
11© Springer Nature Switzerland AG 2020
O. Ljungqvist et al. (eds.), Enhanced Recovery After Surgery, https://doi.org/10.1007/978-3-030-33443-7_2

Physiology and Pathophysiology 
of ERAS

Thomas Schricker, Ralph Lattermann, and Francesco Carli

�Introduction

In the development and implementation of the enhanced 
recovery after surgery (ERAS) program, there has been the 
need to understand the mechanism and the factors that affect 
the recovery process. Most of the elements considered by the 
ERAS® Society to have an impact on recovery have a physi-
ological basis, and the interaction between them character-
izes the modulation of the stress response. For example, 
besides surgical incision, some of them such as pain, hemor-
rhage, immobilization, and quasi starvation have a synergis-
tic effect. The activation of the sympathetic system and the 
inflammatory response associated with all these surgical ele-
ments characterize the surgical stress response (Fig.  2.1), 
thus leading to a state of low insulin sensitivity, which repre-
sents the most important pathogenic factor modulating the 
perioperative outcome.

The low insulin sensitivity of the cell is characterized by 
an abnormal biological response to a normal concentration 
of insulin, the latter being responsible to control the metabo-
lism of glucose, fat, and proteins. Therefore, a change in 
insulin sensitivity as a consequence of surgery impacts the 
whole metabolism. It results in an alteration in glucose 
metabolism with increased hepatic glucose production and 
decreased peripheral uptake leading to hyperglycemia. In 
addition, there is a breakdown of proteins at whole-body and 
muscle levels. These are the main metabolic characteristics 
of the surgical stress response.

The increased endogenous glucose production is corre-
lated to the increased protein breakdown, and more pre-
cisely the breakdown into amino acids was shown to be 
directly responsible for the increase in hepatic endogenous 
glucose production. As there is a strong association 
between these two metabolic alterations and the postoper-
ative rate of complications, it is plausible to assume that 
low insulin sensitivity can represent the main pathogenic 
mechanism.

This chapter covers the pathophysiology of glucose, 
insulin, and protein metabolism and the clinical relevance 
within recovery. Additionally, the chapter explores the 
attenuated response to surgical stress by the various ele-
ments of ERAS.

�Glucose Metabolism

�Pathophysiology

Fasting plasma glucose levels are normally kept between 3.3 
and 6.4  mmol/L.  Maintenance of normoglycemia is the 
result of a well-regulated balance of hepatic glucose produc-
tion and tissue glucose uptake. Surgical stress triggers the 
release of counter-regulatory hormones (catecholamines, 
glucagon, cortisol, growth hormone) and pro-inflammatory 
cytokines (tumor necrosis factor-alpha [TNF-α]; interleu-
kins: IL-1, IL-6), which lead to a state of insulin resistance. 
As a result, we observe a stimulated glucose production rate 
accompanied by decreased body glucose utilization causing 
an increase in the circulating blood glucose concentration 
(Fig. 2.2a–c).

The hyperglycemic response to surgery has long been rec-
ognized to depend on the type, severity, and extent of tissue 
trauma. Minor surgery is not associated with a clinically rel-
evant increase in glycemia [1]. In fasting patients undergoing 
elective intraperitoneal procedures, however, blood glucose 
levels typically increase to 7–10  mmol/L.  During cardiac 
surgery, mainly due to the profound inflammatory alterations 
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associated with cardiopulmonary bypass, the disturbance of 
glucose homeostasis is severe, with glucose values frequently 
exceeding 15 mmol/L in nondiabetic and 20 mmol/L in dia-
betic patients.

Although the effect of surgical technique on glucose 
metabolism has not been widely studied, laparoscopic proce-
dures may have less impact than the open approach. Possibly 
mediated through the reduction of tissue damage and the 
inhibition of inflammatory responses, patients following 
laparoscopic colon resection showed better glucose utiliza-
tion when compared with laparotomy [2].

The choice of anesthetic drugs also is important. While 
intravenous anesthetics, such as propofol, appear to have 
no effect, inhalational agents are capable of impeding 
pancreatic insulin secretion. In contrast, opioids, particu-
larly when administered in large doses, and neuraxial 
techniques mitigate the hyperglycemic response to 
surgery.

Perioperative use of corticosteroids, even in small doses, 
for the prevention of postoperative nausea and vomiting, as 
well as catecholamines, intravenous drugs, diluted in 5% 

dextrose,1 blood products, and parenteral feeding exacerbate 
hyperglycemia, even in the absence of diabetes mellitus [3].

There is evidence to suggest that a large number of 
patients show abnormal glucose homeostasis before surgery. 
In a prospective study in 500 patients presenting for elective 
procedures, 26% of previously undiagnosed patients demon-
strated blood glucose levels in the impaired-fasting glucose 
or the diabetic range [4]. Only 10% of diabetic patients in 
this observational study presented with a normal blood sugar 
prior to the operation.

�Assessment

Accurate, precise, and timely measurement of blood glucose 
is an essential element of modern perioperative care. The cir-
culating blood glucose concentration can be assessed using 

1 Please note: the infusion of a 100 ml bag of dextrose 5% (=5 g of glu-
cose) almost doubles the amount of circulating glucose in a 70 kg non-
diabetic patient (assuming a glycemia level of 5 mmol/L = 0.9 g/L and 
a blood volume of 77 ml/kg) [5].
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Fig. 2.1  A rise in circulating glucocorticoids, catecholamines, and 
glucagon (i.e., counter-regulatory hormones) is elicited by activation 
of the hypothalamic-pituitary-adrenal axis and sympathetic nervous 
system. The response is mediated by afferent nerves and humoral fac-
tors including cytokines generated from the site of injury. Mobilization 
of energy reserves promotes hyperglycemia and catabolism. 

Hyperglycemia develops as a consequence of insulin resistance cou-
pled with an inappropriately high hepatic glucose production. 
Proteolysis and lipolysis accelerate to provide precursors for gluco-
neogenesis. The resultant amino acid efflux also supports the synthesis 
of proteins involved in the acute-phase response. (Reprinted with per-
mission from Gillis and Carli [1])
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Fig. 2.2  (a) Glucose uptake. (b) Glucose uptake following a meal. (c) Glucose uptake during stress

laboratory serum and plasma glucose analysis, whole blood 
and capillary glucose measurement by blood gas analyzers, 
or glucometers. Glucose analysis in the laboratory, the gold 
standard [6], may not provide results fast enough to promptly 
and effectively treat hypo- or hyperglycemic episodes in the 
operating theater. Hence, perioperatively glycemia is being 
routinely assessed by so-called point-of-care (POC) devices 

such as glucometers and blood gas analyzers. Blood glucose 
results obtained by older POC devices in the acute critical 
care setting need to be interpreted with caution, mainly 
because they do not correct for hematocrit [6–8] or other 
confounders such as body temperature, pH, pO2, tissue per-
fusion, hypoglycemia, and various medications [6]. Although 
the advent of newer technologies provided more reliable data 
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in the critically ill [9], no studies addressed limitations and 
accuracy of glucometers during surgeries provoking the most 
profound alterations of glucose homeostasis. Hence, not 
unexpectedly, there are no clear recommendations by the US 
Food and Drug Administration (FDA) regarding specific glu-
cometer safety requirements for patients warranting intrave-
nous insulin therapy perioperatively.

In 2017 the use of the Nova StatStrip® Glucose Hospital 
Meter System in patients undergoing different types of sur-
gery showed 100% accuracy of capillary and arterial glucose 
values based on the International Organization for 
Standardization (ISO) 15197:2013 criteria, i.e., all values 
were within zones A and B on the Parkes error grid for type 
1 diabetes mellitus [10]. However, neither capillary nor arte-
rial blood glucose results met the Clinical and Laboratory 
Standards Institute (CLSI) POCT12-A3 guidelines as 
required for intensive insulin protocols aimed at stricter gly-
cemic control.

Results of a more recent study demonstrate that arterial 
blood glucose measurement by StatStrip® in cardiac surgery 
was accurate before the initiation of cardiopulmonary bypass 

(CPB) but lacked accuracy during and after CPB—most 
likely due to the interference of heparinization and anemia.

�Clinical Relevance

Traditionally, the hyperglycemic response to surgery has 
been regarded as adaptive and beneficial because it ensures 
continuous provision of glucose for tissues that are glucose 
dependent, i.e., brain, erythrocytes, and immune cells.

Surgical stress, however, triggers the release of mediators 
that, on one hand, inhibit the expression of the insulin-
dependent membrane glucose transporter glut 4, which is 
mainly located in the myocardium and the skeletal muscle, 
and, on the other hand, stimulate the expression of the 
insulin-independent membrane glucose transporters glut 1, 
2, and 3, which are located in blood cells, the endothelium, 
and the brain (Fig. 2.3).

As insulin-dependent cells appear to be protected by insu-
lin resistance, most of the circulating glucose enters cells 
that do not require insulin for uptake resulting in a cellular 
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Fig. 2.3  In the healthy postprandial state, glucose concentration rises, 
and the subsequent increase in circulating insulin activates intracellular 
signaling cascades that ultimately result in the translocation of glucose 
transporter type 4 (GLUT-4) to the plasma membrane. Following elec-
tive surgery, hormonal and inflammatory mediators generated by the 
surgical stress response produce a state of insulin resistance. A reduc-
tion in peripheral insulin-mediated glucose uptake is observed and 

believed to be the cause of (1) a defect in insulin signaling pathways, 
particularly phosphoinositide-3-kinase-protein kinase (P13K) or (2) a 
defect in the translocation of GLUT-4 to plasma membrane. Akt serine/
threonine protein kinase, IRS-1 insulin receptor substrate 1, P phos-
phorylation, PDK1/2 3-phosphoinositide-dependent protein kinase 1. 
(Reprinted with permission from Gillis and Carli [1])
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glucose overload. Once inside the cell, glucose either nonen-
zymatically glycosylates proteins such as immunoglobulins 
and renders them dysfunctional or goes into glycolysis. That 
pathway generates excess superoxide radicals, which by 
binding to nitric oxide (NO) promote the formation of per-
oxynitrate that ultimately leads to mitochondrial dysfunction 
and apoptosis.

Hence, a growing body of evidence indicates that even 
moderate increases in blood glucose are associated with 
adverse outcomes after surgery [11]. Patients with cardiovas-
cular, infectious, and neurological problems appear to be 
particularly sensitive.

In general surgical wards, patients with fasting blood glu-
cose concentrations above 7 mmol/L or random blood glu-
cose levels >11.1 mmol/L had an 18-fold greater in-hospital 
mortality, a longer stay, and a greater risk of infection than 
patients who were normoglycemic [12]. Acute hyperglyce-
mia has been linked to an increased incidence of surgical site 
infections after cardiac procedures [13] and total joint arthro-
plasty [11], allograft rejection after renal transplantation 
[14], and functional deterioration following cerebrovascular 
accidents [15].

Hyperglycemia presumably contributes to increased mor-
tality in patients after myocardial infarction [16], stroke [17], 
open heart [18], and general surgery [19]. Acute hyperglyce-
mia—via manipulating nitric oxide synthase activity and the 
angiotensin II pathway—limits vascular reactivity and sup-
presses the immune system by inactivating immunoglobulins 
and inhibiting neutrophil chemotaxis/phagocytosis.

Acute changes in glucose levels may facilitate the devel-
opment of post-traumatic chronic pain. In a chronic post-
ischemia pain animal model, hyperglycemia, at the time of 
injury, increased, while strict glycemic control reduced 
mechanical and cold allodynia [20].

More recent evidence, mainly based on observational 
studies, indicates that perioperative hyperglycemia may 
increase the incidence of postoperative delirium and cogni-
tive dysfunction in adults [21]. In children operated on for 
congenital heart problems, postoperative hyperglycemia 
had no effect on neurodevelopmental outcomes after 
4 years [22].

Marked fluctuations in blood glucose may be harmful 
independent of the absolute glucose level [23]. Increased 
magnitudes of perioperative glycemic changes in patients 
undergoing elective coronary bypass surgery were associ-
ated with a greater risk of atrial fibrillation and length of 
intensive care unit (ICU) stay [24].

However, there is not a consistent definition of glycemic 
variability, and several metrics (e.g., the coefficient of varia-
tion of blood glucose levels or the glycemic lability index) 
have been used in critical illness. It also remains unclear 
whether variations within the normal glycemic range or peri-
ods of significant hypo- and hyperglycemia are problematic.

There is evidence to suggest that the quality of preopera-
tive glycemic control is clinically important. Elevated levels 
of plasma glycosylated hemoglobin A (hemoglobin A1c), an 
indicator of glucose control in the preceding 3 months, were 
found to be predictive of complications after abdominal and 
cardiac surgery [25, 26]. In non-cardiac, nonvascular 
patients, preoperative blood glucose levels above 
11.1 mmol L−1 were associated with a 2.1-fold higher risk in 
30-day all-cause mortality and a 4-fold higher risk of 30-day 
cardiovascular mortality [27]. In a large cohort of 61,536 
consecutive elective non-cardiac surgery patients, poor pre-
operative glycemic control was related to adverse in-hospital 
outcomes and 1-year mortality [28]. Diabetic patients under-
going open heart surgery with a HbA1c > 6.5% had a greater 
incidence of major complications, received more blood 
products, and spent more time in the ICU and the hospital 
than metabolically normal patients [29].

�Insulin Metabolism

�Pathophysiology

Insulin is the chief anabolic hormone in the human body. 
Although most recognized for its role in regulating glucose 
homeostasis, insulin plays a pivotal role in promoting pro-
tein synthesis and inhibiting protein breakdown. It is less 
known that insulin exerts non-metabolic effects including 
vasodilatory, anti-inflammatory, anti-oxidative, anti-fibri-
nolytic, and positive inotropic effects with potential clinical 
impact [30, 31].

Insulin resistance can be defined as any condition whereby 
a normal concentration of insulin produces a subnormal bio-
logical response. This umbrella term may comprise states of 
insulin insensitivity, insulin unresponsiveness, or a combina-
tion of both. Although the terms insulin sensitivity and insu-
lin responsiveness are often used interchangeably, their 
difference stems from the classic sigmoidal dose-response 
curve of insulin action [32]. Insulin sensitivity is character-
ized by the insulin concentration required to achieve a 
half-maximal biological response, whereas insulin respon-
siveness is defined by the maximal effect attained. Impaired 
insulin sensitivity is, therefore, represented by a rightward 
shift in the insulin-dose response curve, and decreased 
responsiveness corresponds to a height reduction of the 
curve.

Proper use of these terms is important because they reflect 
different defects in insulin action: Insulin insensitivity 
appears to be more implicated in alterations at the pre-
receptor and receptor level, whereas decreased responsive-
ness is related to post-receptor defects [32].

With regard to glucose metabolism, surgical patients 
should be called insulin insensitive because normoglycemia 
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(= biological response) can be achieved by using large 
enough quantities of insulin. Whether similar relationships 
exist concerning the pharmacological effects of insulin on 
immunological and cardiovascular parameters or its anti-
catabolic role in protein metabolism remains to be studied.

Much of the impairment of insulin function after surgery 
can be explained by the stress-induced release of counter-
regulatory hormones. These hormones exert catabolic effects, 
either directly or indirectly, by inhibiting insulin secretion 
and/or counteracting its peripheral action. The observed asso-
ciation between the time course of perioperative interleukin 6 
plasma concentrations and insulin resistance suggests that 
inflammatory mediators are also involved [33].

The main site for surgery-induced insulin resistance is 
skeletal muscle, because this is the quantitatively most 
important organ for insulin-mediated glucose uptake. The 
magnitude of whole-body insulin resistance is most pro-
nounced on the day after surgery (up to 70% reduction) and 
lasts for about 3 weeks after uncomplicated elective abdomi-
nal operations. It has been primarily linked to the invasive-
ness of surgery [34]. Other factors may also contribute, such 
as the duration of trauma [35], bed rest and immobilization 
[36], type of anesthesia and analgesia [37], nutrition and pre-
operative fasting [37, 38], blood loss, physical status, and 
post-surgery rehabilitation [39].

�Assessment

The gold standard for the assessment of insulin resistance in 
humans is the hyperinsulinemic-normoglycemic clamp tech-
nique, whereby insulin is infused at a constant rate to obtain 
a steady-state insulin concentration above the fasting level 
[40]. Based on frequent measurements of plasma glucose 
levels, glucose is intravenously infused at variable rates to 
maintain normoglycemia. Given that endogenous glucose 
production by the liver and kidneys is completely suppressed, 
the glucose infusion rate (under steady-state conditions) is 
reflective of glucose disposal and is, therefore, an indicator 
of peripheral insulin resistance: The greater the glucose infu-
sion rate, the more sensitive the body is to insulin and vice 
versa.

Other indices traditionally used to quantitate insulin sen-
sitivity in patients, such as the homeostasis model assess-
ment (HOMA) index, the quantitative insulin-sensitivity 
check index (QUICKI) (both based on plasma insulin and 
glucose levels), or oral/intravenous (IV) glucose tolerance 
tests, have shown to be only poor indicators of insulin 
function.

Recent observations suggest that body mass index (BMI) 
and the quality of preoperative glycemic control (hemoglo-
bin A1c) may be simple predictors of insulin sensitivity dur-
ing major surgery [29, 41].

�Clinical Relevance

Studies performed over a 6-year period in Sweden in the 
early 1990s demonstrate a significant correlation between 
the degree of the patient’s insulin sensitivity on the first post-
operative day and length of hospital stay [33]. More recently 
a significant association was reported between the magni-
tude of insulin resistance during cardiac surgery and out-
come [29]. Independent of the patient’s diabetic state, for 
every decrease in intraoperative insulin sensitivity by 20%, 
the risk of a serious complication including all-cause mortal-
ity, myocardial failure requiring mechanical support, stroke, 
need for dialysis, and serious infection (severe sepsis, pneu-
monia requiring mechanical ventilation, deep sternal wound 
infection) more than doubled after open heart surgery [29].

These findings lend support to the previously held conten-
tion that, perioperatively, alterations in glucose homeostasis 
are better predictors of adverse events than the presence of 
diagnosed or suspected diabetes mellitus itself. The outcome 
relevance of insulin resistance is also reflected by the prob-
lems associated with its metabolic sequelae, i.e., hyperglyce-
mia and protein wasting, the “diabetes of the injury.”

�Protein Metabolism

�Pathophysiology

Normal protein metabolism is characterized by an equilib-
rium between anabolic and catabolic pathways. Surgical 
stress leads to biochemical and physiologic perturbations 
of neuroendocrine homeostasis, including stimulation of 
the sympathetic nervous system, parasympathetic suppres-
sion, and activation of the hypothalamic-pituitary axis 
(Fig. 2.4) [42].

This results in a mobilization of substrates in order to 
improve the chance of survival. Metabolic pathways are 
shifted from anabolism toward catabolism [43]. Skeletal 
muscle protein stores are mobilized to provide amino acids 
for two main purposes: first, the amino acids can be con-
verted to glucose by the liver as an energy source during a 
hypermetabolic state, and second, they serve as substrate for 
protein synthesis by the wound and the liver.

Typical features of protein catabolism are stimulated 
rates of whole-body protein breakdown and amino acid oxi-
dation. The synthesis of rapidly turning over acute-phase 
plasma proteins is also upregulated; however, it is not to the 
same extent as protein breakdown, resulting in a net loss of 
functional and structural body protein [44–47]. Metabolically 
healthy patients lose between 40 g and 80 g of nitrogen after 
elective abdominal surgery, equivalent to 1.2–2.4  kg wet 
skeletal muscle [48]. Patients with burns or sepsis experi-
ence daily losses of up to 800 g of muscle mass. Protein loss 
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in insulin-resistant patients, after colorectal cancer surgery, 
has been shown to be 50% greater than in patients with a 
normal insulin response [49]. More recent studies indicate a 
linear relationship between insulin sensitivity and protein 
balance in parenterally fed patients undergoing open heart 
surgery [50].

Muscle wasting occurs early and rapidly during the first 
week of critical illness and is more severe among patients 
with multiorgan failure [45]. Significant muscle weakness 
and physical disability can persist for more than 5 years after 
injury and critical illness [51, 52].

There is no evidence to suggest that the magnitude of 
catabolic changes in elderly patients differs from those in 
younger adults. Age, however, may be associated with 
reduced muscle mass and a decreased capacity to utilize 
nutrients. Older patients may, therefore, be more vulnerable 
to protein catabolism [53].

There are different rates of uptake or release of amino 
acids in specific regional vascular beds. During the acute 
phase of injury, amino acids are released from skeletal mus-
cle as a result of accelerated proteolysis. These amino acids 

are extracted from the bloodstream of the splanchnic bed for 
hepatic synthesis of structural, plasma, and acute-phase 
proteins.

Two amino acids, alanine and glutamine, account for 
approximately 50–75% of the amino acid nitrogen released 
from skeletal muscle, although they make up only 6% of pro-
tein in muscle stores [54]. Alanine is an important glucose 
precursor and indirectly provides this fuel source, which is 
essential for several key tissues. Glutamine is a gluconeo-
genesis substrate but also serves as primary substrate for 
immune cells and enterocytes, participates in acid-base 
homeostasis, and serves as a precursor for glutathione, which 
is an important intracellular antioxidant. It has been hypoth-
esized that the tissue requirements for glutamine may out-
strip the ability for tissue (particularly skeletal muscle) to 
produce this amino acid. Hence a relative deficiency state 
exists, characterized by a fall in glutamine concentrations in 
both the plasma and tissue compartments [55].

The plasma concentration of albumin, a so-called negative 
acute-phase protein, typically decreases in response to surgi-
cal stress. Studies measuring the synthesis rate of albumin, 
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Fig. 2.4  The surgically stressed state is characterized by an elevation 
in protein turnover (i.e., protein synthesis and degradation), release of 
amino acids into circulation, urinary nitrogen losses, and impaired 
uptake of amino acids in skeletal tissue. Lean tissue is catabolized, 
releasing amino acids into circulation (including glutamine, alanine, 
and the branched chain amino acids [BCAAs]), while hepatic amino 
acid uptake is enhanced. This allows for reprioritization of protein syn-
thesis to acute-phase reactants and the production of glucose via gluco-
neogenesis. Glutamine (Glu) and alanine (Ala) account for the majority 
of the amino acid efflux from peripheral tissues and are readily extracted 

from circulation by the liver. The excess nitrogen is converted in the 
liver to urea by combining ammonia (NH3) with CO2 (carbon dioxide). 
Urea is then released into circulation, traveling to the kidneys, where it 
can be filtered into urine. The BCAAs undergo irreversible degradation 
in skeletal tissue, in part for synthesis of glutamine and alanine, which 
reduces availability of these indispensable amino acids for reutilization 
in protein synthesis. Collectively, these metabolic changes promote 
whole-body protein catabolism. (Reprinted with permission from Gillis 
and Carli [1])
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however, provide more insight into the underlying mecha-
nisms. While the synthetic rate of albumin decreases during 
surgery, it is upregulated during the early postoperative period 
and only returns to normal values after several weeks [56]. 
The physiologic significance of albumin synthesis and its 
regulation in patients undergoing surgery need to be further 
investigated. While under normal conditions, increased amino 
acid availability represents an important regulator of protein 
synthesis, it seems that in postoperative patients, other factors 
(inflammation, endocrine stress, and liver function) also play 
important roles [57, 58].

�Bed Rest and Fatigue
Confining patients to bed for a prolonged period of time ini-
tiates a series of metabolic responses that can be deleterious 
if not corrected. Both muscle weakness and atrophy begin 
after only 1 day of bed rest, with the extent being greater in 
older people [59].

�Malnourished Patients
Malnourished cancer patients experience a higher morbidity 
and mortality in response to surgical treatment, have a higher 
hospital readmission rate, and have a prolonged convales-
cence when compared with those who are normally nour-
ished [60, 61]. Clinical outcome studies suggest that 
sarcopenic patients benefit more than their normal counter-
parts from a short course of intravenous nutrition, particu-
larly if initiated before surgery [62–64]. Total parenteral 
nutrition in catabolic, depleted patients with gastrointestinal 
cancer, after trauma and during sepsis, resulted in a greater 
reduction of net protein catabolism than in nondepleted 
patients [65, 66].

In order to evaluate the efficacy of nutritional support, the 
patient’s baseline catabolic state must be quantified because 
sarcopenia is related to postoperative morbidity and mortal-
ity [61, 67]. A significant association exists between the 
degree of preoperative catabolism and the anabolic effect of 
nutrition, with catabolic patients benefiting the most [68]. 
These more recent observations support the previous demon-
stration of superior outcomes in perioperatively fed malnour-
ished patients [64].

�Assessment of Catabolism

Many clinical and biochemical indices have been used to 
characterize the nutritional status of surgical patients, but 
all techniques have limitations [69–71]. Anthropometric 
and body composition measurements need to be treated 
with caution in subjects who are dehydrated and/or have 
edema or ascites [69]. Serum proteins are pathophysiologi-
cal markers influenced by factors other than malnutrition or 
catabolism, such as inflammation with redistribution and 
dilution [69, 72].

Protein economy in surgical patients has traditionally been 
characterized by measuring nitrogen balance, i.e., the differ-
ence between nitrogen entering and exiting the body. Nitrogen 
is mainly lost in the form of urea, which represents about 85% 
of the urinary nitrogen loss. This proportion, however, has been 
shown to vary widely. Because of the fixed relation between 
protein and nitrogen (1 g protein contains 6.25 g of nitrogen), 
urinary nitrogen excretion has commonly been assessed as a 
surrogate marker of whole-body protein loss. However, urinary 
nitrogen excretion measurements are unable to address the 
question of whether muscle wasting is a result of increased pro-
teolysis, impaired protein synthesis, or, simply, the lack of 
proper anabolic response to nutrition. Furthermore, retention of 
nitrogen within the body and underestimation of nitrogen 
excretion in urine and other routes (feces, skin, wound secre-
tion) invariably lead to false positive values [73, 74].

Tracer methods using amino acids labeled with stable iso-
topes (2H, 15N, 13C) are considered the technique of choice 
for the global assessment of catabolism in humans and its 
relation to protein and energy intake [75]. They provide a 
dynamic picture about the kinetics of glucose and amino 
acids on the whole-body (protein breakdown, oxidation and 
synthesis, glucose production and utilization) and organ tis-
sue level [76–78].

�Clinical Relevance

Because protein represents structural and functional compo-
nents, the loss of lean tissue delays wound healing, compro-
mises immune function, and diminishes muscle strength 
after surgery [79, 80]. The ensuing muscle weakness pro-
longs mechanical ventilation, inhibits coughing, and 
impedes mobilization, thereby causing morbidity and com-
plicating convalescence [81, 82]. The length of time for 
return of normal physiologic function after discharge from 
the hospital is related to the extent of lean body loss during 
hospitalization [82].

Significant mortality occurs after critically ill patients are 
discharged from the ICU and hospital [51]. Many of these 
deaths are ascribed to the loss of muscle mass, inadequate 
physical activity, muscle weakness, and the inability to 
mobilize.

�Metabolic Attenuation of the Stress 
Response

The pathophysiology of the surgical stress response is multi-
factorial, and therefore the therapeutic interventions should 
aim at identifying those metabolic components within the 
perioperative trajectory. Conceptually, the treatment of post-
operative, low insulin sensitivity will normalize insulin action 
and the main components of metabolism. The implementation 
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of several metabolic modalities and their use in an integrated 
fashion modulate the perioperative establishment of the state 
on insulin resistance, also called low insulin sensitivity.

�Perioperative Nutrition

With the fed state insulin levels elevated, storage of substrates 
is made available, and insulin sensitivity is elevated in anticipa-
tion of the incoming stress. There is sufficient evidence that 
preoperative carbohydrate drink increases insulin sensitivity 
before surgery and attenuates the establishment of insulin resis-
tance in the postoperative state [83]. Complex carbohydrates 
appear to have a greater insulin secretion response, which 
would have a pronounced effect on blocking gluconeogenesis.

The physiological advantage of feeding at time of cata-
bolic stress is the stimulation of insulin production, which 
inhibits protein breakdown and facilitates the incorporation 
of supplied amino acids into protein synthesis [84].

Anabolism, a positive whole-body protein balance, is 
required for optimal patient recovery after surgery. Patients 
undergoing major elective surgery present with a negative 
whole-body protein balance, generated from an increase in 
proteolysis, as early as the first postoperative day [85, 86]. 
Therefore, the primary goal of perioperative nutritional care is 
thus the provision of protein to attenuate catabolism, as well as 
maintenance of normoglycemia, adequate hydration, and 
avoidance of fasting [87]. The extent to which anabolism is 
accomplished depends not only on the medical care provided, 
including ERAS, but also on the timing, route of delivery, and 
composition of the nutritional support regimens provided.

�Insulin Therapy

Insulin sensitivity, rather than insulin responsiveness, is 
reduced throughout the period of surgical stress, probably as a 
result of the raised inflammatory response that affects insulin 
target cells. Insulin therapy is suggested when normoglycemia 
and protein balance need to be maintained. The perioperative 
administration of insulin to maintain blood glucose between 6 
and 8 mmol/L is recommended in order to overcome postop-
erative insulin resistance and improve outcome [88].

�Minimally Invasive Surgery

Activation of inflammatory pathways that could negatively 
impact on the recovery process can be reduced by limiting 
either the size or the orientation of the incision. Endoscopic 
techniques limit the size of the incision and the trauma to the 
abdominal wall by splitting the muscle fibers instead of cut-
ting them. Changing the incision from vertical to horizontal 
could also decrease pain as a result of having less derma-

tomes involved in transporting nociceptive signals to the cen-
tral nervous system. In addition, inflammation can be reduced 
by minimizing internal organ manipulation and direct perito-
neal injury and blood loss [89].

�Neural Deafferentation

Administration of epidural and spinal local anesthetics initi-
ated before surgery and maintained during the first 48 hours 
after surgery (epidural only) has been shown to decrease 
perioperative insulin resistance, to attenuate the decrease in 
muscle protein synthesis and the rise in blood glucose, and 
facilitate the anabolic effect of amino acids in type 2 diabet-
ics [90, 91]. The addition of nutrition while on neural block-
ade promotes protein synthesis and improves postoperative 
protein balance.

�Maintenance of Intraoperative Normothermia

Maintaining patients normothermic during surgery has been 
shown to attenuate the perioperative release of catecholamines 
and decrease loss of body nitrogen [92]. Although no data on 
the metabolic effect of normothermia on insulin sensitivity are 
available, it is plausible to associate mechanistically the spar-
ing protein loss process with improved insulin sensitivity.

�Physical Activity and Mobilization

Long-term bed rest and sedentary activity produce marked 
changes in glucose and protein metabolism [93, 94]. Two 
weeks of limb immobilization has been shown to decrease 
the quadriceps lean mass by almost 5% and the strength by 
25% and lowers peripheral insulin sensitivity [95].

Elderly and frail patients are particularly vulnerable, since 
loss of muscle mass impacts on their functional strength and 
functional capacity [96]. There is sufficient evidence that 
exercise training improves glucose metabolism and particu-
larly insulin sensitivity. This is particularly evident in diabetic 
patients. The anabolic effect of exercise training can be 
enhanced by adequate intake of amino acids. Mobilization 
after surgery should therefore be considered an important fac-
tor in achieving anabolism, and this can be facilitated with 
adequate analgesia.

�Conclusion

While we are aware of the implications of low insulin sensi-
tivity associated with surgery on body metabolism, the con-
nection between physiological and clinical outcomes is not 
always demonstrated.
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The relative role of different pathogenic mechanisms in 
the development of postoperative insulin resistance leading 
to higher morbidity needs to be clarified. Hopefully, this can 
lead to better understanding and future therapeutic strategies. 
This implies that more work needs to be done to fill the gaps 
between what we know and what we do in clinical practice. 
Patients will be the ones who will gain from these advances 
in research and clinical care.
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