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During the coronavirus disease 2019 (COVID-19) pandemic due to severe acute respiratory syndrome corona-
virus 2 (SARS-CoV-2) infection, patients presented with COVID-19 pneumonia of varying severity. The phenom-
enon of severe hypoxemia without signs of respiratory distress is also known as silent or hidden hypoxemia.
Although silent hypoxemia is not unique to pneumonia due to SARS-CoV-2 infection, this phenomenon is now
recognized to be associated with severe COVID-19 pneumonia. Proper management of critically ill patients is
the key to reducing mortality. Herein, we summarize the possible and rare factors contributing to silent hypox-
emia in patients with COVID-19. Microvascular thrombosis causes dead space ventilation in the lungs, and the
flow of pulmonary capillaries is reduced, which leads to an imbalance in the V/Q ratio. The dissociation curve
of oxyhemoglobin shifts to the left and limits the release of oxygen to the tissue. SARS-CoV-2 interferes with
the synthesis of hemoglobin and reduces the ability to carry oxygen. The accumulation of endogenous carbon
monoxide and carboxyhemoglobin will reduce the total oxygen carrying capacity and interfere with pulse ox-
ygen saturation readings. There are also some non-specific factors that cause the difference between pulse
oximetry and oxygen partial pressure. We propose some potentially more effective clinical alternatives and
recommendations for optimizing the clinical management processes of patients with COVID-19. This review
aims to describe the prevalence of silent hypoxemia in COVID-19 pneumonia, to provide an update on what
is known of the pathophysiology, and to highlight the importance of diagnosing silent hypoxemia in patients
with COVID-19 pneumonia.
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Patients with COVID-19 are Prone to Alkalosis

The clinical presentations of coronavirus disease-2019
(COVID-19), which is caused by severe acute respiratory syn-
drome coronavirus 2 (SARS-CoV-2), include fever, cough, fa-
tigue, shortness of breath, hypoxemia, and respiratory fail-
ure [1]. A small proportion of patients with COVID-19 require
hospitalization, of which some will require invasive mechani-
cal ventilation [2]. Radiologically, computed tomography of the
chest typically demonstrates bilateral ground-glass infiltration,
which may progress to widespread consolidation [3]. Respiratory
failure and hypoxemia are common clinical manifestations of
severe pneumonia secondary to COVID-19. In such cases, dis-
ease progression typically comprises a compensated hypoxic
phase, often with non-specific signs and symptoms. This phase
may be followed by decompensation and rapid deterioration
to severe respiratory failure, requiring invasive ventilation or
even extracorporeal membrane oxygenation (ECMO) rescue.
Therefore, the correct timing of respiratory support therapy is
critical. However, due to the special pathophysiological charac-
teristics of a very small number of COVID-19 patients, coupled
with the limitations of pulse oximetry, the clinician’s assessment
of the patient’s progress may be delayed, resulting in subopti-
mal treatment timing, greatly prolonging the patient’s hospi-
tal stay and increasing the hospitalization cost and mortality.

This review aims to describe the prevalence of silent hypox-
emia in COVID-19 pneumonia, to provide an update on what
is known of the pathophysiology, and to highlight the impor-
tance of diagnosing silent hypoxemia in patients with COVID-19
pneumonia.

Microvascular Thrombosis-Related
Hypoxemia in COVID-19 Patients

It is hypothesized that hypoxemia in COVID-19 is the result of
V/Q mismatch due to vascular pathology, especially in the ear-
ly stages. In this case, the loss of hypoxic pulmonary vascular
constriction is considered to be a mechanism. Microvascular
thrombosis has been fully demonstrated in the pathology of
COVID-19. This event may be due to inflammation in the fine
blood vessel network in the lungs, which triggers the acti-
vation of a series of proteins to promote blood clotting [4].
During this process, a dead space is formed in the lungs, and
the flow of pulmonary capillaries is reduced without affecting
ventilation, thus resulting in a higher V/Q ratio. However, be-
cause inflammation causes the production of inducible nitric
oxide synthase (iNOS), the release of nitric oxide (NO), and
local vasodilation, it is hypothesized that the obvious inflam-
matory process that occurs in COVID-19 will cause excessive
capillary perfusion. In the same lung, the spread of units with
different V/Q ratios can cause mismatch and hypoxemia [5].

Patients with COVID-19 may experience tissue hypoxia before
pulse oximetry drops. In patients with early stages of COVID-19
pneumonia, PaCO, is often reduced due to hyperventilation, re-
sulting in respiratory alkalosis, which shifts the oxyhaemoglobin
dissociation curve to the left, and limits oxygen release to the
tissue. This was confirmed in a retrospective study of patients
with COVID-19, comprising a centralized analysis of the medical
records of 113 deceased patients; among the 35 deceased pa-
tients with arterial blood gas (ABG) values, type | respiratory fail-
ure was present in 51% of patients, and respiratory alkalosis was
present in 40% of patients [6]. In patients with severe acid-base
imbalance, oxygen saturation should be corrected for pH, tem-
perature, and base excess, otherwise tissue hypoxia may occur
before an appreciable reduction in the pulse oximetry reading [7].

SARS-CoV-2 is Dependent on Porphyrins and
Attacks the 1-beta Chain of Hemoglobin

SARS-CoV-2 may affect the oxygen carrying capacity of hemo-
globin due to its unique structure and attack mode. By means
of conservative domain analysis, homologous modeling, and
molecular docking, it has been shown that viral proteins, such
as the open read frame (ORF) 8 protein and surface glycopro-
teins, can bind to porphyrin, whereas ORFlab, ORF10, and
ORF3a proteins can cooperate to attack the 1-beta chain of
hemoglobin and dissociate the iron ion from the heme mole-
cule. [6] These findings suggest that SARS-CoV-2 may interfere
with hemoglobin synthesis, as well as hemoglobin function.

Several studies have reported that hemoglobin levels in blood
samples from patients with COVID-19 are often decreased [6,9].
Another significant finding is that serum ferritin is elevated in
conjunction with mild anemia in patients with COVID-19 [9],
which could be explained by the fact that SARS-CoV-2 pro-
motes iron dissociation and inhibits hemoglobin synthesis,
resulting in serum iron accumulation. However, ferritin is also
an acute-phase protein representing a systemic non-specific
inflammatory response. More experimental data are needed
to demonstrate the underlying cause of the increase in serum
ferritin levels in COVID-19 patients.

Although not all studies support the theory that viral attacks
cause hemoglobin levels to drop [10], it is possible that SARS-
CoV-2 directly interferes with hemoglobin function and reduces
the oxygen carrying capacity in some patients. This phenom-
enon might not directly affect the accuracy of blood oxygen
saturation readings, but a drop in the total amount of hemo-
globin may cause healthcare workers to become overconfi-
dent in readings of oxygen saturation within the safe range,
which can lead to a reduction in vigilance against the severity
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Table 1. The arterial blood gas of a 37-year-old male patient diagnosed with COVID-19 was found to have undergone ECMO due to
silent hypoxemia despite being mechanically ventilated. Blood gas analysis showed that FCOHb was increased, and Sa0O, was

significantly lower than SpO.,.

Pre-ECMO
SpO, (%) 95%

On-ECMO Normal range

K* (mmol/L)

COVID-19 - coronavirus disease-2019; ECMO - extracorporeal membrane oxygenation; SpO, — pulse oximetric oxygen saturation;
Sa0, — arterial oxygen saturation; FCOHb - fraction of carboxyhaemoglobin; pCO, — partial pressure of carbon dioxide; pO, - partial
pressure of oxygen; Hb — hemoglobin; FMetHb — fraction of methemoglobin.

of tissue hypoxia. In contrast to that noted in patients with
long-term chronic anemia, acute hemoglobin reduction due to
a viral attack decreases the reserve capacity of oxygen delivery.
Within the same safe reading range, patients with COVID-19
could be less tolerant of hypoxia than patients with long-term
chronic anemia. It has also been proposed that the higher av-
erage hemoglobin level in men than in women may contrib-
ute to the higher risk of symptomatic disease in me. [6, 9-11].

Endogenous Carbon Monoxide and
Carboxyhaemoglobin Accumulation in
Patients with Severe COVID-19

Endogenous carbon monoxide (CO) production and carboxyhe-
moglobin levels are increased in patients with severe COVID-19.
CO binds to hemoglobin with an affinity 210 times greater
than that of oxygen, and significant carboxyhemoglobinemia
can therefore reduce the total oxygen carrying capacity, inter-
fering with oxygen saturation readings. Unlike CO poisoning,
most CO in patients with COVID-19 is produced by endogenous
pathways. The heme oxygenase (HO)/CO system in the human
body is the most important pathway for the production of en-
dogenous CO [12]. HO-1 degrades heme, produces CO and bil-
iverdin, and releases iron [13]. Oxidative stress, hypoxia, heavy
metals, sodium arsenite, haem and haem derivatives, various
cytokines, and exogenous CO can all induce the production
of endogenous CO by increasing HO-1 expression and activi-
ty [14]. Increases in endogenous CO levels have been observed

in the ABG results from patients with COVID-19 pneumonia,
and more attention and clinical data are needed to confirm
the relevance of this indicator to the progression of COVID-19.

An increase in endogenous CO levels is often regarded as a bio-
logical marker of oxidation and inflammation; increases in car-
boxyhaemoglobin levels have been observed in many diseases
that cause increased levels of bacterial or aseptic inflamma-
tion and tissue damage, such as bronchial asthma, pneumo-
nia, idiopathic pulmonary fibrosis, pyelonephritis, active rheu-
matoid arthritis, diabetes, and coronary heart disease [15]. As
mentioned above, SARS-CoV-2 may increase carboxyhemoglo-
bin levels by increasing the destruction of red blood cells and
hemoglobin metabolism, and the consequent storm of inflam-
mation further facilitates this process.

Venovenous ECMO (VV-ECMO) is used as a rescue treatment
for critical patients with COVID-19 when acute respiratory fail-
ure does not respond to invasive ventilation. Hemolysis during
VV-ECMO is common due to the high velocity blood flow and
formation of blood clots in the circuit. Heme molecules from
damaged red blood cells are broken down into free iron, bil-
iverdin, and CO by hemoxygenase. In patients on VV-ECMO,
CO and carboxyhaemoglobin accumulate. As noted in a com-
parison of ABG results in a patient with COVID-19 before and
after using VV-ECMO (Table 1), the fraction of carboxyhaemo-
globin (FCOHb) increased from 7.1% to 8.3% over a 40-hour
period. The reliability of pulse oximetry would decrease due
to carboxyhemoglobin interference [16].
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In addition, increased CO production and carboxyhemoglo-
binemia are often observed in patients with pneumonia [17].
CO is mainly eliminated from the body through alveolar gas
exchange and oxidation to CO,, which are both impaired in pa-
tients with COVID-19 due to respiratory function decline [18].

Other Non-Specific Factors Causing the
Discrepancy Between Pulse Oximetric Oxygen
Saturation and the Partial Pressure of
Oxygen

Pulse oximetry is a part of standard non-invasive ward-based
observations. It measures the tissue absorption of 660 nm and
940 nm light, and detects the variation in absorbance caused
by pulsatile arterial flow. The variation is then used to esti-
mate the arterial oxygen saturation based on the Beer-Lambert
law [19]. Although it is easy to administer and many studies
support a high correlation between pulse oximetric oxygen sat-
uration (Sp0,) and partial pressure of oxygen (Pa0,), SpO, oc-
casionally does not reflect the findings from ABG analyses and
the clinical condition in COVID-19 pneumonia [20-22]. A sin-
gle-center retrospective study found that the ratio of SpO, to
the fraction of inspiratory O, (FiO,) more effectively indicated
an increased risk of death in mechanically ventilated children
compared with the PaO,/FiO, ratio [23]. Additionally, both an-
imal and human experiments suggest that SpO, is not a good
indicator of the oxygenation of the detected object. SpO, over-
estimates arterial oxygen saturation (Sa0,) readings, especial-
ly in cases of hypoxemia. Thus, SpO, might be too muted to
allow the degree of impairment in oxygenation status to be
judged by the decline in Sp0O, [24,25]. In addition, pulse ox-
imetry recordings are typically performed on the extremities,
and poor peripheral perfusion can interfere with SpO, moni-
toring accuracy. Therefore, this rare situation can occur in in-
dividual patients with signs of arterial blood hypoxemia and
signs of respiratory distress, but the peripheral pulse oxime-
ter may remain within the normal range. Relying on bedside
pulse oximetry monitoring may delay the recognition of im-
pending respiratory failure in these patients until it is too late
for the best rescue treatment.

COVID-19 Monitoring and Treatment
Optimization

The purpose of this review is to analyze the causes of silent
hypoxemia in a small number of COVID-19 patients. Therefore,
we analyzed each possible factor separately without empha-
sizing that any factor is the dominant factor. Due to the rea-
sons outlined above, a reduction in the pulse oximetry read-
ing is often a late sign of clinical deterioration and is often
associated with significant mortality and morbidity [26]. The
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possible limitations of pulse oximetry in critical monitoring of
COVID-19 patients should be considered, and clinical evalua-
tions should focus on assessing the progression of signs and
symptoms, such as shortness of breath, fatigue, and an in-
ability to move and eat. The respiratory rate may be a more
sensitive observation parameter in detecting deterioration.

ABG remains the most reliable method to evaluate oxygen-
ation. Personal protective equipment used by health care pro-
fessionals, such as heavy gowns, face shields, and gloves, re-
duces the manual dexterity necessary for bedside procedures.
This increases the difficulty of arterial blood sample collection
and creates a barrier to regular ABG monitoring. This informa-
tion should be taken into account, and extra resources may
need to be allocated to ensure that samples are taken promptly.

In the emergency department, signs of respiratory distress are
sensitive and reliable criteria for patient triage; for patients
with suspected severe disease, prompt ABG analysis is indi-
cated. When making decisions on the level of care required,
physicians should not rely exclusively on pulse oximetry. Ward-
based early warning systems also need to be adapted to take
this information into account. The respiratory rate should be
monitored regularly, and tachypnea may warrant prompt es-
calation. In patients who are at risk of deterioration, frequent
ABG analysis may be required to reliably assess oxygenation.
Other early warning indicators for severe and critical disease
include rapidly declining lymphocyte count, increasing serum
lactate levels, and progression of radiological changes. The de-
cision to start oxygen therapy should be made based on the
clinical impression, ABG analysis, and lung imaging, and oxy-
gen therapy should be titrated based on regular ABG analysis.

Patients who do not respond adequately to oxygen therapy
should be promptly assessed, and decisions regarding an esca-
lation of respiratory support should be made early. The choice
of treatment is based on FiO,, PaO,, current respiratory support,
and the patient’s overall clinical state. A normal pulse oximetry
reading does not exclude the need for escalating respiratory
support and critical care admission. For patients receiving re-
spiratory support or ECMO in the critical care setting, regular
arterial samples should be obtained (preferably using an arte-
rial catheter) to accurately assess the response to treatments.

Conclusions

Severe hypoxemia without signs of respiratory distress is also
known as silent or hidden hypoxemia. Silent hypoxemia is now
recognized to be associated with severe COVID-19 pneumo-
nia. This review has highlighted that clinicians who are man-
aging patients with COVID-19 pneumonia need to be vigi-
lant for the presence of silent hypoxemia. Therefore, signs
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and symptoms of shortness of breath in patients with severe
COVID-19 pneumonia should alert the clinician to the possi-
bility of silent hypoxemia and tissue hypoxia. Clinical evalua-
tion should be modified such that the diagnosis of silent hy-
poxemia is not delayed or missed.
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