
Physiology of starvation, 
exercise and stress 
response
Fazil M Madathanattu Poyil 

Sandip Junghare

Abstract
Understanding the physiological effects of starvation is highly impor
tant in critical care and anaesthesia for two major reasons. First, it 
aids in the recognition and management of patients with significant 
malnutrition, including the identification and prevention of refeeding 
syndrome. Second, it helps clinicians balance the risks and benefits 
of preoperative fasting, particularly as modern enhanced periopera
tive care pathways increasingly advocate perioperative carbohydrate 
loading.

Physiological changes occurring during the stress response have 
wide-ranging implications involving multiple organ systems. In 
response to stress, the hypothalamus initiates a cascade of neuroen
docrine and metabolic changes that, although protective initially, can 
significantly disrupt normal physiological function. Therefore, strate
gies aimed at minimizing the stress response are crucial in the man
agement of perioperative and critically ill patients, especially in 
conditions such as trauma, burns, and severe critical illness.

Physiological adaptations occur during anticipation of exercise, 
throughout exercise itself, and during the recovery period. A patient’s 
exercise tolerance is closely associated with improved postoperative 
outcomes, as it reflects their cardiopulmonary reserve. The level of 
physical training should therefore be considered during anaesthetic 
assessment and perioperative management, since trained athletes 
often demonstrate physiological characteristics that differ signifi
cantly from those of sedentary individuals.
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Starvation

Starvation is defined as the behavioural, physical, and metabolic 

changes that occur as a result of failure to ingest or absorb suf

ficient dietary calories to maintain normal body function.

During starvation, the body becomes dependent on endoge

nous energy stores. The principal physiological priority is the 

maintenance of plasma glucose concentration, as certain tissues, 

particularly the brain and red blood cells (RBCs), are highly 

dependent on glucose for normal function.

Biochemical changes during starvation

These changes can be broadly divided into:

• changes during the first 24—48 hours

• changes over the next few days

• changes over the next few weeks.

Changes during the first 24—48 hours
• A fall in plasma glucose concentration stimulates an in

crease in glucagon secretion. Glucagon promotes hepatic 

glycogenolysis, resulting in the breakdown of liver 

glycogen stores to release glucose into the circulation. He

patic glycogen stores are typically depleted within 48 hours.

• The reduction in plasma glucose concentration is accom

panied by a fall in plasma insulin levels. The combination 

of low insulin and elevated glucagon stimulates lipolysis, 

leading to the breakdown of stored triglycerides into free 

fatty acids and glycerol.

• Free fatty acids undergo β-oxidation, which provides the 

major energy source during the early phase of starvation. 

Increased β-oxidation also leads to accumulation of acetyl- 

CoA, promoting ketone body formation.

Changes over the next few days
• Gluconeogenesis increases, utilizing substrates such as 

glycerol, lactate, and amino acids.

• Ketone body synthesis increases further as plasma insulin 

concentrations continue to fall.

Changes over the next few weeks
• Peripheral tissues gradually adapt to utilize ketone bodies 

as an energy source. Consequently, the requirement for 

gluconeogenesis decreases, while plasma ketone concen

trations rise.

• Since the brain still requires a minimum glucose supply, 

gluconeogenesis continues at a reduced rate. Substrates 

include glycerol derived from lipolysis and amino acids 

released from skeletal muscle.

Learning objectives

After reading this article, you should be able to:

● understand the physiological changes that occur during starva

tion and apply this knowledge in relevant clinical settings

● understand the implications of the stress response in anaes

thetic and intensive care practice, including strategies to miti

gate its acute and chronic effects

● understand the basic principles of exercise physiology and their 

wider applications in anaesthetic practice, including interpreta

tion of cardiopulmonary exercise test parameters
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Additional physiological changes during starvation
• Energy expenditure is reduced by minimizing unnecessary 

physical activity. In severe starvation, only essential life- 

preserving movements are maintained.

• Sympathetic nervous system activity decreases, resulting 

in impaired thermoregulation and blood pressure control 

in advanced starvation states.

Late starvation and cause of death

In a 70 kg adult male, triglyceride stores are generally depleted 

after approximately 40—60 days of starvation. Once fat stores 

become exhausted, skeletal muscle protein catabolism acceler

ates to provide amino acids for gluconeogenesis.

Progressive skeletal muscle wasting includes respiratory 

muscle loss, impairing cough effectiveness and secretion clear

ance. This predisposes to chest infections and pneumonia, which 

is a common terminal event in prolonged starvation.

Refeeding syndrome

Refeeding syndrome refers to the metabolic and electrolyte dis

turbances that occur when nutritional support is reintroduced 

following a prolonged period of reduced or absent caloric intake.

During starvation, protein and fat catabolism result in signif

icant total body phosphate depletion. When carbohydrates are 

reintroduced, insulin secretion increases while glucagon secre

tion decreases. Insulin promotes cellular uptake of glucose 

through the sodium—potassium adenosine triphosphatase 

(ATPase) pump, accompanied by intracellular movement of po

tassium, magnesium, and phosphate. Water subsequently fol

lows by osmosis into the cells.

These intracellular shifts lead to reductions in serum phos

phate, potassium, and magnesium concentrations, which may 

result in serious and potentially fatal complications. Clinical 

manifestations include cardiac arrhythmias, heart failure, vom

iting, weakness, rhabdomyolysis, respiratory failure, ataxia, 

delirium, coma, central pontine myelinolysis, seizures, Wernicke 

encephalopathy, liver failure, acute tubular necrosis, haemolysis, 

anaemia, and thrombocytopenia.

Careful risk assessment is therefore essential before recom

mencing nutritional support in malnourished patients. In

vestigations should assess for hypophosphataemia (<0.6 mmol/ 

litre), hypokalaemia (<3.5 mmol/litre), hypomagnesaemia (<0.7 

mmol/litre), hyperglycaemia, thiamine deficiency, and trace 

element deficiencies.

Management involves cautious and gradual nutritional 

replacement combined with controlled fluid therapy, electrolyte 

correction, vitamin supplementation, particularly thiamine, and 

close biochemical and clinical monitoring.

Clinical relevance in anaesthetic care

One of the important components of enhanced perioperative care 

is perioperative carbohydrate loading. Patients can consume 

carbohydrate-rich drinks up to 2 hours before surgery, which is 

associated with reduced perioperative insulin resistance and less 

postoperative loss of muscle mass, without increasing the risk of 

aspiration. Carbohydrate loading helps maintain higher serum 

insulin levels, producing a protein-sparing effect and thereby 

reducing catabolism during the perioperative period.

Anorexia nervosa: anaesthetic implications
• Respiratory: recurrent vomiting and purging may result in 

metabolic alkalosis, which is compensated for by hypo

ventilation and bradypnoea.

• Cardiovascular: reduced sympathetic outflow commonly 

causes hypotension and bradycardia. Electrolyte distur

bances may produce ECG abnormalities and increase the 

risk of perioperative arrhythmias. Impaired myocardial 

contractility, combined with excessive fluid administra

tion, can precipitate cardiac failure.

• Gastrointestinal: gastric emptying is often delayed. There

fore, patients with severe anorexia nervosa should be 

considered at increased risk of aspiration, and rapid sequence 

induction may be indicated where appropriate. Refeeding 

syndrome is also an important perioperative concern.

• Renal/electrolytes: electrolyte abnormalities, particularly 

hypokalaemia, hypomagnesaemia, hypocalcaemia, and 

hypochloraemia, are common, especially in patients mis

using diuretics or laxatives.

• Thermoregulation: patients are predisposed to periopera

tive hypothermia. Increased ambient theatre temperature 

and active warming measures may therefore be required.

• Positioning: careful positioning and adequate padding are 

important to minimize the risk of pressure sores and periph

eral nerve injury because of reduced muscle and fat mass.

• Pharmacological considerations: drug dosing may need 

adjustment because reduced plasma protein concentra

tions increase the free fraction of many drugs, while 

impaired organ function may reduce drug clearance. 

Hypokalaemia and hypocalcaemia may prolong the effects 

of neuromuscular blocking agents.

Stress response

The stress response is a complex neuroendocrine reaction to 

physiological insults such as trauma, burns, surgery, or critical 

illness. It is associated with metabolic changes and activation of 

the immunological and haematological systems.

Signals from the autonomic nervous system and sensory 

afferent pathways from the site of injury, together with local 

inflammatory mediators such as interleukin (IL)-6, interferons, 

and tumour necrosis factor, are relayed to the hypothalamus 

following injury or physiological stress. In response, the hypo

thalamus increases sympathetic nervous system outflow and 

stimulates the pituitary gland (Figure 1).

Increased sympathetic activity produces several physiological 

effects including increased secretion of adrenaline and noradren

aline, increased renin release leading to aldosterone secretion, 

increased glucagon secretion, and reduced insulin secretion.

Stimulation of the pituitary gland results in release of adre

nocorticotropic hormone (ACTH), which promotes cortisol 

secretion from the adrenal cortex; antidiuretic hormone (ADH), 

which increases water reabsorption in the renal collecting ducts; 

and growth hormone, which influences carbohydrate, fat, and 

protein metabolism and helps limit muscle catabolism.

Metabolic effects of the stress response
Carbohydrate metabolism: low insulin levels together with 

increased concentrations of glucagon, catecholamines, cortisol, 

and growth hormone lead to increased glycogenolysis and 
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gluconeogenesis, resulting in hyperglycaemia. The degree of 

hyperglycaemia is usually proportional to the severity of trauma 

or physiological stress.

Protein metabolism: a negative nitrogen balance develops, in 

which nitrogen excretion exceeds nitrogen intake. This occurs 

due to skeletal muscle catabolism, providing amino acids as 

substrates for gluconeogenesis and acute phase protein synthe

sis. Cortisol promotes protein breakdown, whereas growth hor

mone helps limit excessive skeletal muscle catabolism.

Fat metabolism: increased lipolysis and subsequent ketogenesis 

occur during the stress response. This is mediated by high 

glucagon, catecholamine, cortisol, and growth hormone levels 

together with reduced insulin concentrations.

Clinical relevance of the stress response
Cardiovascular system: increased catecholamine and angio

tensin II levels result in peripheral vasoconstriction, hypertension, 

and tachycardia. These changes increase myocardial oxygen de

mand and cardiac workload, which may precipitate myocardial 

ischaemia or myocardial infarction in susceptible individuals.

Hyperglycaemia: reduced insulin levels together with increased 

glucagon, cortisol, catecholamines, and growth hormone con

centrations contribute to hyperglycaemia. This is associated with 

impaired wound healing, increased risk of wound and nosoco

mial infections, critical illness polyneuropathy, and a greater 

likelihood of requiring renal replacement therapy.

Protein catabolism: major surgery can result in skeletal muscle 

loss of approximately 0.5 kg/day. This contributes to 

postoperative immobility and increases the risk of venous 

thromboembolism. Severe muscle catabolism may also lead to 

postoperative respiratory failure and cardiac arrhythmias.

Electrolyte and fluid disturbances: increased aldosterone and 

cortisol activity cause sodium and water retention with increased 

potassium excretion. Resulting hypokalaemia may cause muscle 

weakness, ileus, and cardiac arrhythmias. Excessive fluid reten

tion can precipitate left ventricular failure, wound breakdown, 

and anastomotic leakage.

Coagulation: the stress response promotes a procoagulant state, 

contributing to an increased risk of deep vein thrombosis and 

pulmonary embolism.

Immune function: elevated cortisol levels suppress immune 

function and increase susceptibility to infection and other 

pathogens.

Ways to reduce the stress response: anaesthetic 
perspective

1. Neuraxial blockade (epidural and spinal anaesthesia): 

preoperative neuraxial blockade attenuates the stress response 

by blocking afferent neural input from the site of injury, 

particularly with thoracic and lumbar epidural anaesthesia. It 

is also associated with reduced postoperative ileus, improved 

analgesia, and a lower risk of thromboembolism.

2. Systemic opioids: high-dose opioids such as fentanyl sup

press activation of the hypothalamic—pituitary—adrenal axis 

and thereby reduce the neuroendocrine stress response. 

However, large opioid doses may increase the requirement 

for postoperative ventilatory support.

Figure 1 Overview of the stress response.
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3. General anaesthetic agents: certain anaesthetic agents can 

modulate the stress response. Etomidate suppresses adrenal 

steroid synthesis, including cortisol and aldosterone pro

duction, for several hours after administration.

4. Maintenance of normothermia: intraoperative warming 

and avoidance of hypothermia help attenuate the stress 

response and may reduce perioperative complications.

5. Minimally invasive surgical techniques: laparoscopic and 

other minimally invasive procedures reduce tissue trauma 

and cytokine release, thereby limiting activation of the stress 

response compared with open surgery.

Exercise

Major physiological objectives of the body during exercise are to:

• maintain adequate mean arterial pressure and organ 

perfusion

• maintain normoglycaemia to ensure a continuous energy 

supply

• maintain core body temperature within physiological limits

• meet the increased oxygen demand of exercising tissues

• increase removal of carbon dioxide, lactic acid, and ketone 

bodies generated during increased metabolic activity.

Major differences between dynamic and static 
exercise
Dynamic exercise is predominantly isotonic, in which muscles 

rhythmically contract and relax, as seen in activities such as 

running or cycling. Blood vessels within the exercising muscles 

undergo vasodilation, leading to a reduction in systemic vascular 

resistance. As a result, diastolic blood pressure usually remains 

unchanged or falls slightly, while sympathetic activation pro

duces tachycardia and an increase in cardiac output.

Static exercise is predominantly isometric, where muscles con

tract against a fixed resistance, as in weightlifting. Sustained 

muscle contraction compresses intramuscular blood vessels, 

increasing systemic vascular resistance. This leads to a rise in both 

systolic and diastolic blood pressure. Sympathetic nervous system 

activation also increases heart rate and myocardial workload.

Types of skeletal muscle fibres
Type I fibres are slow-twitch, fatigue-resistant muscle fibres that 

are rich in myoglobin, mitochondria, and capillaries. They pre

dominantly generate ATP through oxidative phosphorylation 

using fatty acids and triglycerides as energy sources. These fibres 

are highly adapted for endurance activity and are commonly 

found in postural muscles.

Type IIa fibres are fast-twitch fibres with both aerobic and 

anaerobic metabolic capacity. They can generate ATP through 

oxidative phosphorylation as well as glycolysis, making them 

relatively resistant to fatigue while still capable of producing 

greater force. Individuals with a higher proportion of Type IIa 

fibres are often endurance-trained athletes.

Type IIb fibres are fast-twitch glycolytic fibres that contain 

abundant glycogen stores but relatively low amounts of 

myoglobin and mitochondria. They primarily generate ATP 

through anaerobic glycolysis, allowing rapid and powerful 

muscle contractions but with early fatigue. Individuals with a 

predominance of Type IIb fibres are commonly sprinters and 

power athletes.

Muscle contraction requires a continuous supply of ATP, 

which is generated from several energy sources depending on the 

intensity and duration of activity.

1. Stored ATP within the muscle provides immediate energy 

for contraction, but these reserves last only for about 1—2 

seconds.

2. Phosphocreatine system: breakdown of phosphocreatine 

rapidly regenerates ATP from adenosine diphosphate (ADP) 

and supplies energy for approximately the next 5—10 sec

onds of intense muscle activity.

3. Glycolysis: glucose and glycogen are metabolized anaero

bically through glycolysis to generate ATP. Metabolism of 1 

molecule of glucose produces 2 ATP, whereas glycogen 

yields 3 ATP because the initial phosphorylation step is 

bypassed. Anaerobic glycolysis also results in the formation 

of lactic acid.

4. Oxidative phosphorylation: this aerobic pathway occurs 

within mitochondria and is the most efficient mechanism for 

ATP production. Complete oxidation of one glucose mole

cule generates approximately 36 ATP molecules. It supports 

prolonged, low-to-moderate-intensity muscle activity.

5. Fat metabolism: during sustained exercise, particularly after 

glycogen depletion, fatty acids undergo β-oxidation to pro

duce ATP. Fat metabolism provides a large energy reserve 

but generates ATP more slowly than carbohydrate 

metabolism.

Muscle fatigue

Muscle fatigue is defined as a decline in the ability of a muscle to 

generate force despite continued stimulation. It acts as a pro

tective mechanism to prevent depletion of energy stores and 

muscle damage.

The main causes of muscle fatigue include:

1. Accumulation of ADP and inorganic phosphate, which re

duces muscle membrane excitability and interferes with 

cross-bridge cycling.

2. Increase in extracellular potassium concentration, leading to 

impaired propagation of action potentials.

3. Accumulation of lactate and hydrogen ions within muscle 

fibres during anaerobic metabolism, contributing to reduced 

contractility.

4. Depletion of muscle glycogen stores, limiting substrate 

availability for ATP production.

Physiological changes during anticipation of exercise
1. Venoconstriction: sympathetic stimulation causes veno

constriction, increasing venous return to the heart and 

thereby increasing preload.

2. Increased heart rate and myocardial contractility: sym

pathetic activation increases heart rate and myocardial 

contractility, leading to an increase in cardiac output.

3. Vasodilatation in skeletal muscle: activation of sympa

thetic cholinergic fibres and local metabolic factors causes 

vasodilatation of skeletal muscle capillary beds, increasing 
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muscle blood flow and helping to limit excessive rises in 

blood pressure during exercise.

4. Vasoconstriction in skin and splanchnic circulation: blood 

vessels supplying the skin and gastrointestinal tract 

constrict, redistributing blood flow towards exercising mus

cles and vital organs.

Physiological effects of exercise

Skeletal muscle circulation during exercise
Blood flow to skeletal muscle increases markedly during exercise 

in order to enhance delivery of oxygen and metabolic substrates 

and facilitate removal of carbon dioxide and metabolic waste 

products.

Local metabolites produced during muscle activity, particu

larly H+, adenosine monophosphate (AMP), potassium, and 

phosphate, cause relaxation of precapillary sphincters and 

vasodilatation of skeletal muscle vessels. As a result, skeletal 

muscle blood flow increases from approximately 2—4 ml/100 g/ 

minute in resting muscle to as high as 50—100 ml/100 g/minute 

during intense exercise.

Cardiovascular responses to exercise
The major cardiovascular responses to exercise include:

1. Increase in cardiac output

2. Changes in blood pressure

3. Redistribution of regional blood flow.

These responses are mediated predominantly through acti

vation of the sympathetic nervous system.

Changes in cardiac output: sympathetic stimulation increases 

cardiac output through several mechanisms:

• Venoconstriction increases venous return and preload.

• Reduction in systemic vascular resistance decreases 

afterload.

• Heart rate increases due to sympathetic stimulation.

• Myocardial contractility increases because of sympathetic 

activation and the Bowditch effect, in which tachycardia 

itself enhances myocardial contractility.

Changes in blood pressure: the blood pressure response differs 

between static and dynamic exercise:

• Static exercise causes compression of blood vessels within 

muscles, increasing systemic vascular resistance. This re

sults in a rapid rise in diastolic blood pressure (DBP) and 

mean arterial pressure (MAP).

• Dynamic exercise causes vasodilatation in active muscles, 

reducing systemic vascular resistance. Consequently, sys

tolic blood pressure (SBP) rises due to increased cardiac 

output, while DBP may fall slightly or remain unchanged. 

Mean arterial pressure increases more gradually.

Changes in regional blood flow: exercise redistributes blood 

flow according to metabolic demand:

• Coronary blood flow increases up to fivefold, from 

approximately 250 ml/minute to 1250 ml/minute, to meet 

increased myocardial oxygen demand.

• Cutaneous blood flow increases to facilitate heat 

dissipation.

• Splanchnic blood flow decreases because of sympathetic 

vasoconstriction.

• Renal blood flow decreases minimally.

• Cerebral blood flow generally remains unchanged.

Respiratory system
The main changes are increase in VE (minute ventilation) and in

crease in pulmonary blood flow. Respiratory centre is stimulated 

by increased activity of motor cortex and afferent signals from limb 

joint proprioceptors. As a result, respiratory rate (RR), tidal volume 

(VT) and VE increase. Central and peripheral chemoreceptors, in 

response to PaCO2, stimulate the respiratory centre, increasing VE. 

In extremely intense exercise, lactic acid is produced which causes 

a fall in arterial pH. This is sensed by carotid bodies which in turn 

further stimulate the respiratory centre.

Pulmonary blood flow increases to the same degree as the in

crease in cardiac output. This maintains only a mild increase in 

mean pulmonary artery pressure (mPAP). The increase in MPAP 

helps in maintaining the V/Q ratio close to 1 compared to approx

imately 0.8 in resting lungs, making gas exchange more efficient.

The position of the oxyhaemoglobin dissociation curve 

changes during exercise. Acidosis and raised temperature shift 

the curve to the right, facilitating oxygen unloading to tissues. 

However, PaO2 remains unchanged even during strenuous 

exercise.

Thermoregulation
Almost 75—80% of chemical energy in the metabolic substrates 

is dissipated as heat energy. At the onset of exercise, there is 1◦C 

fall in core body temperature due to increased venous return. As 

exercise continues, there is net heat generation.

Mechanisms of heat loss so as to maintain core body tem

perature are as follows:

1. Sweating, where eccrine sweat glands are the effectors.

2. Peripheral vasodilatation.

3. Increase in VE: heat is lost as latent heat of evaporation as 

dry inhaled gases are humidified.

Clinical relevance
The heat loss mechanism is impaired in hot, humid climates due 

to impaired evaporation of sweat and raised environmental 

temperatures. Therefore, core body temperature rises and when 

it is greater than 40.6◦C, heat stroke may result. Rapid external 

cooling is needed to minimize the damage.

VO2 max and its clinical relevance
VO2 max is defined as the maximum capacity of a person’s body 

to transport and use O2 during exercise. It is typically 25—40 ml/ 

kg/minute for normal patients. It can be used as a measure of 

cardiopulmonary physiological reserve.

Low VO2 max measurements <15 ml/kg/minute carry a high 

risk of postoperative complications. Further decrease in VO2 max 

<10 ml/kg/minute is associated with very high peri-operative 

mortality and hence conservative management should be 

considered.

VO2 max and MET (metabolic equivalent of task)
MET expresses the energy needed for a particular physical ac

tivity. In a fasted, resting patient, 1 MET is associated with a VO2 

of 3.5 ml/kg/minute.
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• A patient unable to climb one flight of stairs, considered as 

an activity of approximately 3 METs, has a high peri- 

operative mortality risk, as the equivalent VO2 max is 

<10 ml/kg/minute.

• A patient who is able to climb two flights of stairs without 

stopping, considered as an activity of approximately 4 

METs, has a much lower perioperative mortality risk, as 

the equivalent VO2 max is >14 ml/kg/minute.

• A patient who can climb five flights of stairs is considered 

to have approximately 8 METs, and has minimal post- 

operative mortality risk, as the equivalent VO2 max is 

>20 ml/kg/minute.

Excess post-exercise oxygen consumption (EPOC) or 
oxygen debt
During the recovery period after exercise, a person continues to 

breathe deeply and VO2 remains high. There are two phases 

during this period.

The alactacid phase involves replenishment of:

1. Phosphocreatine stores

2. ATP stores

3. Oxygen bound to myoglobin

4. Muscle glycogen stores

5. Liver glycogen stores.

The later lactacid phase is much slower, during which lactate 

gets converted back into pyruvate, mostly in the liver.

The anabolic phase, where muscle fibres undergo repair and 

hypertrophy, may take days to weeks depending on the duration 

and intensity of exercise.

Physiological changes during physical training

Cardiovascular system
• Stroke volume is increased by up to 40% due to cardiac 

hypertrophy.

• Maximal cardiac output is increased as a result of 

increased stroke volume.

• Increased vagal tone results in a lower resting heart rate in 

athletes.

• VO2 max is increased by up to 25% due to increased 

muscle vascularization.

Respiratory system
• Maximal respiratory rate increases.

• Lung volumes are increased.

• Pulmonary capillaries increase in number.

• Maximal VE increases by up to 15 litres/minute.

Muscle and bone
Endurance training increases Type I muscle fibre diameter, 

mitochondrial density and oxidative metabolic enzymes. Muscle 

capillary formation is also increased.

Repetitive intense episodes of exercise increase type IIb 

muscle fibre diameter and anaerobic metabolic enzymes.

Bone mineral density is improved by weight-bearing exercises. 

This can contribute to reducing the risk of fractures in the 

elderly. ◆
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