disorders, particularly in conditions such as obstructive sleep apnea
(OSA) or central sleep apnea[134]. It is a valuable screening tool for sleep-disordered
breathing. It allows healthcare providers to assess SpO: levels during sleep and detect
abnormalities indicative of sleep apnea, such as recurrent oxygen desaturation events
orthose associated with apnea or hypopnea episodes[135]. Additionally, pulse oximetry
provides essential information about the severity of sleep-disordered breathing in
children by quantifying the frequency and magnitude of oxygen desaturation events
and guiding treatment decisions and interventions[136]. Moreover, it is instrumental in
monitoring the effectiveness of treatments such as continuous positive airway pressure
therapy, adenotonsillectomy, or weight management by assessing the response to
treatment and adjusting management strategies accordingly[137]. Pulse oximetry also

helps identify complications associated with childhood sleep disorders, such as
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nocturnal hypoxemia, hypercapnia, or cardiac arrhythmias, prompting further
evaluation and management[138]. Furthermore, portable pulse oximeters enable home
monitoring of SpO: levels, allowing parents or caregivers to track overnight SpO»
trends and detect abnormalities suggestive of sleep-related breathing disturbances. This
home monitoring facilitates early detection of treatment failure or disease progression,
leading to timely medical intervention and improved outcomes for children with sleep-

related breathing disturbances[139].

Evaluation of trauma and critical care: Pulse oximetry, a crucial tool, is instrumental in
the evaluation of children with trauma and those in need of critical care[140]. In trauma
cases, it aids in rapidly assessing oxygenation status, providing immediate insight into
the child’s respiratory function. By measuring SpO: levels, pulse oximetry helps
identify hypoxemia, a condition that may result from respiratory compromise due to
traumatic injuries such as chest trauma, pneumothorax, or airway obstruction. The
early detection of hypoxemia is vital, as it allows for initiating prompt interventions to
optimize oxygenation and prevent secondary complications[141]. Additionally, pulse
oximetry assists healthcare providers in monitoring respiratory status during critical
care interventions, such as intubation, mechanical ventilation, or oxygen therapy[142].
Continuous monitoring of SpO:z levels enables real-time assessment of treatment
efficacy and early detection of respiratory deterioration or airway compromise,
prompting timely adjustments to the management plan[143]. Moreover, pulse oximetry
aids in the detection of potential complications associated with trauma or critical illness,
including respiratory failure, acute RDS, or sepsis. By providing continuous SpO-
monitoring, pulse oximetry facilitates the timely identification of deteriorating
respiratory function or oxygenation status, allowing for prompt escalation of care and
initiation of lifesaving interventions[144]. Therefore, pulse oximetry enables healthcare
providers to be proactive and vigilant, making timely assessments of oxygenation status

and facilitating appropriate interventions to optimize patient outcomes.
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Home monitoring: Pulse oximetry is an important tool for monitoring various
childhood disorders at home[38]. It provides valuable information about SpO> levels
non-invasively, especially in children with chronic respiratory disorders like asthma,
cystic fibrosis, or BPD. By regularly monitoring SpO: levels at home, parents or
caregivers can assess the child’s respiratory status, particularly during episodes of
coughing, wheezing, or shortness of breath[3]. Abnormal readings can alert them to
seek medical attention promptly. Pulse oximetry is also useful for children with sleep-
related breathing disorders like OSA[145]. Continuous overnight oximetry monitoring
helps identify episodes of oxygen desaturation during sleep, which is a characteristic of
OSA. Parents or caregivers can record and report these findings to healthcare providers
for further evaluation and management|[146].

Children with congenital heart diseases, such as cyanotic heart defects, may need
ongoing monitoring of their SpO: levels at home. Pulse oximetry enables parents or
caregivers to detect any fluctuations in SpO,, which could indicate worsening heart
function or complications. Early abnormalities detection allows prompt medical
attention and intervention[147]. Some neurological disorders, such as seizures or
neuromuscular diseases, can affect respiratory function and oxygenation. Pulse
oximetry monitoring at home helps assess the child’s respiratory status during periods
of increased risk, such as seizures or respiratory muscle weakness[148]. Abnormal SpO2
levels may indicate the need for immediate intervention or adjustment of treatment.
Premature infants or those with a history of neonatal complications may also require
home monitoring of their SpO: levels to detect episodes of desaturation or apnea[149].
Pulse oximetry allows parents or caregivers to closely monitor the infant’s respiratory
status, particularly during sleep or periods of illness. Any deviations from normal SpO-
levels can prompt medical evaluation and intervention. Regular pulse oximetry
monitoring at home allows for early detection of abnormalities, facilitating timely
intervention and improved management of the child’s condition[150].

Pulse oximetry, integrated with telemedicine technologies, offers an innovative

approach to home monitoring of childhood disorders. Caregivers can remotely share
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real-time pulse oximetry data with healthcare providers through telemedicine
platforms, allowing for continuous monitoring and timely intervention[151]. This
integration enhances the accessibility of healthcare services, especially for families
living in remote areas or with limited access to specialized medical facilities.
Additionally, telemedicine consultations enable healthcare providers to interpret pulse
oximetry readings remotely, guiding treatment adjustments or further diagnostic steps
as needed[152]. The combination of pulse oximetry with telemedicine enhances the
effectiveness of home monitoring, improving the management of various childhood

disorders and promoting better health outcomes[153].

Case study: Management of an infant with bronchiolitis

Patient background: A 6-month-old male infant is brought to the pediatric emergency
department by his parents due to worsening cough, wheezing, and increased
respiratory effort over the past two days. The infant was born full-term without

complications and had no significant medical history.

Clinical presentation: Upon assessment, the infant appears anxious and breathes
rapidly with nasal flaring and chest retractions. Auscultation reveals bilateral wheezing
and diminished breath sounds in the lower lung fields. The infant’s initial SpO2 on

room air is 88%.

Pulse oximetry monitoring and management: Continuous pulse oximetry monitoring
is initiated using a pediatric pulse oximeter with a sensor placed on the infant’s right
index finger. The pulse oximeter displays SpO; readings fluctuating between 86% and

92% during periods of rest and drops to 82% during coughing episodes.

Clinical decision-making: Based on pulse oximetry readings and clinical assessment,
the pediatric team administered supplemental oxygen via nasal cannula at two liters per

minute to maintain SpOz levels above 92%. Serial pulse oximetry measurements guide
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the titration of oxygen therapy to ensure adequate oxygenation without over-

oxygenating the infant.

Outcome: Over the next 24 hours, the infant’s respiratory distress improves with
oxygen therapy. Pulse oximetry monitoring continues to guide clinical decisions,
including adjusting oxygen flow rate during periods of activity and sleep. The infant
successfully transitions to room air after demonstrating stable SpO; levels above 94%

for several hours.

Conclusion: This case study illustrates the use of pulse oximetry in managing
respiratory distress in infants with bronchiolitis. By providing real-time feedback on
SpO: levels, pulse oximetry facilitated the timely initiation and adjustment of oxygen
therapy, optimizing respiratory support and contributing to the infant’s clinical
improvement. This example demonstrates how pulse oximetry is integral in managing
respiratory conditions in infants, ensuring appropriate oxygenation and guiding the

rapeutic interventions based on continuous monitoring of SpO: levels.

Diseases and conditions that need specific consideration when using pulse oximetry

Anaemia: Pulse oximetry plays a crucial role in monitoring patients with anemia. While
pulse oximetry provides valuable information about SpO,, it’s essential to understand
its limitations in the context of anemia. In patients with anemia, the reduced
hemoglobin levels can affect the accuracy of SpO: readings[1]. Since hemoglobin is
responsible for carrying oxygen, lower hemoglobin concentrations mean less oxygen is
available to bind to. As a result, pulse oximeters may report lower SpO; values even if
the oxygen-carrying capacity of the available hemoglobin is normal[24]. Additionally,
in severe cases of anemia where tissue oxygen delivery is compromised, pulse oximetry
may underestimate the severity of hypoxemia. This discrepancy occurs because pulse
oximeters measure the SpO2 of hemoglobin within the blood vessels but may not

accurately reflect tissue oxygenation[154].
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Clinicians should interpret pulse oximetry readings in patients with anemia
cautiously and consider other clinical indicators such as respiratory rate, heart rate, and
clinical symptoms to accurately assess the overall oxygen status[155]. In cases of
uncertainty or severe anemia, arterial blood gas analysis may be necessary to determine
the PaO; and assess tissue oxygenation more directly[156]. Despite its limitations, pulse
oximetry remains a valuable tool for monitoring patients with anemia, especially in
conjunction with other clinical assessments. By providing real-time information about
SpOz, pulse oximetry helps guide clinical decision-making and ensures timely

interventions to optimize patient care[157].

Polycythemia: Polycythemia is a condition characterized by an excess of red blood cells
in the bloodstream. Using pulse oximetry in patients with polycythemia presents
certain challenges and considerations. Polycythemia can affect the accuracy of pulse
oximetry readings due to changes in blood viscosity and oxygen-carrying capacity[158].
In individuals with polycythemia, the increased number of red blood cells can result in
higher hemoglobin levels, potentially leading to falsely elevated SpO: readings on pulse
oximetry and decreased oxygen affinity to hemoglobin[159]. This is because pulse
oximeters measure the percentage of oxygenated hemoglobin in the blood, and the
higher hemoglobin levels in polycythemia can skew these readings[154]. Furthermore,
the increased viscosity of the blood in polycythemia may affect peripheral perfusion,
which can also influence pulse oximetry measurements. Reduced peripheral perfusion
can result in slower capillary refill times. It may lead to inaccurately low SpO: readings
on pulse oximetry, particularly in extremities where the probe is typically placed[160].
Healthcare providers must be aware of these potential limitations when interpreting
pulse oximetry readings in individuals with polycythemia. Clinicians may need to
consider alternative methods of assessing oxygenation in these patients, such as arterial
blood gas analysis, particularly if there are concerns about the accuracy of pulse
oximetry readings[161]. Pulse oximetry can differentiate polycythemia vera from

secondary erythrocytosis, as normal SpO: is one of the major criteria of polycythemia
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vera[162]. However, patients with polycythemia vera could have low SpO; due to other

causes of hypoxia[163].

Metabolic derangement: Pulse oximetry is invaluable in assessing patients with acid-
base disorders, providing essential information about SpO: levels. However, it’s
important to understand how acid-base disturbances can influence pulse oximetry
readings and interpretation. Acidosis, whether respiratory or metabolic, can
significantly impact pulse oximetry readings. One notable effect is the left shift of the
oxygen is sociation curve, where hemoglobin’s increased affinity for oxygen may yield
higher saturation levels despite tissue hypoxia[164]. Additionally, acidosis can induce
peripheral vasoconstriction, reducing blood flow to extremities and potentially affecting
the accuracy of SpO: measurements[165]. Changes in hemoglobin affinity due to
acidosis may further complicate readings, with severe cases impairing oxygen binding,
potentially resulting in lower saturation levels[166]. Respiratory compensation
mechanisms to correct acid-base imbalances may also influence pulse oximetry readings
through alterations in respiratory rate and depth[167]. Moreover, acidosis-induced
changes in tissue perfusion can lead to tissue hypoxia, which may not always be
reflected in SpO2 measurements due to factors like peripheral vasoconstriction[168].
Consequently, clinicians should interpret pulse oximetry readings cautiously in the
context of acidosis, considering other clinical parameters for a comprehensive
assessment of oxygenation status.

On the other hand, respiratory or metabolic alkalosis can also impact pulse oximetry
readings, albeit indifferent ways than acidosis. In alkalosis, the oxygen dissociation
curve shifts to the right, causing hemoglobin to have a decreased affinity for
oxygen[169]. This shift can result in lower saturation levels detected by pulse oximetry,
even in adequate tissue oxygenation. Additionally, alkalosis may induce peripheral
vasodilation, increasing blood flow to extremities and potentially affecting SpO-
measurements[170]. Changes in respiratory rate and depth associated with respiratory

compensation for alkalosis may also influence pulse oximetry readings, like
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acidosis[171]. Furthermore, alterations in tissue perfusion due to alkalosis-induced
vasodilation may impact SpOs readings, with increased blood flow potentially leading
to higher saturation levels being detected[172]. Overall, clinicians should consider these
effects of alkalosis when interpreting pulse oximetry readings, ensuring a

comprehensive assessment of oxygenation status alongside other clinical parameters.

Cardiac arrhythmia: Arrhythmia can affect pulse oximetry readings by causing
irregular blood flow in the arteries, leading to fluctuations in the pulsatile signal
detected by the oximeter[173]. This irregularity can result in inaccurate SpOs
measurements, as the oximeter may have difficulty distinguishing between arterial and
venous blood pulsations[174]. Moreover, arrhythmias like atrial fibrillation can cause
rapid and irregular heartbeats, further complicating the interpretation of pulse oximetry
readings[175]. In such cases, healthcare providers may need to rely on alternative
methods for assessing oxygenation status, such as arterial blood gas analysis, to obtain
more accurate measurements.

Certain modifications or considerations may be necessary to ensure accurate readings
when using pulse oximetry in patients with arrhythmias. One common approach is to
use pulse oximeters with advanced signal processing algorithms designed to filter out
noise and motion artifacts more effectively[176]. These algorithms can help mitigate the
effects of irregular pulsations caused by arrhythmias and improve the accuracy of SpO»
measurements. Additionally, some pulse oximeters may offer specific settings or modes
tailored for use in patients with arrhythmias. These settings may adjust the device’s
sensitivity or filtering parameters to accommodate irregular heart rhythms better and
optimize signal detection[177].

Healthcare providers should also monitor the quality of the pulse oximetry wave
form displayed on the device. Irregular or inconsistent waveforms may indicate poor
signal quality, which could lead to unreliable SpO, readings, particularly in patients
with arrhythmias[174]. While pulse oximetry remains a valuable tool for monitoring

oxygenation in patients with arrhythmias, healthcare providers should be aware of its
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limitations and consider supplementary assessments, such as clinical evaluation and

arterial blood gas analysis, when necessary to ensure comprehensive patient care[178].

Hypothermia: Hypothermia poses challenges and can significantly affect accurate pulse
oximetry readings due to its impact on peripheral perfusion and tissue oxygenation[42].
When the body temperature drops below normal levels, peripheral vasoconstriction
occurs as a physiological response to conserve heat, reducing blood flow to the
extremities. This decrease in peripheral perfusion can result in weaker pulsatile signals
detected by the pulse oximeter, potentially leading to inaccurate readings of SpO»[179].

Furthermore, hypothermia can also affect the oxygen dissociation curve, altering
hemoglobin’s affinity for oxygen[180]. As body temperature decreases, hemoglobin’s
affinity for oxygen increases, making it more difficult to release oxygen to the tissues.
This shift in the oxygen dissociation curve can lead to falsely elevated SpO: readings on
pulse oximetry, as hemoglobin may hold onto oxygen more tightly than usual, even in
tissues experiencing oxygen deprivation[181].

In clinical practice, healthcare providers should be cautious when interpreting pulse
oximetry readings in hypothermic patients, considering both false highs and false lows.
To mitigate the effects of hypothermia on peripheral perfusion, local rubbing or heating
of cold atremities before applying the probe may temporarily improve perfusion in
infants. However, for hypothermic patients, monitoring with a forehead probe is an
alternative option[182]. Furthermore, new-generation pulse oximeters are equipped
with signal extraction algorithms designed to perform better in low-perfusion states,
enhancing their accuracy in hypothermic patients[183]. Occasionally, supplemental
assessments, such as arterial blood gas analysis, may be necessary to assess oxygenation
status in these patients accurately. These advancements help healthcare providers
obtain more reliable SpO> measurements in challenging conditions such as

hypothermia[184].
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Jaundice: Jaundice typically does not significantly affect pulse oximetry readings, as
bilirubin absorbs light at a different spectrum (around 450 nm) than that used by pulse
oximeters[185]. This characteristic enables the reliable use of pulse oximetry for
monitoring jaundiced patients, including neonates. However, in cases of severe
hemolytic jaundice, patients may also exhibit elevated levels of carboxyhemoglobin,
which can potentially cause inaccurate pulse oximetry readings[1]. Additionally, falsely
low SpO: values have been reported in rare instances of bronze baby syndrome,
although this phenomenon is uncommon. Low SpO; is due to excessive bilirubin
accumulation in the skin, which can interfere with accurately detecting arterial blood
SpO2 by the pulse oximeter[186]. Overall, pulse oximetry remains a valuable tool for
monitoring patients with jaundice, with minimal interference from bilirubin levels in

most cases.

Exposure to electromagnetic fields: Exposure to electromagnetic fields, particularly
from sources such as electrosurgical cauterization units and cellular phones, can
potentially interfere with the accuracy of pulse oximetry readings. This interference
may result in erroneous SpO> readings[187]. Additionally, during magnetic resonance
imaging, standard pulse oximetry sensors may not be suitable due to the risk of
interference with image quality and the potential for thermal injury caused by the
heating of the sensor[188]. Therefore, special pulse oximetry devices equipped with
fiberoptic technology are recommended during magnetic resonance imaging
procedures to mitigate these risks and ensure accurate SpO: monitoring without

compromising patient safety[189].

Advantages of pulse oximetry: Pulse oximetry, a non-invasive medical technology,
offers numerous advantages across various clinical settings due to its ability to measure
SpO: levels in the blood and pulse rate accurately and continuously[190]. One of the
primary advantages of pulse oximetry is its non-invasive nature. Unlike arterial blood

gas sampling, which requires invasive procedures and carries some risks, pulse
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oximetry involves placing a sensor on a patient’s skin, typically on a finger, toe, or
earlobe[191]. This makes it well-tolerated by patients, including infants and children,
and reduces the risk of complications associated with invasive monitoring techniques.
In addition, pulse oximetry provides real-time feedback on a patient’s SpO; levels and
pulse rate[192]. This allows healthcare providers to continuously monitor changes in
oxygenation status, enabling prompt intervention if SpOz levels drop below the normal
range. Real-time monitoring is particularly crucial in critical care settings, where rapid
detection of hypoxemia or changes in respiratory status can be lifesaving[193].

Pulse oximetry facilitates the early detection of hypoxemia, a condition characterized
by low oxygen levels in the blood. By continuously monitoring SpO: levels, healthcare
providers can identify hypoxemia before clinical symptoms become apparent, allowing
timely intervention to improve oxygenation and prevent complications associated with
inadequate tissue oxygen delivery[194]. Pulse oximetry is valuable during various
medical procedures, including anesthesia, sedation, and surgery. It helps anesthesia
providers assess a patient’s oxygenation status throughout the procedure, detect
changes in SpO: levels early, and optimize ventilation and oxygenation to prevent
hypoxemia-related complications. Similarly, pulse oximetry aids in monitoring patients
undergoing sedation or procedural sedation, ensuring their safety and well-being
during the procedure[126,195].

Modern pulse oximeters are portable and versatile, allowing their use in various
clinical settings, including hospitals, ambulatory care facilities, and even home
healthcare settings. Portable pulse oximeters are battery-operated and lightweight,
making them convenient in emergency medical services settings, outpatient clinics, and
remote locations where access to traditional monitoring equipment may be limited[196].
Pulse oximeters are user-friendly devices that require minimal training for healthcare
providers to operate effectively. They typically feature simple interfaces and intuitive
displays that provide clear and easy-to-interpret readings of SpO: levels and pulse rate.
This ease of use enhances their accessibility and utility in diverse healthcare

settings[197].
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Pulse oximetry enables continuous monitoring of SpOz and pulse rates, allowing
healthcare providers to track changes in a patient’s respiratory status over time.
Continuous monitoring is particularly beneficial in critical care settings, where patients
may require close observation for extended periods, such as during mechanical
ventilation or recovery from surgery[198]. With advancements in telemedicine and
remote patient monitoring technologies, pulse oximetry can now be integrated into
telehealth platforms, allowing for remote monitoring of patients” SpO: levels and pulse
rate from a distance. Remote monitoring enables healthcare providers to remotely
assess patients’ respiratory status, provide timely interventions, and optimize patient
care without needing in-person visits[199]. Pulse oximetry is a cost-effective monitoring
tool that provides valuable clinical information at a relatively low cost compared to
other monitoring techniques, such as arterial blood gas analysis. Its affordability and
widespread availability make it accessible to healthcare providers in diverse healthcare
settings, including resource-limited settings where access to advanced monitoring

equipment may be limited[1]. Table 5 summarizes the advantages of pulse oximetry.

Causes of limited wide-use of pulse oximetry, especially in the developing world
Despite the significant potential benefits of pulse oximetry in low- and middle-income
countries (LMICs), several challenges hinder its widespread use. One major barrier is
the limited availability of supplemental oxygen, which is necessary for treating
hypoxemia, as identified through pulse oximetry screening and as a potential
lifesaver[200]. In many low-resource settings, healthcare facilities struggle to maintain a
reliable oxygen supply due to logistical and infrastructural constraints. This shortage of
oxygen not only undermines the effectiveness of pulse oximetry as a diagnostic tool but
also compromises the ability to provide life-saving treatment to hypoxemic
patients[201].

Moreover, the initial cost of pulse oximeters and ongoing maintenance and support
requirements pose significant financial challenges for healthcare systems in LMICs[197].

The high upfront expenses for procuring pulse oximeters and the need for periodic
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replacement of components such as probes and batteries can strain already limited
budgets, often leaving healthcare providers with difficult choices. Additionally,
technical barriers, including faulty equipment and inadequate training of healthcare
personnel, further impede the effective use of pulse oximetry in resource-limited
settings[202,203]. Provider misconceptions and lack of awareness about the importance
of pulse oximetry also contribute to its underutilization. Many healthcare providers in
LMICs may not fully appreciate the value of pulse oximetry in diagnosing hypoxemia
and guiding treatment decisions[111]. This lack of understanding can lead to a
reluctance to incorporate pulse oximetry into clinical practice and may result in missed
opportunities for early intervention[204].

Addressing these challenges requires a comprehensive approach that includes urgent
policy changes and substantial investment in healthcare infrastructure. Governments
and international organizations must prioritize the integration of pulse oximetry into
national healthcare policies and guidelines, ensuring access to both the devices and the
necessary oxygen therapy[205]. Training programs should be implemented to educate
healthcare providers about the benefits of pulse oximetry and how to utilize the
technology in clinical practice effectively[206]. Furthermore, research efforts should
focus on developing cost-effective solutions tailored to the unique needs of LMICs[207].
This may involve the development of more robust and affordable pulse oximeter
models and innovations in oxygen delivery systems to improve accessibility and
reliability[15]. Collaborative initiatives between public health agencies, academic
institutions, and private sector partners can help drive progress in this area and

ultimately improve healthcare outcomes for children in LMICs[208].

Limitations and challenges of pulse oximetry

Pulse oximetry has revolutionized the monitoring of SpO, levels and pulse rate in
healthcare settings, offering a non-invasive and convenient method for assessing
respiratory status[153]. However, like any medical technology, pulse oximetry has its

limitations and challenges that healthcare providers must be aware of to interpret its
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readings accurately. Understanding these limitations is essential for ensuring the
appropriate use of pulse oximetry and avoiding misinterpretation of data. Below, we
discuss some key limitations and challenges associated with pulse oximetry in clinical
practice[209]. Motion artifacts can affect the accuracy of pulse oximetry readings,
particularly in patients who are restless, agitated, or experiencing involuntary
movements. Pediatric patients, especially infants and toddlers, are often restless and
may move frequently[179]. Motion artifacts can interfere with the pulse oximeter’s
ability to detect pulsatile blood flow accurately, leading to erroneous readings. Proper
sensor placement and minimizing patient movement can help mitigate this
challenge[210]. Inpatients with poor peripheral perfusion, such as those with
hypotension, hypothermia, or vasoconstriction, pulse oximetry may not accurately
reflect their true SpO: levels. Pediatric patients, particularly those with circulatory
compromise or peripheral vascular disease, may have poor peripheral perfusion[211].
Inadequate perfusion can affect the pulsatile component of the signal detected by the
pulse oximeter, resulting in inaccurate readings and delaying appropriate interventions.
Careful assessment of perfusion status and consideration of alternative monitoring
methods may be necessary in these cases[212].

Ambient light, including sunlight or artificial light sources, can interfere with pulse
oximetry readings by affecting the accuracy of the sensor’s photodetectors. Ambient
light interference can result in erroneous readings or signal loss, compromising there
liability of pulse oximetry measurements, particularly in brightly lit environments[22].
Nail polish, acrylic nails, or other nail enhancements can interfere with light
transmission through the nail bed, affecting the accuracy of pulse oximetry readings.
These substances may block or scatter light, leading to inaccurate measurements of
SpO: levels and pulse rate[213]. Skin pigmentation, particularly dark skin pigmentation,
can attenuate the transmission of light through the skin, potentially affecting the
accuracy of pulse oximetry readings. The absorption of light by melanin can interfere
with the sensor’s ability to detect SpO: accurately. In patients with dark skin tones,

pulse oximeters may underestimate SpO: levels, leading to misinterpretation of the
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patient’s respiratory status[214,215]. Certain medical conditions or interventions may
involve the administration of intravascular dyes, such as methylene blue or indocyanine
green. These dyes can interfere with the absorption of light by hemoglobin, affecting the
accuracy of pulse oximetry readings. Healthcare providers should consider the presence
of intravascular dyes when interpreting oximetry readings in pediatric patients[216].

Pediatric patients may have hemoglobin variants, such as fetal hemoglobin, which
can affect the accuracy of pulse oximetry readings. Pulse oximeters are calibrated based
on the absorption spectra of adult hemoglobin, and variations in hemoglobin types can
lead to discrepancies in SpO; measurements[217,218]. Pulse oximetry may produce
falsely elevated SpO: readings in patients with CO poisoning. This is because pulse
oximeters cannot distinguish between oxygen and CO bound to hemoglobin, leading to
overestimating SpO: levels and masking the presence of CO toxicity[219]. Altitude and
barometric pressure changes can affect the accuracy of pulse oximetry readings,
particularly in high-altitude environments or during air travel. Reduced atmospheric
pressure at higher altitudes may result in lower SpO: readings, even without true
hypoxemia, leading to misinterpretation of the patient’s respiratory status[220].

Pulse oximetry provides a continuous but delayed measurement of SpO: levels
compared to arterial blood gas analysis. This delay may result in a lag time between
changes in a patient’s respiratory status and the detection of these changes by pulse
oximetry, potentially delaying the initiation of appropriate interventions[184]. Pulse
oximetry may occasionally trigger false alarms, particularly during periods of patient
movement, inadequate sensor placement, or technical issues with the device. False
alarms can disrupt clinical workflow, lead to unnecessary interventions or
investigations, and decrease healthcare provider confidence in pulse oximetry
readings[221]. Overall, while pulse oximetry is a valuable monitoring tool in healthcare,
healthcare providers need to recognize its limitations and challenges and interpret its
readings in conjunction with clinical assessment and other diagnostic modalities for

optimal patient care[114].
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Alarm fatigue syndrome

Alarm fatigue syndrome is a condition when healthcare providers become desensitized
to alarm signals because of frequent exposure to false or non-actionable alarms. This can
cause delayed responses or missed critical events[222]. In pulse oximetry, alarm fatigue
can occur when the device generates excessive alarms, whether due to technical issues,
patient conditions, or environmental factors[221]. False alarms may result from motion
artifacts, poor signal quality, improper sensor placement, or fluctuations in patient
physiology, such as arrhythmias or hypoperfusion. These false alarms can lead to
healthcare providers ignoring or disabling alarms, which could compromise patient
safety[179,223].

Several strategies can be implemented to address alarm fatigue syndrome in pulse
oximetry. First, healthcare facilities should establish alarm management protocols to
prioritize clinically relevant alarms and reduce unnecessary alarms. This may involve
adjusting alarm thresholds based on patient characteristics and clinical context and
implementing alarm delay features to minimize transient alarms[224]. Additionally,
regular maintenance and calibration of pulse oximetry equipment can help prevent
technical issues contributing to false alarms. Healthcare providers should also receive
education and training on properly using and interpreting pulse oximetry alarms to
ensure appropriate responses|[34].

Furthermore, advancements in technology, such as the development of smart alarm
systems and signal processing algorithms, aim to improve the specificity of alarms and
reduce alarm fatigue[225]. These systems utilize artificial intelligence and machine
learning to analyze physiological data and distinguish between true clinical events and
artifacts, reducing the frequency of false alarms[226]. Addressing alarm fatigue
syndrome in pulse oximetry requires a multifaceted approach involving technology,
education, and protocol development to enhance patient safety and optimize alarm

management practices[227].

Guidelines for effective pulse oximetry
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Table 5 summarizes the guidelines for effective use of pulse oximetry. Effective
monitoring of pulse oximetry in pediatric patients is crucial to assess their oxygenation
status accurately and guide clinical management. The pulse oximeter sensor should be
placed on a well-perfused area such as the finger, toe, or earlobe, depending on the
child’s age and size[86]. The sensor should be secured snugly but not too tightly to
prevent motion artifacts and ensure optimal signal quality. Establishinga baseline SpO-
level for each patient is essential to facilitate the interpretation of subsequent
readings[192]. Age, baseline respiratory status, and underlying medical conditions
should also be considered while determining the expected SpO. range[3].

Continuous pulse oximetry monitoring can promptly detect changes in SpOs,
especially in critically ill or high-risk pediatric patients. It provides real-time feedback
on oxygenation status and enables timely intervention if necessary[133]. SpO2 levels,
respiratory rate, heart rate, level of consciousness, and skin color are crucial factors
while monitoring a patient’s condition. Minimizing patient movement, ensuring proper
sensor placement, and using immobilization techniques or sedation as appropriate,
particularly during procedures or in agitated pediatric patients, can reduce motion
artifacts and enhance signal quality[228].

Regular monitoring of pulse oximetry equipment is necessary to ensure its proper
functioning. Any technical issues should be addressed promptly, and the equipment
should be calibrated according to the manufacturer’s guidelines[229]. Sensors should be
replaced as needed to maintain accuracy and reliability. For pediatric patients with poor
peripheral perfusion or compromised circulation, alternative sites for sensor placement,
such as the forehead or palm, can improve signal quality and accuracy[33]. Monitoring
the trends in SpO> over time is more important than relying solely on individual
readings. Tracking changes in SpO: levels during interventions such as oxygen therapy
or respiratory treatments can help evaluate treatment efficacy and response[230].

Parents, caregivers, and healthcare staff should be educated about the importance of
pulse oximetry monitoring and proper sensor placement. They should be trained to

interpret oximetry readings and recognize signs of respiratory distress or
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hypoxemia[197]. Lastly, documenting pulse oximetry readings, relevant clinical
information, and interventions in the patient's medical record is crucial. Accurate
records help track changes in oxygenation status, monitor treatment response, and
facilitate communication among healthcare providers[231]. By following these practical
guidelines, healthcare providers can optimize the effectiveness of pulse oximetry
monitoring in pediatric patients, leading to improved patient outcomes and better

quality of care.

Limitations of the study

While this review on pulse oximetry provides valuable insights into its advantages,
challenges, and guidelines for effective use, several limitations must be considered.
Firstly, the scope of the review may not encompass all aspects of pulse oximetry due to
the complexity and vastness of the topic, potentially overlooking certain limitations or
emerging issues. Additionally, publication bias could skew the findings, favoring
studies with positive results and neglecting others. The review’s date range may also
limit its inclusiveness of recent pulse oximetry technology and research advancements.
Furthermore, the generalizability of the review’s conclusions may be limited by
variations in healthcare settings, patient populations, and clinical practices. The quality
of included studies, bias in selection criteria, and language bias could further impact the
reliability and validity of the review’s findings. Additionally, heterogeneity among
included studies and potential conflicts of interest among authors may introduce
interpretation uncertainties. Lastly, incomplete accounting for confounding factors and
limitations of secondary data analysis could affect the robustness of the review’s
conclusions. Despite these limitations, acknowledging and addressing these potential
biases and uncertainties is essential for interpreting the review’s findings accurately and

guiding future research efforts in pulse oximetry.

Recommendations
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Based on the insights gleaned from this review study on pulse oximetry, several specific
recommendations emerge to optimize its utility and mitigate challenges in clinical

application.

Advancing technological innovation: Further research is urgently needed to explore
cutting-edge technologies and methodologies in pulse oximetry. This research should
aim to overcome current limitations, such as motion artifacts and inaccuracies, in
patients with compromised peripheral perfusion. Investing in studies assessing the
efficacy and reliability of pulse oximetry across diverse patient demographics and

clinical scenarios can yield evidence-based guidelines for optimal utilization.

Education and training initiatives: It is paramount to prioritize education and training
on pulse oximetry for healthcare professionals, caregivers, and patients. Specific
training programs should emphasize correct sensor placement, interpretation of
oximetry data, and appropriate responses to alarm signals. These initiatives are crucial
for fostering proficiency and awareness, which is essential for improved patient

outcomes.

Healthcare infrastructure and resource allocation: Healthcare systems and
policymakers should allocate resources to enhancing pulse oximetry infrastructure. This
includes ensuring access to supplemental oxygen, procuring reliable pulse oximetry
equipment, and implementing maintenance protocols. Overcoming logistical and
financial barriers to pulse oximetry adoption, particularly in resource-constrained

settings, is crucial for expanding its reach and efficacy in clinical practice.

Promoting interdisciplinary collaboration: Fostering interdisciplinary collaboration
among researchers, clinicians, engineers, and industry stakeholders is imperative for
driving innovation in pulse oximetry technology. Collaborative endeavors can lead to

the development of novel sensor designs, advanced signal processing algorithms, and
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telemonitoring solutions. These innovations are essential for addressing existing

limitations and effectively meeting evolving healthcare needs.

Continuous surveillance and quality assurance: Continuous surveillance and
evaluation of pulse oximetry practices are vital for ensuring accuracy, reliability, and
safety in clinical settings. Implementing stringent quality assurance protocols, including
regular audits, performance assessments, and feedback mechanisms, can identify areas
for improvement and support ongoing quality enhancement efforts.

By embracing these specific recommendations, healthcare stakeholders can enhance
the effectiveness, accessibility, and reliability of pulse oximetry monitoring. This
proactive approach ultimately advances patient care outcomes and ensures the optimal

use of pulse oximetry in clinical practice.

CONCLUSION

This comprehensive review underscores the pivotal role of pulse oximetry in modern
healthcare while illuminating its limitations, challenges, and potential solutions. Pulse
oximetry is a cornerstone technology for non-invasive SpO; and pulse rate monitoring,
offering invaluable real-time feedback crucial for timely clinical interventions.
However, the review elucidates various factors that can compromise the accuracy and
reliability of pulse oximetry readings, including motion artifacts, poor peripheral
perfusion, ambient light interference, and patient-specific factors such as skin
pigmentation and hemoglobin variants. Despite these challenges, the study provides
actionable recommendations to optimize pulse oximetry utilization, encompassing
technological advancements, education, healthcare infrastructure, interdisciplinary
collaboration, and quality assurance practices. By embracing these recommendations,
healthcare stakeholders can harness the full potential of pulse oximetry, ensuring its
efficacy, accessibility, and safety across diverse clinical settings. Ultimately, this review

serves as a call to action for continuous innovation, education, and quality
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improvement efforts to enhance pulse oximetry monitoring and advance patient care

worldwide.
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