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Oxygen delivery is dependent on pulmonary gas exchange, cardiac
output, blood oxygen-carrying capacity, and tissue oxygen
extraction. Reduction in oxygen delivery or higher oxygen con-
sumption can initiate complex protective cellular processes
precipitating oxygen debt. In critically ill and potentially surgical
patients, stress and consequent hormonal or metabolic changes
can trigger oxygen debt which is associated with worse morbidity
and mortality. Increase in oxygen delivery by augmenting cardiac
output or by increasing fraction of inspired oxygen (FiO2) can help
reduce oxygen debt. However, the extent of oxygen debt in an
individual patient is poorly defined and difficult to measure.
Furthermore, large heterogeneity in clinical trials assessing out-
comes benefit of increasing oxygen delivery limits our ability to
recommend goal directed fluid therapy aimed at increasing cardiac
ouput or higher FiO2. To understand and prevent oxygen debt in
critically ill and surgical patients, we need to develop continuous
monitoring techniques to assess the balance of oxygen delivery
and consumption. Furthermore, methods of increasing oxygen
delivery like goal-directed fluid therapy, higher FiO2 and anemia
prevention should be rigorously evaluated with focus on estab-
lishing outcomes benefit.
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Oxygen physiology

Human body uses a combination of aerobic and anaerobic process to power vital cellular processes.
Although energy production is mostly oxygen-dependent or aerobic, at the time of increased demand,
energy can be generatedwithout oxygen through anaerobic process. Cellular energy is stored in the form
of adenosine triphosphate (ATP) molecules which can liberate up to 12 Kilocalories per mole to fuel vital
cellular processes like muscle contraction. Overall, ATP is generated by the combustion of (1) carbohy-
dratesdin the cell mitochondria through the aerobic citric acid or Krebs cycle, and in the cell cytoplasm
through the anaerobic process of glycolysis; (2) fatty acidsdin the cell mitochondria by beta-oxidation;
(3) proteinsdby degradation of the amino acids to intermediate compounds of the citric acid cycle.
Normally, excessATPs are converted into phosphocreatinewhich serves as indirect energy storehouse and
can be converted back to ATP when needed [1]. Thus, when energy demand increases, various mecha-
nisms are available to use stored energy and to increase energy production. However, most processes are
oxygen-dependent and require higher oxygen delivery which in turn is dependent on pulmonary gas
exchange, cardiac output, blood oxygen-carrying capacity, and tissue oxygen extraction. Oxygen delivery
equation informs increasing cardiac output is an effective measure to improve oxygen delivery.

Oxygen delivery equation

DO2 ¼ CO x (Hb x SaO2 x 1.34) þ PaO2 x 0.003

DO2, oxygen delivery L/min; CO, cardiac output; Hb, hemoglobin; SaO2, arterial oxygen saturation;
PaO2, partial pressure of oxygen.

Oxygen debt

Reduction in oxygen delivery or higher oxygen consumption can initiate complex protective cellular
processes precipitating oxygen debt. Essentially, process of ATP generation is changed. For example,
during exercise, within few seconds, skeletal muscles start using anaerobic processes to release energy
from phosphocreatine depleting phosphocreatine stores. Through the process of anaerobic glyco-
genolysis, glycogen is converted to pyruvate which in turn gets converted to lactate resulting in lactic
acidosis. This process is reversed at rest where additional oxygen is used to replenish phosphocreatine
stores and to convert most lactate back to glucose. This extra oxygen use is called repaying the oxygen
debt.

During shock [2], hypoperfusion decreases oxygen delivery to the tissue stimulating anaerobic
metabolism and creating oxygen debt. Lactate accumulation during hypoxia is a marker of poor
perfusion and a time to normalize serum lactate is a prognostic factor for survival in trauma patients
[3e6]. Similarly, reduction in blood lactate levels during the course of septic shock [7] or hemorrhagic
shock [8] can predict better outcomes. Therefore, increasing oxygen delivery to the tissue is a key
component of shock management. However, despite decades of research, effective methods to oxygen
delivery that results in clinical outcome improvement is uncertain. To increase oxygen delivery, we can
either increase inspired oxygen concentration, hemoglobin concentration, or cardiac output. However,
oxygen toxicity and harmful effects of blood transfusions limit the use of high inspired oxygen con-
centration or liberal blood transfusion. For example, a recent Cochrane review concluded that high
oxygen delivery in intensive care unit (ICU) patients may increase mortality [9]. Hence, a reasonable
strategy is to increase oxygen delivery tomaximize cardiac output, by keeping stroke volume at the flat
portion of pressure volume left ventricular curve and is the basis of goal-directed fluid therapy.

In otherwise healthier surgical patient population, the need for higher oxygen delivery is unclear.
Proponents argue that higher or supra-normal oxygen tension is needed in tissues to improve wound
healing [10], but in a recent randomized trial involving colorectal surgery patient Eighty percent of
inspired oxygen failed to reduce surgical site infection compared with 30% inspired oxygen [11]. It is
customary to maintain fraction of inspired oxygen (FiO2) between 40 and 60%, which helps decrease
episode of desaturation without much atelectasis [12]. Surgical stress leads to activation of complex
metabolic and hormonal responses leading to increase oxygen consumption [13]. However, modern
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anesthesia techniques can help to decrease the stress response. Thus, overall oxygen consumption
during surgery and in the postoperative period is quite variable. However, hypotension and hypo-
volemia can decrease the perfusionwhich in turn decrease the oxygen delivery to vital organs creating
oxygen debt. Therefore, we need to understand the oxygen requirement and consumption of individual
surgical patient in perioperative period.

Factor affecting oxygen delivery

The partial pressure of oxygen in lungs is around 104 mmHg and drops to 5e40 mmHg in the
tissue cells, where 1e3mmHg is enough to support normal cellular function. The higher body oxygen
demand, for example, during exercise, is met by (a) increasing oxygen uptake up to 7-fold by
expanding lung capillaries, (b) increasing cardiac output up to 3-fold (Fig. 1). Thus, we can increase
oxygen delivery by 20-folds when oxygen demand increases [14]. We do have a good margin of safety
for appropriate oxygen delivery, but it does require adequate blood flow to the capillaries where the
tissue uptake of oxygen occurs. Increasing FiO2 is a reasonable strategy to increase oxygen delivery,
but higher FiO2 can cause atelectasis [12] and oxygen toxicity [15]. The harmful effects of higher
oxygen delivery are pronounced at the extremes of ages. Also, the benefit of higher FiO2 can vary by
clinical setting and assessed outcomes. For example, in colorectal surgery using 80% FiO2 reduced the
risk of surgical site infection compared with 30% FiO2 [10]. Also, the benefit of oxygenation depends
on comorbid condition. In hemorrhagic swine model with preexisting coronary artery disease
hyperoxia was beneficial [16]. However, in critically ill patients, higher FiO2 increased the theoretical
risk of oxidative injury [17] and mortality. Recent trials do not support higher FiO2 in critically ill
patients. For example, in adult receiving mechanical ventilation in critical care unit, ventilator-free
days did not improve with lower FiO2 [18]. Also, in patients with adult respiratory distress syn-
drome, conservative oxygen therapy failed to improve survival [19]. Therefore, higher FiO2 to
improve oxygen delivery should be carefully used in surgical and critically ill patients.

Hemoglobin is the carrier for most (97%) of oxygen movement from lungs to tissue. Anemia can
adversely affect oxygen delivery. During surgery, transfusion of a pack of red blood cell is recommended,
only if hemoglobin is < 7 g/dl. However, blood transfusion is not always harmless and transfusion if he-
moglobin is > 10 g/dl is recommended [20]. Thus, hemoglobin should be optimized for optimal oxygen
delivery.
Fig. 1. Effect of blood flow and rate of oxygen consumption on tissue Po2. [Adapted from Figure 41e4. Transport of Oxygen and
Carbon Dioxide in Blood and Tissue Fluids. Guyton and Hall Textbook of Medical Physiology. Hall, John E., PhD; Hall, Michael E., MD,
MS. Published December 31, 2020. Pages 521e530. © 2021].
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Alternatively, higher cardiac output can increase the oxygen delivery. Increasing cardiac output or
maximizing stroke volume is the primary principle of goal-directed or individualized fluid therapy.
According to Frank Starling's pressureevolume curves, maximal stroke volume is achieved by
increasing preload. Preload is estimated using mean systemic filling pressure or central venous pres-
sure or left ventricular end-diastolic pressure. In patients with sepsis or septic shock, clinical outcomes
did improve by optimizing central venous pressure, mean arterial pressure, and central venous oxygen
saturation [21]. This led to the development of numerous goal-directed fluid therapy protocols using
various invasive and non-invasive monitoring technologies. Despite two decades of work, true benefits
of goal-directed fluid therapy are not known because of high heterogeneity of clinical evidence (Fig. 2).

Factors affecting oxygen uptake

At the tissue level, despite adequate FiO2, various physio-chemical factors affect the availability of free
oxygen to the tissues. Duringhypercapnia, acidosis, hyperthermia and increasing2,3-biphosphoglycerate,
the hemoglobin oxygen dissociation curve shifts to right, delivering more oxygen to the tissues. Vascular
tone and permeability is affected by drugs or disease state and may affect oxygen diffusion [22]. For
example, in sepsis, increased vascular permeability and reduced tone cause tissue edemaand limitoxygen
diffusion.

Tissue may not be able to utilize oxygen, whereas during carbon monoxide poisoning and
methemoglobinemia blood oxygen-carrying capacity is reduced. The oxygen requirement may in-
crease under anesthesia, surgery, and during critical illness. While the oxygen consumption is reduced
under general anesthesia, recovering to baseline or even increasing in postoperative period [23].
During the use of anesthesia, oxygen extraction in tissues is reduced, necessitating higher delivery [24].
Overall, it is uncertain if some or all surgical patients require supra-normal oxygen delivery in peri-
operative period. This uncertainty may explain the reported variability in treatment effect with
numerous goal-directed fluid therapy protocols, which primarily rely on maximizing stroke volume
and thus oxygen delivery. Nonetheless, intraoperative tissue hypoxia is associated with worse out-
comes and should be avoided [25,26].

Older patients with many comorbid conditions are at higher risk of imbalance between oxygen
delivery and requirement. Many disease states limit oxygen uptake, for example, in chronic obstructive
lung disease. Due to physiological shunt and dead space in lungs, 10-fold reduction in oxygen uptake
can happen. There are also other diseases, such as congestive heart failure and peripheral vascular
disease, limit oxygen delivery. Thus, sicker patient aremore sensitive to changes in oxygen delivery and
may seem to benefit from higher oxygen delivery and goal-directed therapy.
Fig. 2. Strategies for performing successful goal-directed fluid therapy investigations.
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Goal-directed fluid therapy

Optimizing FiO2, hemoglobin, and cardiac output will improve oxygen delivery and can help in
decreasing the oxygen debt. However, the benefit of oxygen therapy [15,18,19] and red blood cell
transfusion [27,28] are not universal. Fluid responsiveness assessment, defined by the stroke volume
increase in response to a fluid bolus, can help achieve optimal stroke volume and cardiac output. Fluid
therapy goal is met when there is no or minimal increase in stroke volume in response to a fluid bolus.
The higher stroke volume will increase oxygen delivery, if tissue oxygen uptake, FiO2, hemoglobin, and
heart rate are constant.

In critically ill patients, there is evidence of benefit from goal-directed fluid therapy [29,30]. For
example, in patient who were admitted to critical care unit following major abdominal surgery, Jhanji
et al. demonstrated that improving stroke volume with low-dose inotropic support helped to increase
global oxygen delivery, microvascular flow, and tissue oxygenation [31]. The question is do otherwise
healthy surgical patients have oxygen debt or the need for higher oxygen delivery? In elective major
non-cardiac surgery patients, lower tissue oxygen saturation is associated with postoperative com-
plications. However, the median tissue oxygen saturation in these surgical patients was similar to
healthy volunteer [25]. Nonetheless, in review of 31 studies of 5292 major surgical patients, despite
heterogeneity of included studies, strategies to increase global blood flow did not reduce mortality, but
reduced the risk of renal failure, respiratory failure, and wound infections [32]. Currently, high-quality
evidence to support for increasing global blood flow during surgery is limited.

Let's examine three contemporary trials. OPTIMIZE, optimization of cardiovascular management to
improve surgical outcome; FEDORA, esophageal Doppler monitor-guided goal-directed hemodynamic
therapy; OPVI, optimization of plethysmographic variability index are the three recent goal-directed
fluid therapy trials (Table 1) producing inconsistent results. Variability in the trial design, moni-
toring technology, interventions, patient population, and studied outcomes are few of the reasons for
conflicting conclusions (Fig. 2).

Adherence to goal-directed fluid therapy protocol is a huge challenge. Implementation is difficult
due to the variation in the technology, complex hemodynamic parameters, and the weak clinician's
response. Automation of goal-directed fluid therapy protocols is emerging and may help improve the
implementation. Only few open-loop decision support systems are available; like Assisted Fluid
Table 1
Summary of recent goal-directed fluid therapy trials. OPTIMIZE, optimization of cardiovascular management to improve surgical
outcome; FEDORA, esophageal Doppler monitor-guided goal-directed hemodynamic therapy; OPVI, optimization of plethys-
mographic variability index.

OPTIMIZE (N ¼ 734) FEDORA (N ¼ 450) OPVI (N ¼ 447)

Population Adults >50 years having
major gastrointestinal
surgery

Adults having major
elective surgery

Adults having elective
orthopedic surgery

Design Prospective, multicenter,
randomized, observer-
blinded trial

Prospective, multicenter,
randomized, parallel-
group, observer-blind trial

Prospective, multicenter,
randomized, nonblinded
parallel-group clinical trial

Technology LiDCOrapid Esophageal Doppler Plethysmographic
variability index forehead
sensor

Intervention Maintain maximal stroke
volume

Maintain maximal stroke
volume

Maintain plethysmographic
variability index under 13%

Primary outcome Moderate or major
complications and
mortality during 30 days

Moderate or severe
postoperative
complications during 180
days

Postoperative hospital
length of stay

Control group 43% 16.6% 6 days
Intervention group 36% 8.6% 6 days
Statistical test No difference GDT better No difference
Clinical significance GDT better? GDT better? No difference
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Management software that can automate the assessment of fluid responsiveness and predict the
response to fluid bolus [33]. But the safety and effectiveness of automated solutions need to be studied
further in larger trials.

Novel intravenous fluids, like Oxsealife, can increase blood oxygen-carrying capacity in hemor-
rhagic shock and show promise in early animal studies [34]. Tissue oxygen saturation monitoring can
assess the effect of goal-directed fluid therapy andmay help in clinical decision-making [35]. However,
we need to evaluate whether titrating hemodynamic management to optimize tissue oxygen satura-
tion will actually improve outcomes.

Summary

Oxygen is an essential component for cellular respiration, and mismatch in oxygen supply and
demand creates oxygen debt. Optimizing FiO2, blood hemoglobin level and cardiac output are key
strategies to manage oxygen debt. The goal of treatment differ based on underlying pathophysiological
state of surgical or critically ill patients. Large trials specific to clinical setting with focus on the use of
risk stratification, validated technology, validated intervention protocols, and the assessment of clin-
ically meaningful difference in biological plausible outcomes are needed.
Declaration of Competing Interest
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Practice point

� Optimizing perfusion and oxygen delivery is a complex task. Understanding pathophysi-
ology and data from various sources, including laboratory, physiologic monitoring can help
make informed decision. In addition to the standard American Society of Anesthesiologists
monitors; continuous arterial pressure monitoring, blood lactate, blood hemoglobin, tissue
oxygen saturation, and advanced hemodynamic parameters like stroke volume and cardiac
output can help in clinical decision-making.

� In general, maintaining blood pressure within 20% of baseline or mean arterial pressure
>65 mmHg; cardiac output within 10% of baseline; fraction of inspired oxygen between 40
and 60% and keeping hemoglobin level above 7e8 g/dL is suggested to maintain perfusion
and oxygen delivery. However, evidence is limited, and clinicians should individualize ther-
apy as per patient's requirements.

Research agenda

� Develop and evaluate, invasive and non-invasive, techniques to continuously monitor oxy-
gen delivery, consumption, and debt in critically ill and surgical patients.

� To provide individualized care, develop and evaluate automated algorithms that analyze
complex interaction of different advanced hemodynamic parameters rather than single
parameter.

� Develop and evaluate methods to decrease oxygen debt in critically ill and surgical patients
and assess the effect on specific outcomes like infection risk, myocardial injury, kidney injury,
and brain injury.

� Evaluate the value (outcome/cost) of advanced hemodynamic monitoring, before wide-
spread adoption.
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