
444

KEY POINTS

Renal Anatomy, 
Physiology, Pharmacology, 
and Evaluation of Function
RICHARD M. PINO and ABRAHAM SONNY

17

!"! !A molecule in the plasma must pass in succession through the endothelial fenestration, glomer-
ular basement membrane (GBM), and epithelial slit diaphragm to cross the filtration barrier and 
enter the tubular fluid. The capillary endothelium restricts the passage of cells, while the GBM 
restricts albumin and larger molecules. The negatively charged glycoproteins of the GBM limit 
the passage of other negatively charged proteins. Thus, the filtration barrier is size selective and 
charge selective. The epithelial cells maintain the integrity of this capillary bed by producing 
several key signaling molecules and endocytosis of membrane receptors.

!"! !A primary determinant of glomerular filtration rate (GFR) is glomerular filtration pressure, which 
depends on renal artery perfusion pressure and the balance between afferent and efferent 
arteriolar tone. With decreases in afferent arteriolar pressure or blood flow, mediators such as 
catecholamines, angiotensin II, and arginine vasopressin (AVP) constrict efferent arterioles to 
maintain glomerular filtration pressure. This is reflected by an increase in GFR.

!"! !Tubuloglomerular feedback is a critical mechanism for renal autoregulation. When GFR is 
increased, distal tubular NaCl delivery is enhanced and the increase in chloride concentration 
is sensed by the macula densa to trigger the renin-angiotensin cascade. The result is afferent!
arteriolar vaso!constriction as efferent arteriolar vasoconstriction increases GFR..Autoregulation 
enables the kidney to maintain solute and water regulation independently of wide fluctua-
tions in arterial blood pressure. Tubular water reabsorption determines urinary flow rate and 
is closely related to the hydrostatic pressure in the peritubular capillaries. Hypotension of any 
cause results in decreased urinary flow rate that may be correctable only when arterial blood 
pressure is restored toward normal.

!"! !The tubule has an enormous capacity for reabsorption of water and NaCl. Each day, 180 L of 
protein-free glomerular ultrafiltrate is formed, of which almost 99% of the water and 99% of 
the sodium is reabsorbed. The ability of the kidney to concentrate urine is dependent on the 
interaction of at least three processes: (1) generation of a hypertonic medullary interstitium 
by the countercurrent mechanism and urea recycling, (2) concentration and then dilution of 
tubular fluid in the loop of Henle, and (3) the action of AVP, also known as antidiuretic hormone, 
in increasing water permeability in the last part of the distal tubule and collecting ducts. The 
juxtaglomerular apparatus provides an important regulating system for arterial blood pressure, 
salt, and water homeostasis.

!"! !The interactions of the sympathoadrenal axis, renin-angiotensin-aldosterone system, and AVP 
will respond to hypotension and hypovolemia by promoting vasoconstriction and the retention 
of salt and water. Prostaglandins and natriuretic peptides facilitate vasodilation and the excre-
tion of salt and water excretion when there is hypertension and hypervolemia.

 "  Plasma osmolality is tightly controlled. The threshold for AVP secretion by the neurohypophysis 
between 280 and 290 mOsm/kg. Even mild dehydration results in rapid antidiuresis, and urine 
osmolality can increase from 300 to 1200 mOsm/kg. Decreases in intravascular volume stimu-
late AVP secretion.

 "  Serum creatinine reflects the balance between creatinine production from muscle and creati-
nine excretion by the kidney, which is dependent on GFR. Creatinine generation rate varies 
with muscle mass, physical activity, protein intake, and catabolism. However, when these pro-
cesses are in equilibrium and renal function is stable, serum creatinine is a useful marker of GFR. 
The relationship between serum creatinine and GFR is inverse and exponential. A doubling of 
the serum creatinine implies a halving of GFR.
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Introduction

The kidney exemplifies an exquisite structure-function rela-
tionship to regulate intravascular volume, osmolality, acid-
base and electrolyte balance, and to excrete end products of 
metabolism and drugs. The kidney also produces hormones 
involved with fluid homeostasis (renin, prostaglandins, 
kinins), bone metabolism (1,25-dihydroxycholecalciferol) 
and hematopoiesis (erythropoietin).1 In addition to these 
multiple roles in the healthy patient, almost every systemic 
disease will affect renal function. This chapter will describe 
the normal anatomy and physiology of the kidney and the 
basics for the clinical evaluation of renal function.!

Organization of the Kidney

THE NEPHRON

The fundamental unit of the kidney is the nephron (Figs. 
17.1 and 17.2). The nephron is composed of a vascular 
network close to a series of tubules with distinct physiologic 
functions that empty into collecting ducts to form urine. 
There are approximately 1 million nephrons in the normal 
kidney. The kidneys receive about 20% of the cardiac out-
put and are responsible for 7% of total body oxygen con-
sumption, although they account for only 0.5% of the total 
body weight.2 Afferent arterioles from the renal arteries 

branch extensively to supply the renal and peritubular cap-
illaries. Kidney disease can result from perturbations of 
these vascular, glomerular, and tubular components (see 
Chapter 42). Knowledge of these factors is important to the 
anesthesiologist to limit decrements in renal function dur-
ing the perioperative period.

The kidney is divided into an outer layer, the cortex, 
which receives 85% to 90% of the renal blood flow (RBF), 
and an inner medulla (see Fig. 17.1). In the cortex are 
glomeruli (see Figs. 17.2 and 17.3), tufts of capillar-
ies originating from afferent arterioles. The glomerular 
capillary endothelial cells have fenestrations that are 
barriers to red blood cells but allow the transit of plasma 
proteins and smaller molecules (Fig. 17.4). Their gly-
cocalyx is an anionic barrier that repels large macro-
molecules and albumin. Knowledge of this is through 
experimental studies and diseases where albuminuria 
is seen after alteration of anionic sites in the glomeru-
lar basement membrane (GBM).3,4 During development, 
these capillaries invaginate epithelial cells to form tufts of 
visceral epithelial cells with footlike morphologies called 
podocytes that are rich in actin cytoskeletons. These 
podocytes anchor to the GBM, closely interdigitate, and 
envelope the renal capillaries (Fig. 17.5). A thin mem-
brane called the slit diaphragm has an ultrastructural 
zipper-like complex that spans the space between each of 
the foot processes of the podocytes.5 Additional epithelial 
cells and their extravascular matrix make up the parietal 
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Fig. 17.1 Anatomic relationships of the nephron and the renal vasculature. The left side of the diagram represents the renal vasculature as distrib-
uted through the inner medulla, outer medulla, and cortex. Arteries are drawn as solid lines, veins as hollow tubes. The renal artery divides serially into 
interlobar arteries (1), arcuate arteries (2), and interlobular arteries (3). The afferent arterioles (5) branch off laterally and provide the capillary tufts of the 
renal glomeruli in the outer cortex (7a), whose efferent arterioles (6) supply the cortical capillary network (not shown). In the juxtamedullary zone (7b), 
the efferent arterioles become the vasa recta, which are closely applied to the long loops of Henle (8, 8a, 9). The venous drainage consists of stellate 
veins (4), interlobular veins (3a), arcuate veins (2a), and interlobar veins (1a). (Modified from Kriz W, Bankir L. A standard nomenclature for structures of the 
kidney. The Renal Commission of the International Union of Physiological Sciences (IUPS). Kidney Int. 1988;33[1]:1–7.)
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epithelium that lines a pouch-like cistern, called Bow-
man space, which is the beginning of the renal tubular 
system.

The vasculature of the kidney is unique in that it has two 
capillary beds. Upon leaving the glomerulus, the glomerular 

capillary then forms the efferent artery that in turn leads to 
an anastomosing network of 10 to 25 long peritubular cap-
illaries called vasa recta. The vasa recta are close around 
the ascending limb of the loop of Henle before anastomosis 
into veins that leave the kidney (see Fig. 17.2).

The endothelial and epithelial cells synthesize proteins that 
are essential components of the filtration barrier of the kid-
ney, the GBM (see Fig. 17.5).6 The GBM is rich in the anionic 
glycosaminoglycan heparin sulfate, Type IV collagen, and 
laminin.6,7 The epithelial cells maintain the integrity of this 
capillary bed by producing several key molecules including 
vascular endothelial growth factor8 and families of signaling 
proteins and receptors. The transmembrane protein nephrin 
supports the integrity of the slit pore diaphragms and its main-
tenance is dependent on the endocytosis of slit diaphragm pro-
teins and plasma membrane components.7,9,10 The interplay 
between the foot processes of the podocytes, slit diaphragms, 
and organization of the actin intracellular scaffolds is cen-
tered on nephrin and related proteins.11 The functions of these 
numerous factors are often elucidated in experiential studies 
when found as etiologies of renal disease.7,11!

THE RENAL TUBULES

The kidneys receive 20% of the total cardiac output but 
extract relatively little oxygen. The renal arteriovenous 
oxygen difference is only 1.5 mL/dL. However, there is 
marked dissimilarity between the renal cortex and medulla 
with regard to blood flow, oxygen delivery, and oxygen con-
sumption (Table 17.1). The medulla receives only 6% of the 
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Fig. 17.2 Schematic of relations between blood vessels and tubular structures. (Redrawn from Hall JE. Guyton and Hall Textbook of Medical Physiology. 
13th ed. Philadelphia: Elsevier; 2016.)

Fig. 17.3 Glomerulus. An afferent arteriole (A) enters the glomerulus 
and divides into numerous capillaries (C) adjacent to the glomerular 
basement membrane (GBM). The squamous epithelial cells (S) lining 
Bowman space lead to the cuboidal proximal convoluted tubules (PCT) 
with brush borders. E, Nuclei of endothelial cells; M, mesangium; N, 
nuclei of mesangial cells. (From Young B, Woodford P, O’Dowd G. Urinary 
system. In: Wheaton’s Functional Histology. A Text and Colour Atlas. 6th ed. 
Philadelphia: Elsevier Churchill Livingstone; 2014.)
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RBF and has an average oxygen tension (PO2) of 8 mm Hg. 
Thus, severe hypoxia could develop in the medulla despite a 
relatively adequate total RBF; the metabolically active med-
ullary thick ascending loop of Henle (mTAL) is particularly 
vulnerable.12

The terminology of the renal tubular system is based 
on morphology as seen with light microscopy. The system 
begins with the proximal convoluted tubule (PCT) that 
starts as a continuation of the parietal epithelium of the 
nephron (see Fig. 17.3). A high density of mitochondria 
and the extensive surface area of the apical (referred as the 

brush border) and basilar cell membranes mark the renal 
tubules and indicate high-energy requirements. In normal 
kidneys, 80% of the energy is required for Na+/K+-ATPase 
that maintains the osmotic gradient needed for the resorp-
tion of filtered molecules (Fig. 17.6).2 In spite of this high-
energy demand, the tubular system is supplied by only 10% 
to 15% of the RBF and is a key etiology for acute tubular 
necrosis after hypotension (see Chapter 42).

A distal short straight length of the proximal tubule leads 
to the thinner epithelium of the descending thin limb of 
the loop of Henle. This makes a hairpin 180-degree turn to 
ascend toward the cortex and eventually becomes the med-
ullary thick ascending limb of the loop of Henle (mTAL) and 
distal convoluted tube (see Fig. 17.2). Seventy to 80% of 
nephrons begin in the cortex and have short loops of Henle 
that enter only the outer margin of the medulla. The remain-
ing juxtamedullary nephrons start at the corticomedullary 
junction and have elongated loops of Henle that descend 
into the most distal extent of the medulla. At the end of the 
distal tubule is the juxtaglomerular apparatus that is com-
prised of specialized epithelial cells, called the macula densa 
(by virtue of light microscopic image), cells of the afferent 
glomerular arteriole, and mesangial cells (Fig. 17.7). The 
juxtaglomerular apparatus is essential for the maintenance 
of blood pressure, as described later. The most distal end of 
the nephron is the collecting duct that empties the ultrafil-
trate into the renal pelvis and then the ureters.!

FORMATION OF URINE

Urine is formed by the interaction of three processes: glomer-
ular filtration, tubular reabsorption, and tubular secretion.

Glomerular Filtration
The formation of the glomerular filtrate is dependent on 
the balance of Starling forces regulating fluid flux across 
the filtration barrier.13 Central to this process is the pres-
sure difference between the afferent and efferent arteries 
(Fig. 17.8). The hydrostatic pressure in the glomerular 

Fig. 17.4 Electron micrograph of glomerulus. The several glomeru-
lar capillaries (C) are lined by fenestrated endothelial cells. The podo-
cytes (P) give rise to foot processes (P1, P2) that rest on the glomerular 
basement membrane (BM). Mesangial cells (M) support the capillary 
loops. Bowman space (BS) is delineated by the podocyte bodies on one 
side and the parietal epithelial cells on the other. E, Nucleus of capil-
lary; IPS interpodocyte space; MM, mesangial matrix; SPS, subpodocyte 
space. (From Young B, Woodford P, O’Dowd G. Urinary system. In: Whea-
ton’s Functional Histology. A Text and Colour Atlas. 6th ed. Philadelphia: Else-
vier Churchill Livingstone; 2014.)

A B

Fig. 17.5 (A) Scanning electron micrograph of podocytes (P) and their processes. (B) Electron micrograph of podocyte processes (P), the glomerular 
basement membrane, and glomerular capillaries. Slit diaphragms (arrow) span the podocyte processes. Large arrow points to the lamina densa of the 
glomerular basement membrane. BS, Bowman space; CL, glomerular capillary lumen. (Modified from Gartner LP. Urinary system. In: Textbook of Histology. 
4th ed. Philadelphia: Elsevier; 2017.)
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TABLE 17.1 Distribution of Renal Blood Flow Between 
Cortex and Medulla

Cortex Medulla*

Percentage of renal blood flow 94 6

Blood flow (mL/min/g) 5.0 0.03

PO2 (mm Hg) 50 8

O2 extraction ratio (VO2/DO2) 0.18 0.79

*The renal medulla receives only a small fraction of the total renal blood flow, 
and flow rates are extremely slow. As a result, the tissue oxygen tension is 
extremely low, and the medulla extracts almost 80% of the oxygen deliv-
ered to it. A very mild reduction in total and cortical renal blood flow may 
therefore induce ischemia and hypoxia in the renal medulla. DO2, Oxygen 
delivery; O2, oxygen; PO2, oxygen tension; VO2, oxygen consumption. 
Data from Brezis M, Rosen S, Epstein F. The pathophysiological implica-
tions of medullary hypoxia. Am J Kidney Dis. 1989;13:253–258.

capillaries is 60 mm Hg, which is three times higher than in 
most capillary beds. This pressure difference drives plasma 
across the endothelial and epithelial filtration barriers 
(Table 17.2). A delicate balance in pressure maintenance 
is necessary because reduced pressures will decrease filtra-
tion, as increased pressures may cause renal damage. The 
glomerular filtration rate (GFR) depends upon the glomer-
ular capillary pressure that is opposed by the hydrostatic 
pressure in Bowman space and the colloid osmotic pressure 
within the glomerular capillaries (Figs. 17.8 and 17.9). In 
healthy patients, the colloid osmotic pressure in Bowman 

Fig. 17.6 Proximal convoluted tubule. The apical surface of the 
proximal convoluted tubule epithelium is marked by tall microvilli (Mv) 
that are seen as the brush border in light micrographs. The cytoplasm 
at the basal surface is filled with mitochondria (M) that are reflective 
of the high oxygen requirement needed for the maintenance of the 
basal lateral Na+/K+ ATPase. Cap, tubular capillary; J, tight intercellular 
junction; L, lysosome; V, vesicle. (From Young B, Woodford P, O’Dowd G. 
Urinary system. In: Wheaton’s Functional Histology. A Text and Colour Atlas. 
6th ed. Philadelphia: Elsevier Churchill Livingstone; 2014.)

Fig. 17.7 The macula densa (arrows). The cells of the macula densa represent a special portion of the distal tubule that is adjacent to the juxtaglo-
merular apparatus. (From Genitourinary and male genital tract. In: Lindberg MR, Lamps LW, eds. Diagnostic Pathology: Normal Histology. 2nd ed. Philadelphia: 
Elsevier; 2018.)
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space is negligible, since the GBM restricts the passage of 
proteins. The normal GFR is about 180 L/day.!
Mediator Control of the Glomerular Filtration Rate
Control of this glomerular capillary pressure is exquisite. Hor-
mones, peptides, and autacoids interact with receptors in the 
kidney to assure maintenance of RBF and GFR (Fig. 17.10).

!-Adrenergic Effect. The vascular myocytes of affer-
ent and efferent arterioles have the pressure-dependent 
ability to contract or relax. This prevents increased 
diuresis, appropriately called pressure diuresis, when the 
blood pressure is elevated. Mild #-adrenergic stimulation 

constricts the efferent arteriole that preserves GFR (Fig. 
17.11). Severe #-adrenergic activity decreases the filtra-
tion fraction by constricting the afferent and efferent arte-
rioles to prevent a flow-induced decrease in GFR. This is 
the reason norepinephrine administration during sepsis 
may preserve diuresis. This is important to understand 
during shock, when the endogenous adrenergic response 
or the use of # agonists may worsen renal hypoperfusion 
and decrease the GFR. The kidney is relatively devoid of 
$2 receptors, so epinephrine release induces predomi-
nant vasoconstriction through # receptor or angiotensin 
activation.!
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Fig. 17.8 Summary of forces causing filtration by the glomerular 
capillaries. (Redrawn from Hall JE. Guyton and Hall Textbook of Medical 
Physiology. 13th ed. Philadelphia: Elsevier; 2016.)

TABLE 17.2 Approximate Pressures and Vascular 
Resistances in the Circulation of a Normal Kidney

Vessel

PRESSURE IN VESSEL  
(MM HG) Percent of Total 

Renal Vascular 
ResistanceBeginning End

Renal artery 100 100 %0

Interlobar, arcuate, 
and interlobular 
arteries

%100 85 %16

Afferent arteriole 85 60 %26

Glomerular  
capillaries

60 59 %1

Efferent arteriole 59 18 %43

Peritubular  
capillaries

18 8 %10

Interlobar, arcuate, 
and interlobular 
veins

8 4 %4

Renal vein 4 %4 %0

From Hall JE. Guyton and Hall Textbook of Medical Physiology. 13th ed. Phila-
delphia: Elsevier; 2016.
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Fig. 17.9 Macula densa feedback mechanism for autoregulation of glo-
merular hydrostatic pressure and glomerular filtration rate (GFR) during 
decreased renal artery pressure. (Redrawn from Hall JE. Guyton and Hall 
Textbook of Medical Physiology. 13th ed. Philadelphia: Elsevier; 2016.)
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Fig. 17.10 Neurohormonal renal regulatory systems. GFR, Glomer-
ular filtration rate; Na, sodium; RBF, renal blood flow; &, decreased; ', 
increased. Modified from Sladen RN. Effect of anesthesia and surgery 
on renal function. Crit Care Clin. 1987;3(2):380–393.
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Renin-Angiotensin. Adrenergic stimulation of the juxta-
glomerular apparatus releases the enzyme renin from the 
cells of the macula densa and principal cells of the collect-
ing ducts.14 Renin, more appropriately called angioten-
sinogenase, converts the hepatic synthesized glycopeptide 
angiogensinogen to angiotensin I. Angiotensin-converting 
enzymes (ACEs) are present in diverse cell types,12 includ-
ing leukocytes and smooth muscle. The vascular endothe-
lial cells of the kidney and lung are the major source of ACE 
that converts angiotensin I to angiotensin II.12,15-17

Angiotensin II stimulates two pathways that have oppos-
ing effects (Fig. 17.12). The principal receptor is AT1 that 
is found on the luminal epithelial surface of the proximal 
tubular cell (PTC), mTAL, macula densa, distal tubules, and 
collecting ducts.14,18 The angiotensin II-AT1 interaction 
serves to maintain systemic blood pressure through vaso-
constriction, and enhancement of tubular transport mech-
anisms to reabsorb sodium and water.14,15,19 The binding 
of angiotensin II to “non-classical” receptors such as AT7 
opposes these actions and causes vasodilatation through 
nitric oxide (NO) and prostaglandin-mediated natriuresis, 
diuresis, and reduced oxidative stress.19

Angiotensin II is a potent vasoconstrictor of efferent 
arterioles, which increases the pressure difference and 
enhances filtration.18 This maintains the glomerular filtra-
tion fraction in the face of mild to moderate decreases in RBF 
or perfusion pressure that may result from hypovolemia or 
systemic hypotension. Angiotensin II promotes systemic 
vasoconstriction at about one tenth of its renal effect. Renin 

secretion is stimulated by hypovolemia from hemorrhage, 
diuresis, or sodium loss/restriction and by reductions in per-
fusion as seen with positive pressure ventilation, congestive 
heart failure, sepsis, or cirrhosis with ascites. Angiotensin II 
feeds back to the juxtaglomerular apparatus to inhibit renin 
secretion. It also stimulates phospholipase A2 to trigger the 
synthesis of vasodilatory prostaglandins.!

Prostaglandins and Kinins. Intrarenal prostaglandins 
play an important role in endogenous renal protection by 
vasodilating juxtamedullary blood vessels and maintaining 
inner cortical blood flow.20 Prostaglandins are called auta-
coids because, unlike true hormones, they are produced 
in minute amounts and have a local, evanescent action. 
Because their structure is based on a 20-carbon fatty acid, 
they are also referred to as eicosanoids, after eicosa, the 
Greek word for the number 20.

Phospholipase A2 resides in the inner lipid layer of the 
cell membrane and controls prostaglandin production 
through its formation of the prime precursor, arachidonic 
acid. It is stimulated by ischemia, hypotension, norepineph-
rine, angiotensin II, and arginine vasopressin (AVP). Thus, 
the factors that induce and mediate the stress response 
simultaneously activate prostaglandins, which defend the 
kidney against their actions. Cyclooxygenase-1 acts on 
arachidonic acid to form the vasodilator prostaglandins 
that include PGD2, PGE2, and PGI2 (prostacyclin).21 Vaso-
dilation is through activation of cyclic adenosine mono-
phosphate (cAMP) to oppose the action of catecholamines, 
angiotensin II, and AVP. Prostaglandins may be particu-
larly important in decreasing the vasoconstrictor activity of 
angiotensin II on the afferent arteriole and mesangial cells. 
Drugs that inhibit prostaglandin synthesis, such as nonste-
roidal anti-inflammatory agents, can upset this compensa-
tory mechanism and result in medullary ischemia.

Kinins act directly as vasodilators, as well as stimulate 
phospholipase A2, prostacyclin production, and endothe-
lial cell NO formation.22 Kinins are produced by cleavage 
of kininogen by the serine protease kallikrein. Over 90% of 
renal kallikrein is produced by the distal convoluted tubules 
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Fig. 17.11 Effect of change in afferent arteriolar resistance or efferent 
arteriolar resistance on glomerular filtration rate and renal blood flow. 
(Redrawn from Hall JE. Guyton and Hall Textbook of Medical Physiology. 13th 
ed. Philadelphia: Elsevier; 2016.)
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Fig. 17.12 Direct effects of angiotensin II (Ang II) to increase proxi-
mal tubular sodium reabsorption. Ang II stimulates sodium-hydrogen 
exchange (NHE) on the luminal membrane and the sodium-potassium 
ATPase transporter and sodium-bicarbonate co-transport on the baso-
lateral membrane. ATP, Adenosine triphosphate. (Redrawn from Hall 
JE. Guyton and Hall Textbook of Medical Physiology. 13th ed. Philadelphia: 
Elsevier; 2016.)
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in the cortex with decreased concentrations from outer to 
inner zones.22 Renal kininase, which controls the level of 
bradykinin, is inhibited by ACE inhibitors and is the reason 
for angioedema.23!

Arginine Vasopressin. AVP, also known as antidiuretic 
hormone (ADH), is produced by the posterior pituitary, 
and its release is stimulated by hyperosmolality or hypo-
volemia.24 By far the most potent trigger for AVP release 
is systemic arterial hypotension, mediated by aortic and 
carotid baroreceptors. It overrides all other triggers, and 
plasma AVP may reach levels 10- to 1000-fold greater 
than normal. At these concentrations, AVP acts as a vaso-
constrictor, especially in the outer renal cortex. It does 
so by stimulating the V1A receptor that exists on vascu-
lar smooth muscle, glomerular mesangial cells, and the 
vasa recta and promotes vasoconstriction through the 
phosphatidylinositol pathway.25 AVP maintains effective 
glomerular filtration pressure because it is an extremely 
potent constrictor of the efferent arteriole, and unlike cate-
cholamines and angiotensin, it has little effect on the affer-
ent arteriole, even at high plasma levels.26 The binding to 
V2 receptors on the medullary collecting ducts stimulates 
adenylate cyclase to form cAMP that enhances aquapo-
rin-2 channels of the principal cells to increase water reab-
sorption (Fig. 17.13).24,27 Anesthetics have little direct 
effect on AVP secretion, except via the changes that they 
induce in arterial blood pressure, venous volume, and 
serum osmolality. Surgical stimulation is a major stimulus 
to AVP secretion. This stress response, whether mediated 
by pain or by intravascular volume changes, is profound 
and lasts at least 2 to 3 days after the surgical procedure.!

Natriuretic Peptides. Natriuretic peptides dilate vascu-
lar smooth muscle through activation of cyclic guanosine 
monophosphate by blocking the phospholipase C-linked  
receptors to the actions of norepinephrine and angiotensin 
II. Atrial natriuretic peptide (ANP)28 is released from atrial 
myocytes in response to atrial wall stretch and increased 
atrial volume, brain (B-type) natriuretic peptide is released 
in response to cerebral ventricle stretch, and C-type is 
released from the endothelium of major blood vessels. Uro-
dilatin is secreted by the epithelium of the distal tubules and 
collecting ducts in response to increases in mean arterial 
pressure and blood volume.

The natriuretic peptides cause prompt, sustained increases 
in GFR and glomerular filtration fractions even when RBF is 
not increased or when arterial pressure is decreased. They 
promote afferent arteriolar dilatation with or without efferent 
arteriolar constriction, antagonize endothelin (the endoge-
nous vasoconstrictor peptide produced by vascular endothelial 
cells), inhibit renin secretion, and decrease angiotensin-stim-
ulated aldosterone. These peptides also inhibit the release of 
aldosterone in the adrenal cortex and block its actions at the 
distal tubules and collecting ducts. Moreover, they inhibit 
the secretion of AVP through their effects on the brain and 
pituitary, which can lead to an enhanced diuresis. NaCl is 
resorbed, and diuresis is promoted.29 These actions are impor-
tant in oliguric patients (such as those with acute renal failure 
and chronic renal failure) to increase urine output.!

Aldosterone. Aldosterone is a steroid hormone secreted 
by the zona glomerulosa of the adrenal cortex in response 
to hyperkalemia or hyponatremia.30 Angiotensin II and 
adrenocorticotropic hormone also trigger its release. It acts 
at the thick ascending limb of the loop of Henle, the prin-
cipal cells of the distal tubule, and the collecting duct to 
increase active absorption of sodium and passive absorp-
tion of water, culminating in an expanded blood volume. 
Sodium retention in vessel walls appears to enhance their 
response to vasoconstrictor agents. In contrast to the imme-
diate sympathetic angiotensin II response to hypovolemia, 
there is a delay of about 1 to 2 hours from the secretion of 
aldosterone to its action on sodium reabsorption.

Aldosterone forms a complex with a receptor at the 
cell membrane in the principal cells of the distal tubule 
(Fig. 17.14). The aldosterone-receptor complex travels to 
the cell nucleus, where it induces cytoplasmic transcrip-
tion of messenger ribonucleic acid. This fosters synthesis 
of proteins that form sodium channels in the apical cell 
membrane and enhance the Na+/K+/ATPase pump in the 
basolateral cell membrane.31 Sodium is transported from 
the tubular fluid into the peritubular capillary in exchange 
for potassium. Long-standing stimulation of aldosterone 
secretion, characteristically induced by the intravascular 
volume depletion of chronic ascites, culminates in potas-
sium depletion and hypokalemic alkalosis.!
The Dopaminergic System
There are at least two subtypes of dopaminergic (DA) recep-
tors.32 DA1 receptors are present on the renal and splanch-
nic vasculature and also on the proximal tubule. Stimulation 
of the DA1 receptor activates cAMP and induces renal vaso-
dilation, increased RBF and GFR, natriuresis, and diuresis. 
Dopamine inhibits the sodium-hydrogen antiporter system 
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at the brush-border membrane of the proximal tubule and 
the Na+/K+/ATPase pump at the basolateral membrane of 
the thick ascending limb of the loop of Henle to enhance 
NaCl reabsorption.

Stimulation of D2 receptors on the presynaptic terminal 
of postganglionic sympathetic nerves inhibits the release of 
norepinephrine from presynaptic vesicles to facilitate vasodi-
lation. The DA system plays an integral role in the endoge-
nous vasodilator-natriuresis system and the maintenance of 
normal blood pressure. Endogenous dopamine constitutively 
activates the DA2 receptor, which synergistically enhances 
the activation of the DA1 receptor and inhibits tubular 
Na+/K+-ATPase activity, especially when sodium intake is 
increased. It also opposes the anti-natriuretic effects of norepi-
nephrine, angiotensin II, and aldosterone. Endogenous ANP 
acts via the renal dopamine system by recruiting “silent” 
DA1 receptors from the interior of the cell toward the plasma 
membrane and also enhances dopamine accumulation.32,33

Urinary dopamine excretion is increased with salt load-
ing; decreased DA activity may contribute to the pathogen-
esis of idiopathic edema, which manifests as retention of salt 
and water in the upright position. There is evidence that the 
endogenous dopamine system is activated in compensated 
cirrhosis and helps to maintain renal sodium excretion.32,33!

Adenosine
Adenosine is present in all tissues and in the extracellular 
space as a signaling molecule. It plays a role during con-
ditions of cellular distress such as hypoxia, inflammation, 
and acute cellular injury.34 Extracellular adenosine mainly 
exerts its biologic actions through activation of four adenos-
ine receptors that lead to the attenuation or activation of 
intracellular cAMP levels through modulation of adenylate 
cyclase activity. This modulation of cAMP affects the pro-
duction of nucleotides adenosine monophosphate, adenos-
ine diphosphate (ADP), and adenosine triphosphate (ATP) 
that have essential roles in most cellular functions.34 Ade-
nosine is implicated in the regulation of RBF by tubuloglo-
merular feedback and protects the kidney from ischemia.35 
During periods of ischemia, there is a fivefold increase in 
extracellular adenosine. In animal models, receptors for 
adenosine have been effective in preventing or treating 
acute kidney injury (AKI) from ischemia.35!
Nitric Oxide
Endogenous NO is a potent vasodilator of vascular smooth 
muscle. It is produced in many nephron segments including 
the cortical and medullary thick ascending limb of the loop 
of Henle (mTAL).36 During oxidative stress, reactive oxygen 
species (ROS), including superoxide (O2

!), hydrogen per-
oxide (H2O2), and the hydroxyl radical (OH), are produced. 
Under normal conditions, NO minimizes the influence of 
these ROS. NO acts at multiple points in the citric acid cycle 
and increases the efficiency of oxygen utilization within 
the kidney.36 NO inhibits apical Na+/H+ cotransport and 
basolateral Na+/K+-ATPase activity in the proximal tubule, 
inhibits sodium reabsorption in the mTAL by blocking the 
Na+/K+/2Cl! cotransporter, and has a direct effect on apical 
sodium channels of the cortical collecting ducts to inhibit 
sodium transport.36,37 NO produced in the epithelial cells of 
mTAL buffers the vasoconstriction in the medullary circula-
tion in response to sympathetic stimulation and angiotensin 
II.38 As for antagonism of O2

! tubular activity, endogenous 
NO counteracts the vasoconstrictor effects of O2

!.!

Renal Tubular System Physiology
The renal tubular system compensates for the large glomer-
ular filtration by resorption so that only 1.5 L/day of fluid is 
excreted as urine. The tubules also conserve and regulate mol-
ecules within appropriate physiologic ranges that are freely 
filtered such as ions, glucose, and amino acids (Table 17.3). 
Under most conditions, the kidneys excrete more than 95% 
of the ingested Na+ at rates that match dietary Na+ intake.39 
Approximately 65% of filtered sodium, chloride, and water is 
reabsorbed by the PCTs (Fig. 17.15). In the first segment of the 
PCT, sodium moves across the apical lumen by cotransport 
with amino acids, bicarbonate, and glucose and counter-trans-
port mechanisms (Fig. 17.16). This reabsorption increases the 
concentration of chloride ions to 140 mEq/L from the initial 
filtrate concentration of 105 mEq/L and favors its diffusion 
through the intercellular junctions into the interstitial space. 
Organic acids and bases including waste products of metabo-
lism, such as bile salts and urea, and multiple exogenous mol-
ecules are cleared by the PCT. This clearance has additional 
clinical importance since doses of drugs that are removed by 
the kidney, such as $-lactam antibiotics, will require dose 
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eds. Human Pharmacology: Molecular-To-Clinical. London: Wolfe Publish-
ing Ltd; 1991:249, Fig. 19.4.)
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TABLE 17.3 Filtration, Reabsorption, and Excretion Rates of Different Substances by the Kidneys

Amount Filtered Amount Reabsorbed Amount Excreted Percent of Filtered Load Reabsorbed

Glucose (g/day) 180 180 0 100

Bicarbonate (mEq/day) 4,320 4,318 2 >99.9

Sodium (mEq/day) 25,560 25,410 150 99.4

Chloride (mEq/day) 19,440 19,260 180 99.1

Potassium (mEq/day) 756 664 92 87.8

Urea (g/day) 46.8 23.4 23.4 50

Creatinine (g/day) 1.8 0 1.8 0

From Hall JE. Guyton and Hall Textbook of Medical Physiology. 13th ed. Philadelphia: Elsevier; 2016.
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adjustments to achieve therapeutic levels or to prevent toxicity 
in other organs. Fig. 17.17 outlines changes in the concentra-
tions of different substances in the tubular system relative to 
the concentration in plasma and the glomerular filtrate.!
The Loop of Henle
The loop of Henle is comprised of a thin descending limb, thin 
ascending limb, a medullary thick ascending limb (mTAL) as 
well as a cortical portion that leads to the distal convoluted 
tubule. The macula densa (see Fig. 17.1) is an area of closely 
packed cells lining the wall of the distal tubule at the point 
where it meets the thick ascending limb.The major function 
of the loop of Henle is the maintenance of an osmotic gradi-
ent in the interstitium by a countercurrent system to allow the 
resorption of 40% of the filtered sodium and 25% of filtered 
water (see later).39 Differential permeability to water, trans-
port of ions, and urea carriers provide the interstitial environ-
ment to concentrate urine (see Fig. 17.15). The tubules of the 
descending loop of Henle are freely permeable to water and 
allow for the reabsorption of about 20% of the filtered water. 
Both the medullary and cortical thick limbs are imperme-
able to water and function to concentrate urine. Urea, which 
comprises 90% of waste nitrogen, is passively absorbed in the 
tubules by osmosis and is facilitated by specific transporters. An 
increased concentration of urea in the tubular lumen favors its 
movement into the interstitium to create an extremely high 
interstitial osmolality at the tip that approaches 1200 mOsm/
kg. Since the tubules are less permeable to urea than water, 
most of the urea is excreted into the urine.

As with the cells of the PCT, the mTAL cells have high 
metabolic activity. A Na+/K+/2Cl! cotransporter in this 
segment absorbs Na+, Cl!, and K+ from the tubular lumen. 
Inhibition of this cotransporter is the mechanism of cationic 
(positively charged) loop diuretics such as furosemide. The 
positive charge of the tubular lumen compared to the inter-
stitium allows the paracellular reabsorption of magnesium 
and calcium in addition to sodium and potassium. ATPase-
dependent Na+/K+ pumps in the basilar membrane will 
reabsorb 25% of the filtered sodium and potassium.!

DISTAL TUBULES AND MACULA DENSA

The first part of the distal tubule forms the macula densa 
of the juxtaglomerular apparatus. Approximately 5% of 
sodium is reabsorbed in the first part of the distal tubule 
by a sodium chloride cotransporter that moves ions from 
the tubular lumen into the cell and a Na+/K+ ATPase that 
moves Na+ out of the cell.39,40 Thiazide diuretics inhibit this 
cotransporter (see Fig. 17.16). The movement of chloride is 
passive. The permeability to water of the distal tubules, as 
well as the collecting tubules described later, is regulated by 
AVP (Fig. 17.18). With increased AVP, the tubules become 
more permeable and water is absorbed.!

COLLECTING TUBULES

The collecting tubules are extensions of the distal tubules 
and have the same function of Na+ resorption. The two 
cell types lining the collecting tubules are the principal 
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cells and two types of intercalated cells. Principal cells use 
Na+/K+ ATPase to resorb Na+ and K+. These cells are the 
sites of action for the potassium-sparing diuretics such as 
spironolactone, a competitor of aldosterone. An additional 
mechanism is Na+ channel blockade by diuretics such as 
amiloride.

Type A intercalated cells use H+-ATPase and H+/K+-
ATPase transporters to secrete hydrogen ions formed by 
carbonic anhydrase against a large concentration gradient. 
Bicarbonate ions are absorbed from the basolateral mem-
brane. In contrast, the Type B intercalated cells transport 
hydrogen out of the cell on the basolateral side while bicar-
bonate is excreted into the tubular lumen. These cells are 
critical to the maintenance of acid-base balance, sodium 
reabsorption, and intravascular volume.41!

COLLECTING DUCTS

The collecting ducts form as distal anastomoses of collect-
ing tubules in the medulla and determine the final compo-
sition of urine. The principal cell of the collecting duct is a 
highly regulated epithelial cell. AVP controls water resorp-
tion. Urea is reabsorbed via transporters into the medul-
lary interstitium, thereby raising the osmolality to assist in 
the concentration of urine. Hydrogen can also be secreted 
against a high concentration gradient to regulate acidosis.!

RENAL AUTOREGULATION

The formation of urine is tightly controlled by complex auto-
regulation that maintains consistency of the RBF, GFR, and 
the resorption rate in tubules when there are changes in tubu-
lar flow. This autoregulation protects the kidney from injury 
secondary to elevated blood pressure by two mechanisms: 
autoregulation of RBF and tubuloglomerular feedback.42

Autoregulation of Renal Blood Flow
The smooth muscles of the afferent arterioles, as in other 
vascular beds, have the intrinsic ability to contract, called 
a myogenic response, to increases in blood pressure. The 

response can compensate for changes in pressure within 3 
to 10 seconds over a mean arterial blood pressure range of 
70 to 130 mm Hg.43!
The Myogenic Mechanism of the Renal Blood Flow 
Autoregulation
Glomerulotubular balance compensates for increased GFR 
when blood pressure is elevated by preventing fluid loss 
through an augmented rate of tubular absorption in the 
PTC and loop of Henle. This process is more adaptable to 
slow changes in arterial pressure (>20 seconds) and more 
critical in maintaining GFR and RBF during sustained 
reductions in blood pressure (Fig. 17.19).43 An increase in 
GFR provides enhanced NaCl delivery to the distal tubules. 
The increased chloride concentration is sensed by the mac-
ula densa and triggers the renin-angiotensin cascade to 
decrease the GFR through angiotensin II constriction of the 
afferent arteriole. This trigger is sent by the macula densa 
through the complex of mesangial cells to the smooth mus-
cle of the vasculature by paracrine signaling. There are no 
intercellular connections between the macula densa, other 
components of the juxtaglomerular apparatus, and the 
blood vessels.44 The increases in resorption proportionate to 
the GFR prevent distention of the distal tubular segments.

TUBULOGLOMERULAR FEEDBACK

The dynamic range of tubuloglomerular feedback is a NaCl 
concentration between 15 and 60 mmol/L with maximal 
responses at greater than 60 mmol/L.44 In the tubules, more 
than 99% of water and most of the solutes are absorbed, 
pass through the interstitium, and enter the capillaries 
at a rate of 124 mL/min. As demonstrable for most capil-
lary beds, the transit of fluids is dependent upon balance of 
hydrostatic and colloid forces (see Fig. 17.8). Intravascular 
pressure (13 mm Hg) and colloid osmotic pressure of the 
interstitium (15 mm Hg) oppose resorption, whereas the 
hydrostatic pressure in the interstitium (6 mm Hg), intra-
vascular colloid osmotic pressure (32 mm Hg), and large 
surface area of the capillaries favor resorption.!
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MAINTENANCE OF PLASMA OSMOLALITY

Definition
Prior to any description of this process, the definitions of 
osmolarity and osmolality should be reviewed. Osmolality 
is a measure of the osmoles (Osm) of solute per kilogram of 
solvent (Osm/kg) while osmolarity is defined as the number 
of osmoles of solute per liter of solution (Osm/L). Osmolarity 
is affected by changes in water content, temperature, and 
pressure. Osmolarity is slightly less than osmolality because 
the total solvent weight excludes any solutes. Clinically, the 
values for osmolarity and osmolality are very similar, and 
the terms are usually used interchangeably. The bedside 
calculation from laboratory data (2[Na+ mmol/L] + 2[K+ 
mmol/L] + BUN mg/dL/2.8 + glucose mg/dL/18) is in units 
of osmolarity. The clinical laboratory measurements deter-
mined with osmometers are reported as osmolality.!
Regulation of Osmolality
Plasma osmolality is closely regulated between 275 and 300 
mOsm/L. Acute alterations in osmolality, either hypoosmo-
lality or hyperosmolality, can result in serious neurologic 
symptoms and death as the result of water movement in the 
brain. Normal patients can dilute and concentrate urine 
within the range of 40 to 1400 mOsm/L.45 Maintenance 
of plasma osmolality is linked to the regulation of sodium 

concentration and water balance by the tubular system 
and the collecting ducts in concert with the vasa recta 
blood supply of the tubules through differences in tubular 
permeability to water and the control of sodium transport 
(Fig. 17.20). It is dependent on the interaction of at least 
three processes: the generation of a hypertonic medullary 
interstitium by the countercurrent mechanism and urea 
recycling, the concentration and then dilution of tubular 
fluid in the loop of Henle, and the action of AVP to increase 
water permeability in the last part of the distal tubule and 
collecting ducts.!

ROLE OF PROXIMAL TUBULES AND  
LOOP OF HENLE

Osmosis, the spontaneous net movement of solvent mol-
ecules through a selectively permeable membrane into 
a region of higher solute concentration to equalize the 
solute concentrations on the two sides, takes place in 
the proximal tubule. Proximal tubule solutes and water 
are equally reabsorbed so that the fluid in the tubules is 
isosmotic with plasma. In contrast, the organization of 
the loop of Henle is designed to maintain hyperosmolal-
ity of the medullary interstitium that can approach 1200 
mOsm/L. The major process for this is the active transport 
of Na+ and co-transport of K+ and Cl! from the lumen of 
the thick limb of the loop of Henle that is impermeable to 
water to the interstitium. This allows for a concentration 
gradient of 200 mOsm/L.

Medullary Interstitium
The medullary interstitium becomes hypertonic by the coun-
tercurrent multiplier effect of the loop of Henle that is best 
understood diagrammatically (Fig. 17.21). The primary 
mechanism is by the combination of NaCl reabsorption and 
water impermeability in the ascending limb. The descend-
ing limb is freely permeable to water, which diffuses into the 
interstitium along the osmotic gradient, and the tubular fluid 
becomes progressively hyperosmotic at the bend of the loop.

Water entering the distal convoluted tubule after leav-
ing the loop of Henle is dilute (about 100 mOsm/L).  
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through the tight junctions of the tubular epithelial cells. ATP, Adenos-
ine triphosphate. (Redrawn from Hall JE. Guyton and Hall Textbook of Medi-
cal Physiology. 13th ed. Philadelphia: Elsevier; 2016.)
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This dilution is increased because of the active transport of 
NaCl and the impermeability of the epithelium. In the collect-
ing tubule, resorption of water is dependent upon the action 
of AVP (ADH), since the epithelium is normally impermeable 
to water. With the action of AVP, large amounts of water are 
reabsorbed into the interstitium of the cortex and removed by 
the peritubular capillaries (see Fig. 17.18).!
Vasa Recta
The vasa recta or straight arterioles of kidney are a series of 
straight capillaries that lie parallel to the loops of Henle of 
the juxtamedullary nephrons (Fig. 17.22). Only 5% of the 
RBF is through the vasa recta, creating a sluggish flow. As 
the capillaries descend into the medulla, the blood becomes 

more concentrated by solute entry from the interstitium. 
This high concentration in the ascending vasa recta in turn 
facilitates the entry of water from the ascending tubules. 
The combined interactions of tubular permeability and the 
vasa recta create the standing osmotic gradients in the cor-
tex (300 mOsm/L), juxtamedullary zone (600 mOsm/L), 
and deep medulla (1200 mOsm/L).!
The Role of Urea
A healthy person excretes 20% to 50% of the filtered load 
of urea. The concentration of urea entering the tubular 
system is related to the prerenal plasma concentration and 
the GFR. Urea contributes 40% to 50% of the osmolality of 
the medullary interstitium. The PCT are freely permeable 
whereas the loop of Henle, distal tubules, and the collecting 
ducts have little permeability to urea (Fig. 17.23). As water 
absorption increases with AVP action, the concentration 
of urea in the tubules progressively increases. With this 
high concentration, urea diffuses into the interstitial fluid 
facilitated by specific urea transporters that are activated by 
AVP. The simultaneous movement of urea and water out of 
the inner medullary collecting ducts maintains a high con-
centration of urea in the tubular fluid. As the concentration 
of urea increases in the medullary interstitium, it diffuses 
through the thin limb of the loop of Henle and transits 
through the ascending system again before it is excreted. 
This recirculation enhances the increased osmotic pressure 
in the medulla.!

RENAL CONTROL OF INTRAVASCULAR VOLUME

Hypovolemia
Patients with hypovolemia, for example, from hemorrhage, 
gastrointestinal loss, or preoperative fasting, are commonly 
encountered in the perioperative period. Contraction of 
the extracellular volume by hypovolemia increases sym-
pathetic outflow, activates the renin-angiotensin-aldoste-
rone response, and releases AVP. Initially, the GFR and 
filtered load of sodium decrease. Sodium reabsorption in 
the proximal tubule is increased from about 66% to 80% 
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by sympathetic activity and angiotensin II, as well as by the 
decline in peritubular capillary pressure induced by renal 
vasoconstriction. Sodium delivery to the thick ascending 
loop of Henle, distal tubule, and collecting duct is decreased, 
but aldosterone promotes reabsorption of sodium at these 
sites. Under the influence of AVP, water is also avidly reab-
sorbed in the collecting duct so that the urine becomes 
highly concentrated (osmolality 600 mOsm/kg) but with 
virtually no sodium (10 mEq/L).!
Hypervolemia
Expansion of the extracellular volume by hypervolemia is 
countered by an increase in the GFR and filtered sodium load 
due to a combination of reflex decreases in sympathetic and 
angiotensin II activity and the release of ANP. Together with 
the increase in peritubular capillary hydrostatic pressure, 
these responses cause sodium reabsorption in the proximal 
tubule to decrease from 67% to 50%. The decline in plasma 
aldosterone decreases sodium absorption from the thick 
ascending loop of Henle to the collecting duct. The presence 
of ANP and absence of AVP impairs water absorption at the 
collecting duct so that a dilute urine (osmolality 300 mOsm/
kg) with abundant sodium (80 mEq/L) is produced.!

CLINICAL TESTS FOR RENAL FUNCTION46,47

Urine Output
The measurement of urine output is simple and has been the 
traditional intraoperative and postoperative clinical evalu-
ation of renal function in the absence of laboratory data. By 

consensus, oliguria is defined as a urine flow rate less than 
0.5 mL/kg/h; it is often interpreted as a sign of renal dys-
function48 and was first described by Galen and Ephesus 
between 100 and 200 AD. Urine output was listed as one 
of the most widely used indicators for volume expansion 
with intravenous fluids by 77% to 83% of anesthesiologists 
surveyed and based on a survey of United States and Euro-
pean anesthesiologists.49 However, studies have shown 
that low urine output was not necessarily associated with 
renal failure.50 Reduced intraoperative urinary output (<1 
mL/kg/h) for patients undergoing anesthesia for thoracic 
resections was not associated with postoperative renal dys-
function regardless of the amount of fluid administered.51 
Although traditionally oliguria is taken as a sign of hypovo-
lemia and subsequent reduction in kidney perfusion, peri-
operative oliguria is not always abnormal, especially when 
no other signs of hypoperfusion are present. Tolerance of 
modest oliguria is necessary when considering the rela-
tively recent push for fluid limitations with enhanced recov-
ery after surgery protocols.52 Targeting urine output does 
not affect 30-day mortality, and oliguria is not a modifiable 
risk factor for mortality.53 Oliguria has been correlated with 
AKI and may be a better threshold for the guidance of fluid 
administration.54

In the perioperative period, transient oliguria is almost 
inevitable, whether induced by hypotension, as an appro-
priate prerenal response to intravascular hypovolemia, or 
as a manifestation of the physiologic response to surgical 
stress.55 It is a relative condition that depends on expected 
urine flow, and it may bear little, if any, relationship to GFR. 
When arterial blood pressure and intravascular volume 
are restored to normal levels, normal urinary flow should 
resume. Complete, often abrupt, cessation of urine flow 
(anuria) suggests postrenal obstruction. For patients with 
indwelling urinary catheters, obstruction of the catheter 
by malposition, blood, or kinking is the first diagnosis that 
must be ruled out and corrected immediately if confirmed. 
When the catheter is patent, obstruction from the surgical 
field must be considered dependent upon the procedure.!
Creatinine
Creatine phosphate in muscle transfers high-energy phos-
phate to ADP, creating ATP necessary for contraction, and 
creatine. Creatinine results from the metabolism of creatine 
in the liver. Serum creatinine is a reasonable approxima-
tion of GFR since it is freely filtered by the glomerulus, is 
soluble, distributes through the total body water, and is not 
reabsorbed by the tubules. Creatinine varies with muscle 
mass, rate of catabolism, protein intake, and physical activ-
ity. Low GFR tends to overestimate renal function since 
little creatinine is secreted. The relationship between serum 
creatinine and GFR is inverse and exponential; that is, a 
doubling of serum creatinine implies a halving of GFR. The 
normal serum creatinine range is 0.5 to 1.2 mg/dL. Mus-
cle mass must be taken into consideration since a normal 
creatinine in a malnourished, cachectic patient may reflect 
reduced GFR.!
Blood Urea Nitrogen
Urea is formed in the liver by the deamination of amino 
acids and conversion to ammonia by the arginine cycle. It is 
not an indicator of GFR since it is rapidly reabsorbed by the 
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tubules. Absorption of blood from the gastrointestinal tract, 
steroids, and sepsis may increase the blood urea nitrogen 
(BUN), whereas malnutrition or liver disease might result 
in its decrease. The normal ratio of BUN to serum creatinine 
ratio is between 10 and 15 to 1. The BUN to creatinine ratio 
may be useful in the diagnosis of renal failure from prerenal 
causes versus acute tubular necrosis (see Chapter 42).!

RENAL CLEARANCE TECHNIQUES

Clearance is the pharmacokinetic measurement of the 
volume of plasma that is removed of a specific substance 
over a period of time. Classic renal physiology experi-
ments used the plant polysaccharide that is freely filtered 
by the glomerulus and not secreted or reabsorbed by the 
tubules. 131I-iothalamate has the same renal properties 
as inulin and is used in radiographic studies to assess 
clearance.56

In routine clinical practice, GFR [urine creatinine 
(mg/dL) " volume of urine (mL)/plasma creatinine 
(mg/dL)] has been employed. The traditional collection 
period is 24 hours but since the collection of urine can 
sometimes be impractical, shorter intervals can be used 
for estimations. A volume of urine is carefully collected 
over a defined time period and the creatinine concen-
tration is measured. A comparison is then made with a 
blood sample that is taken during the midpoint of urine 
flow to determine the creatinine. The GFR may decrease 
significantly before serum creatinine increases above 
normal and can be inaccurate due to its variable tubu-
lar secretion, extrarenal elimination, and variable rates 
of generation. For these reasons, estimated GFR (eGFR) 
that is based on age, sex, and race is often calculated 
using either the Modification of Diet in Renal Disease 
(MDRD) or the Chronic Kidney Disease Epidemiology 
Collaboration (CKD-EPI) equation.57

Both methods normalize for sex, age, and race and are 
based on a stable steady-state production of creatinine and 
are not accurate with AKI when creatinine clearance is in 
flux. The MDRD formula is normalized to an average adult 
1.73 m2 body surface area. The CKD-EPI equation is more 
accurate for values less than 60 mL/min/1.73 m2. Clinical 
laboratories will state which method is used when eGFR 
is reported. Extremes of muscle mass, pregnancy, dietary 
intake, and comorbidities are factors that will lead to errors 
in eGFR. Creatinine clearance is more accurate when drugs 
are dosed based on renal function.58

Measurement of Tubular Function
When oliguria is present, tests of renal tubular function may 
be useful to distinguish dehydration (prerenal azotemia) 
from acute tubular necrosis. In dehydration, the tubules 
function normally to retain Na+ and water to maintain the 
blood volume. The osmolality of plasma is 280 to 300 mOs/
kg but with dehydration, the urine osmolality can increase 
to greater than 450 mOs/kg. Acute tubular necrosis is a 
pathologic state (see Chapter 42) in which the concentrat-
ing ability of the tubules is defective. Sodium and water may 
be lost in the urine if nonoliguric.

The most common method of assessing for tubular con-
centration ability is the fractional excretion of sodium (FENa), 
which is a measure of sodium clearance as a percentage of 

creatine clearance. FENa is calculated by the following from 
simultaneous samples of blood and urine collection:

 

FENa = (urine Na/plasma Na) / (urine creatinine/
plasma creatinine) ! 100 !

Effect of Anesthetics on Renal Function
All general anesthetics tend to decrease GFR and intraop-
erative urine flow as a consequence of decreased cardiac 
output and arterial blood pressure.59 Some drugs also 
decrease RBF, but filtration fraction is usually increased, 
which implies that angiotensin-induced efferent arteriolar 
constriction limits the decrease in GFR that resolves after 
emergence from anesthesia. Any anesthetic technique that 
induces hypotension will result in decreased urine flow 
because of altered peritubular capillary hydrostatic gra-
dients, even if renal autoregulation is preserved. Injury to 
kidneys seldom occurs unless there is preexisting kidney 
disease, nephrotoxic injury, hypovolemia, or a combination 
thereof, which will exacerbate renal dysfunction.60 Volatile 
anesthetics induce mild to moderate reductions in RBF and 
GFR, primarily because of their myocardial depression and 
vasodilatory effects61 that can be attenuated by prior intra-
venous hydration. Opioid-based anesthetics are consider-
ably more effective than volatile anesthetics in suppressing 
the release of catecholamines, angiotensin II, aldosterone, 
and AVP. Ketamine increases RBF but decreases urine flow 
rate, possibly through sympathetic activation; it preserves 
RBF during hemorrhagic hypovolemia.62

The potential for AKI after the breakdown of volatile 
anesthetics to free fluoride ions causing tubular lesions 
is now of only historical interest.63 The “older” volatile 
drug isoflurane produces minimal peak fluoride levels (<4 
µm/L).64 Initial studies of sevoflurane in rats reported neph-
rotoxicity through the formation of Compound A, a vinyl 
ether formed by degradation of sevoflurane at low flow 
through carbon dioxide absorbents.65 Clinically significant 
renal injury has not been shown with desflurane, sevoflu-
rane, or propofol in patients even with moderate preexisting 
renal dysfunction.66

There is growing evidence to support anesthetics as 
agents that ameliorate ischemia-reperfusion injury in the 
kidney and other organs.67 The volatile anesthetics desflu-
rane, sevoflurane, isoflurane, and halothane attenuated the 
increase in serum creatinine compared with pentobarbital 
or ketamine in animal models.68 The mechanism is related 
to an induction of cytoprotective factors and suppression 
of proinflammatory cytokine and chemokine activation in 
response to ischemia-reperfusion. There is experimental evi-
dence that propofol can prevent renal ischemia-reperfusion 
injury through inhibition of oxidative stress pathways.69!

EFFECTS OF MECHANICAL VENTILATION ON 
RENAL FUNCTION

Mechanical ventilation and positive end-expiratory pres-
sure (PEEP) may cause decreases in RBF, GFR, sodium 
excretion, and urine flow rate through changes in hemody-
namics.70 The increased airway and intrapleural pressures 
lead to decreased venous return, cardiac filling pressures, 
and cardiac output. Positive pressure ventilation increases 
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inferior vena caval pressure and through increased renal 
venous pressure, may increase peritubular capillary pres-
sure to increase tubular sodium reabsorption. The decrease 
in cardiac output and systemic arterial pressure results in a 
carotid and aortic baroreceptor-mediated increase in sym-
pathetic nerve tone to the kidney, with renal vasoconstric-
tion, antidiuresis, and anti-natriuresis. Volume receptors 
in the atria respond to decreased filling by decreased ANP 
secretion, resulting in increased sympathetic tone, renin 
activation, and AVP activity.

The renin-angiotensin-aldosterone system undoubtedly 
augments the renal responses to positive pressure ventila-
tion. An increase in PEEP can depress cardiac output, RBF, 
GFR, and urine volume, and increase renin and aldosterone. 
Although the extent of depression of renal function depends 
on the mean airway pressure, there is no difference in cre-
atinine clearance and FENa between volume-controlled and 
pressure support ventilation.71 Permissive hypercapnia as 
employed during acute respiratory distress syndrome may 
promote renal vasoconstriction.70!

Induced Hypotension

During anesthesia with induced hypotension, substantial 
reduction of GFR and urine flow rate is common. Although 
earlier studies suggested that hypotensive anesthesia can 
be well tolerated without permanent impairment of renal 
function, a more recent retrospective analysis suggests that 
mean arterial pressures less than 60 mmHg for 11 to 20 
min or less than 55 mmHg for more than 10 min are associ-
ated with acute kidney injury.72 Vasodilators used to induce 
hypotension differ in their effect on RBF. Administration of 
sodium nitroprusside decreases renal vascular resistance 
but tends to shunt blood flow away from the kidney. More-
over, its administration is associated with marked renin-
angiotensin activation and catecholamine release, which 
results in rebound hypertension if the infusion is suddenly 
discontinued. Nitroglycerin decreases RBF less than sodium 
nitroprusside.73 The selective DA1-dopaminergic agonist 
fenoldopam is capable of providing induced hypotension 
without any significant decrease in RBF.74 Nicardipine 
increased creatinine clearance and attenuated the increase 
in FENa in patients undergoing spine surgery under deliber-
ate hypotension75 and improved renal function when given 
to patients with preexisting renal insufficiency who had 
robotic-assisted radical prostatectomy.76
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