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 1 Renal filtration and reabsorption are susceptible to alterations 
by surgical illness and anesthesia. Autoregulation of renal 
blood flow (RBF) is effective over a wide range of mean arterial 
pressures (50 to 150 mm Hg). Autoregulation of urine flow 
does not occur, but a linear relationship between mean arterial 
pressure above 50 mm Hg and urine output is observed.

 2 Renal medullary blood flow is low (2% of total RBF) but central 
to the kidneys’ ability to concentrate urine. During periods of 
reduced renal perfusion, the metabolically active medullary 
thick ascending limb may be especially vulnerable to ischemic 
injury.

 3 The physiologic response to surgical stress invokes intrinsic 
mechanisms for sodium and water conservation. Renal 
cortical vasoconstriction causes a shift in perfusion toward 
juxtamedullary nephrons, a decrease in glomerular filtration 
rate, and retention of salt and water result.

 4 The stress response may induce a decrease in RBF and glomerular 
filtration rate, causing afferent arteriolar vasoconstriction. If 
this situation is not reversed, ischemic damage to the kidney 
may result in acute renal failure (ARF).

 5 Anesthetic-induced reductions in RBF have been described 
for many agents but are usually clinically insignificant and 
reversible. Likewise, anesthetic agents have not been shown to 
interfere with the renal response to physiologic stress.

 6 Isolated ARF carries a mortality of up to 60% in surgical 
patients, with acute tubular necrosis being the cause of ARF in 
most of these patients.

 7 Overall, there are no conclusive comparative studies demon-
s trating superior renal protection or improved renal outcome 
with general versus regional anesthesia.

 8 Surgical patients with nondialysis-dependent chronic kidney 
disease are at higher risk of developing end-stage renal disease. 
The single most reliable predictor of new postoperative need 
for dialysis is preoperative renal insufficiency.

 9 Maintaining adequate intravascular volume and hemodynamic 
stability with aggressive management of kidney hypoperfusion 
is a basic principle of anesthetic care to prevent acute kidney injury.

 10 Urologic patients are often elderly, have numerous comorbi-
dities, and require critical evaluation prior to any urologic  
pro cedure.

Ke y Points
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 11 Combining epidural with general anesthetic techniques for some 
major surgeries may offer advantages for accelerated recovery, 
improved analgesia, and even better outcomes, but these tech-
niques must be conducted with respect for other perioperative 
issues, including thromboprophylaxis for prevention of deep 
venous thrombosis.

 12 Watchful waiting, minimally invasive principles, and technologic 
innovation (e.g., laparoscopy, robotics) have changed the favored 
approach to many kidney, bladder, and prostate disorders, in 
some cases reducing the number of high-risk surgeries, in others 
creating other safer less morbid alternate treatments.

 13 Absorption of irrigating solution related most often to trans-
urethral prostate or bladder tumor resections can cause “TUR 
syndrome,” a condition that, while becoming less common, 
has the potential to be serious and even life-threatening during 
several hours following surgery. Knowledge of specific concerns 
relevant to the different irrigating solutions, and vigilance of the 
anesthesiologist to factors that minimize absorption, recognition 
of signs and symptoms, and appropriate treatment are key to 
favorable outcomes with this condition.

Mult imedia
  1 Laparoscopic  2 Robotic Prostatectomy

INTRODUCTION AND CONTExT

The kidney plays a central role in implementing and controlling 
a variety of homeostatic functions, including excreting metabolic 
waste products in the urine, while keeping extracellular fluid 
volume and composition constant. Acute kidney injury (AKI) 
can occur as a direct result of surgical or medical disease, pro-
longed reduction in renal oxygen delivery, nephrotoxin insult, or 
a combination of these three factors. The first part of this chap-
ter reviews renal physiology and pathophysiologic states as they 
relate to anesthetic practice, and then addresses strategies for rec-
ognizing and managing patients at risk for AKI and renal failure. 
The second part describes current urologic procedures and their 
attendant anesthetic management issues.

RENAL ANATOMY AND pHYSIOLOgY

Gross anatomy

The two normal kidneys are reddish-brown organs and are ovoid 
in outline, but the medial margin is deeply indented and concave 
at its middle (Fig. 49-1) where a wide, vertical cleft (the hilus) 
transmits structures entering and leaving the kidney. The hilus 
lies at approximately the level of the first lumbar vertebra. The 
kidneys lie in the paravertebral gutters, behind the peritoneum, 
with the right kidney lying slightly lower than the left one because 
of the presence of the liver. At its upper end, the ureter has dilated 
to give rise to the renal pelvis, which passes through the hilus into 
the kidney proper. There it is continuous with several short fun-
nel-like tubes (calyces) that unite it with the renal parenchyma. 
The renal blood vessels lie anterior to the pelvis of the kidney, 
but some branches may pass posteriorly. Renal pain sensation is 
conveyed back to spinal cord segments T10 through L1 by sym-
pathetic fibers. Sympathetic innervation is supplied by pregangli-
onic fibers from T8 to L1. The vagus nerve provides parasympa-
thetic innervation to the kidney, and the S2 to S4 spinal segments 
supply the ureters.

The kidneys are enclosed by a thick, fibrous capsule, itself sur-
rounded by a fatty capsule that fills the space inside the loosely 
applied renal (Gerota’s) fascia. The developing kidney is first 
formed in the pelvis and then ascends to its final position on the 

posterior abdominal wall. During its ascent, the kidney receives 
blood supply from several successive sources, such that an acces-
sory renal artery from the aorta may be found entering the lower 
pole of the kidney. When first formed, the rudimentary kidneys 
are close together and may fuse to give rise to a horseshoe kidney. 
This organ is unable to ascend, “held in place” by the inferior 
mesenteric artery, and thus when present it remains forever a pel-
vic organ.

The bladder is located in the retropubic space and receives its 
innervation from sympathetic nerves originating from T11 to L2, 
which conduct pain, touch, and temperature sensations, whereas 
bladder stretch sensation is transmitted via parasympathetic 
fibers from segments S2 to S4. Parasympathetics also provide the 
bladder with most of its motor innervation.

The prostate, penile urethra, and penis also receive sympathetic 
and parasympathetic fibers from the T11 to L2 and S2 to S4 seg-
ments, respectively. The pudendal nerve provides pain sensation 
to the penis via the dorsal nerve of the penis. Sensory innervation 
of the scrotum is via cutaneous nerves, which project to lumbosa-
cral segments, whereas testicular sensation is conducted to lower 
thoracic and upper lumbar segments.

ultrastructure

Inspection of the cut surface of the kidney reveals the paler cor-
tex, adjacent to the capsule, and the darker, conical pyramids of 
the renal medulla (Fig. 49-1). The pyramids are radially striated 
and are covered with cortex, extending into the kidney as the renal 
columns. Collecting tubules from each lobe of the kidney (pyra-
mid and its covering of cortex) discharge urine into the calyceal 
system via renal papillae at the entrance of each pyramid into  
the calyx proper. These collecting tubules originate deep within  
the radial striations (medullary rays) of the kidney and convey urine 
formed in the structural units of the kidneys, the nephrons. The 
parenchyma of each kidney contains approximately 1 × 106 tightly 
packed nephrons, each one consisting of a tuft of capillaries (the 
glomerulus) invaginated into the blind, expanded end (glomeru-
lar corpuscle) of a long tubule that leaves the renal corpuscle to 
form the proximal convoluted tubule in the cortex. This leads into 
the straight tubule, which loops down into the medullary pyramid 
(loop of Henle) and hence back to the cortex to become continu-
ous with the distal convoluted tubule. This then opens into a col-
lecting duct that is common to a number of nephrons and passes 
through the pyramid to enter the lesser calyx at the papilla. It is in 
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these parts of the nephron (proximal tubule, loop of Henle, distal 
tubule, and collecting duct) that urine is formed, concentrated, 
and conveyed to the ureters. The distal convoluted tubule comes 
into very close contact with the afferent glomerular arteriole, and 
the cells of each are there modified to form the juxtaglomerular 
apparatus, a complex physiologic feedback control mechanism 
contributing in part to the precise control of intra- and extrarenal 
hemodynamics that is a hallmark feature of the normally func-
tioning kidney.

As is the case for the renal tubules, the vasculature of the kidney 
is highly organized. The renal artery enters the kidney at the hilum 
and then divides many times before producing the arcuate arteries 
that run along the boundary between cortex and outer medulla. 
Interlobular arteries branch from arcuate arteries toward the outer 
kidney surface, giving rise as they pass through the cortex to numer-
ous afferent arterioles, each leading to a single glomerular capillary 
tuft. The barrier where filtration from the vascular to tubular space 
within the glomerulus occurs is highly specialized and includes 
fenestrated negatively charged capillary endothelial cells and tubu-
lar epithelial cells (podocytes) separated by a basement membrane. 
Normally, selective permeability permits approximately 25% of 
the plasma elements to pass into the Bowman capsule; only cells 
and proteins >60 to 70 kDa cannot cross. However, abnormalities 
of this barrier can occur with diseases that may permit filtration 
of much larger proteins and even red blood cells; these changes 
manifest as the nephrotic syndrome (proteinuria >3.5 g/24 hr) or 

glomerulonephritis (hematuria and proteinuria). The glomerular 
capillaries exit the Bowman capsule and merge to form the effer-
ent arteriole and peritubular capillaries that nourish the tubules. 
The renal vasculature is unusual in having this arrangement of two 
capillary beds joined in series by arterioles. Blood supply to the 
entire tubular system comes from the glomerular efferent arteri-
ole, which branches into an extensive capillary network. Some of 
these peritubular capillaries, the vasa recta, descend deep into the 
medulla to parallel the loops of Henle. The vasa recta then return 
in a cortical direction with the loops, join other peritubular capil-
laries, and empty into the cortical veins.

correlation of Structure and function

Because renal tissue makes up only 0.4% of body weight but 
receives 25% of cardiac output, the kidneys are by far the most 
highly perfused major organs in the body, and this facilitates 
plasma filtration at rates as high as 125 to 140 mL/min in adults. 
The functions of the kidney are many and varied, including waste 
filtration, endocrine and exocrine activities, immune and meta-
bolic functions, and maintenance of physiologic homeostasis. As 
well as tight regulation of extracellular solutes such as sodium, 
potassium, hydrogen, bicarbonate, and glucose, the kidney also 
generates ammonia and glucose and eliminates nitrogenous and 
other metabolic wastes including urea, creatinine, and bilirubin. 
Finally, circulating hormones secreted by the kidney influences 
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FIgURE 49-1. The gross anatomy (a) and 
internal structure of the genitourinary sys-
tem and kidney. Internal organization of the 
kidney includes cortex and medulla regions 
and the vasculature (B). The nephron is the 
functional unit of the kidney (c). Plasma 
filtration occurs in the glomerulus (d); 20% 
of plasma that enters the glomerulus passes 
through the specialized capillary wall into the 
Bowman capsule and enters the tubule to be 
processed and generate urine. PCT, proximal 
convoluted tubule, DCT, distal convoluted 
tubule. (From: http://www.incontinenceaid.
com/files/images/Urinary_system_compo-
nents.jpg [a]; B; http://www.pathology.vcu.
edu/education/PathLab/pages/renalpath/ 
rpsrhome.htm from Lecture 1 (modified with 
permission) [c].)

http://www.incontinenceaid
http://www.pathology.vcu
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red blood cell generation, calcium homeostasis, and systemic 
blood pressure.

The kidney fulfills its dual roles of waste excretion and body 
fluid management by filtering large amounts of fluid and sol-
utes from the blood and secreting waste products into the  
tubular fluid. Filtration and reabsorption are affected by comorbid  
disease, surgery, and anesthesia and are the focus of the next  
section.

Glomerular filtration

Production of urine begins with water and solute filtration from 
plasma flowing into the glomerulus via the afferent arteriole. 
The glomerular iltration rate (GFR) is a measure of glomerular 
function expressed as milliliters of plasma filtered per minute. 
The ultrailtration constant (Kf ) is directly related to glomeru-
lar capillary permeability and glomerular surface area. The two 
major determinants of filtration pressure are glomerular capil-
lary pressure (PGC) and glomerular oncotic pressure (pGC). PGC is 
directly related to renal artery pressure and is heavily influenced 
by arteriolar tone at points upstream (afferent) and downstream 
(efferent) from the glomerulus. An increase in afferent arteriolar 
tone, as occurs with intense sympathetic or angiotensin II stimu-
lation, causes filtration pressure and GFR to fall. Milder degrees 
of sympathetic or angiotensin activity cause a selective increase 
in efferent arteriolar tone, which tends to increase filtration pres-
sure and GFR. The pGC is directly dependent on plasma oncotic 
pressure. Afferent arteriolar dilatation enhances GFR by increas-
ing glomerular flow, which in turn elevates glomerular capillary 
pressure.

autoregulation of Renal Blood flow and 
Glomerular filtration Rate

Renal blood flow (RBF) autoregulation maintains relatively con-
stant rates of RBF and glomerular filtration over a wide range of 
arterial blood pressure. Renal autoregulation of blood flow and 
filtration is accomplished primarily by local feedback signals that 
modulate glomerular arteriolar tone to protect the glomeruli 
from excessive perfusion pressure (Fig. 49-2).

In health, autoregulation of RBF is effective over a wide range 
of systemic arterial pressures. Several mechanisms for regulating 
blood flow to the glomerulus have been described, and all involve 
modulation of afferent glomerular arteriolar tone. The myogenic 
relex theory holds that an increase in arterial pressure causes the 
afferent arteriolar wall to stretch and then constrict (by reflex); 
likewise, a decrease in arterial pressure causes reflex afferent arte-
riolar dilatation. The other proposed mechanism of RBF autoreg-
ulation is a phenomenon called tubuloglomerular feedback, which 
is also responsible for autoregulation of GFR.

Tubuloglomerular feedback allows the composition of distal 
tubular fluid to influence glomerular function through actions 
involving the juxtaglomerular apparatus. When RBF falls, the 
concomitant decrease in GFR results in less chloride delivery to 
the juxtaglomerular apparatus, which causes the afferent arteriole 
to dilate. Glomerular flow and pressure then increase, and GFR 
returns to previous levels. Chloride also acts as the feedback signal 
for control of efferent arteriolar tone. When GFR falls, declining 
chloride delivery to the juxtaglomerular apparatus triggers release 
of renin, which ultimately causes the formation of angiotensin II. In 
response to angiotensin, efferent arteriolar constriction increases 
glomerular pressure, which increases glomerular filtration. It is 
important to realize that autoregulation of urine flow does not 
occur, and that above a mean arterial pressure of 50 mm Hg there 
is a linear relationship between mean arterial pressure and urine 
output.

tubular Reabsorption of Sodium and Water

Active, energy-dependent reabsorption of sodium begins almost 
immediately as the glomerular filtrate enters the proximal tubule. 
Here, an adenosine triphosphatase pump drives the sodium into 
tubular cells while chloride ions passively follow. Glucose, amino 
acid, and other organic compound reabsorption are strongly cou-
pled to sodium in the proximal tubule. Normally, the proximal 
tubule reabsorbs two-thirds of the filtered sodium, but no active 
sodium transport occurs in the loop of Henle until the medul-
lary thick ascending limb is reached. Cells of the medullary thick 
ascending limb are metabolically active in their role of reabsorb-
ing sodium and chloride and have a high oxygen consumption 
compared with the thin portions of the descending and ascending 
limbs.

Reabsorption of water is a passive, osmotically driven process 
tied to the reabsorption of sodium and other solutes. Water reab-
sorption also depends on peritubular capillary pressure; high cap-
illary pressure opposes water reabsorption and tends to increase 
urine output. The proximal tubule reabsorbs approximately 65% 
of filtered water in an isosmotic fashion with sodium and chlo-
ride. The descending limb of the loop of Henle allows water to 
follow osmotic gradients into the renal interstitium. However, the 
thin ascending limb and medullary thick ascending limb are rela-
tively impermeable to water and play a key role in the production 
of concentrated urine. Only 15% of filtered water is reabsorbed 
by the loop of Henle; the remaining filtrate volume flows into the 
distal tubule. There, and in the collecting duct, water reabsorption 
is controlled entirely by antidiuretic hormone (ADH) secreted by 
the pituitary gland. Conservation of water and excretion of excess 
solute by the kidneys would be impossible without the ability to 
produce concentrated urine. This is accomplished by establishing 
a hyperosmotic medullary interstitium and regulation of water 
permeability of the distal tubule and collecting duct via the action 
of ADH.

ADH increases the water permeability of the collecting ducts 
and allows for passive diffusion of water (under considerable 
osmotic pressure) back into the circulation. The posterior pituitary 
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FIgURE 49-2. Renal blood flow (RBF) autoregulation maintains RBF 
and glomerular filtration rate (GFR) relatively constant with changes 
in systolic blood pressure from about 80 to 200 mm Hg. (From: http://
www2.kumc.edu/ki/physiology/course/two/2_8.htm, with permission.)
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http://www2.kumc.edu/ki/physiology/course/two/2_8.htm
http://www2.kumc.edu/ki/physiology/course/two/2_8.htm
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gland releases ADH in response to an increase in either extracel-
lular sodium concentration or extracellular osmolality. In addition, 
ADH release can be triggered by an absolute or relative reduction in 
intravascular fluid volume. The arterial baroreceptors are activated 
when hypovolemia leads to a decrease in blood pressure, whereas 
atrial receptors are stimulated by a decline in atrial filling pressure. 
Both of these circulatory reflex systems stimulate release of ADH 
from the pituitary and cause retention of water by the kidney in an 
effort to return the intravascular volume toward normal. ADH also 
causes renal cortical vasoconstriction when it is released in large 
amounts, such as during the physiologic stress response to trauma, 
surgery, or other critical illness. This induces a shift of RBF to the 
hypoxia-prone renal medulla.

The Renin–Angiotensin–Aldosterone System

Renin release by the afferent arteriole may be triggered by hypo-
tension, increased tubular chloride concentration, or by sympa-
thetic stimulation. Renin enhances angiotensin II production, 
which in turn induces renal efferent arteriolar vasoconstriction. 
Angiotensin II also promotes ADH release from the posterior 
pituitary, sodium reabsorption by the proximal tubule, and aldo-
sterone release by the adrenal medulla. Aldosterone stimulates the 
distal tubule and collecting duct to reabsorb sodium (and water), 
resulting in intravascular volume expansion. Sympathetic nervous 
system stimulation may also directly cause release of aldosterone. 
This leads to renal cortical vasoconstriction, a decrease in GFR, 
and salt and water retention.

Renal Vasodilator Mechanisms

Opposing the saline retention and vasoconstriction observed in 
stress states are the actions of atrial natriuretic peptide (ANP), nitric 
oxide, and the renal prostaglandin system. ANP is released by the 
cardiac atria in response to increased stretch under conditions 
of volume expansion. Both natriuresis and aquaresis increase as 
ANP blocks reabsorption of sodium in the distal tubule and col-
lecting duct. ANP also increases GFR, causes systemic vasodilata-
tion, inhibits the release of renin, opposes production and action 
of angiotensin II, and decreases aldosterone secretion.1,2 Likewise, 
nitric oxide produced in the kidney opposes the renal vasoconstric-
tor effects of angiotensin II and the adrenergic nervous system, 
promotes sodium and water excretion, and participates in tubulo-
glomerular feedback.3

Prostaglandins are produced by the kidney as part of a com-
plex system that modulates RBF and opposes the actions of ADH 
and the renin–angiotensin–aldosterone system.4 Stress states, renal 
ischemia, and hypotension stimulate the production of renal pros-
taglandins through the enzymes phospholipase A2 and cyclooxy-
genase. Prostaglandins produced by cyclooxygenase activity cause 
dilatation of renal arterioles (antiangiotensin II), whereas their dis-
tal tubular effects result in an increase in sodium and water excre-
tion (anti-ADH and aldosterone). The renal prostaglandin system 
is important in maintaining RBF and sodium and water excretion 
during times of high physiologic stress and poor renal perfusion.4

CLINICAL ASSESSMENT OF  

THE KIDNEY

Most agree that measures such as urine output correlate poorly 
with perioperative renal function5; however, much about the 
 kidneys can be learned from knowing how effectively they clear 
circulating substances and inspection of the urine (i.e., urinalysis).

Renal function tests

Filtration is a useful method to clinically assess kidney function. 
As a key indicator of disease, knowledge of limited filtration 
capacity is important to guide drug dosing for agents cleared by 
the kidneys and helps with preoperative risk stratification. Also, 
acute declines in filtration capacity indicate kidney injury and 
predict a more complicated clinical course.2 GFR, as previously 
mentioned, refers to the plasma volume filtered per unit time by 
the kidneys, and normal values range from 90 to 140 mL/min. 
Normal GFRs relate to the patient age, size, and gender. In gen-
eral, GFR declines 10% per decade after age 30 and is approxi-
mately 10 mL/min higher in men than women. A GFR below 
60 mL/min meets criteria for chronic kidney disease (CKD) 
and is considered impaired, while values lower than 15 mL/min  
are often associated with uremic symptoms and may require 
dialysis.

An “ideal” substance to assess GFR through its clearance 
from the circulation must have specific properties, including 
a steady supply, free filtration, and no tubular reabsorption or 
excretion; ideally, it is also cheap and easy to measure. Unfor-
tunately, the perfect ideal substance is yet to be identified. The 
“gold standard” GFR tools involve expensive and cumbersome 
measurements (e.g., inulin, 51Cr-EDTA or 99Tc-DTPA clear-
ance), while the most practical and inexpensive test involves an 
imperfect “ideal” substance, creatinine. However, despite cre-
atinine’s limitations, its relatively steady supply from muscle 
metabolism, modest tubular secretion, and proven usefulness in 
numerous clinical settings make it the most used renal filtration 
marker currently available. Although more ideal substances and 
other “early biomarkers” of AKI are being evaluated as clinical 
tools, current candidates (e.g., cystatin C) have yet to replace 
creatinine.

Estimates of GFR (eGFR) can be made by determining cre-
atinine clearance (CrCl) from urine and blood creatinine tests. In 
stable, critically ill patients, 2-hour urine collections are sufficient 
to calculate CrCl,6 using the following formula:

 

CrCl (mL/min) U (mg/dL) V (mL)/P (mg/dL)

time (min)
Cr Cr= ×

×

where UCr = urine creatinine, V = total volume of urine collected, 
PCr = plasma creatinine, time = collection time.

However, if patient characteristics are known, GFR can also 
be estimated from a single steady-state serum creatinine value. 
Notably, predictive formulas are developed using data from 
stable (nonsurgical) populations, and factors such as fluid shifts, 
hemodilution, and hemorrhage may add an “unsteadiness” to 
perioperative eGFR using serum creatinine.

Nonetheless, serum creatinine remains, so far, an unsurpassed 
perioperative tool, particularly to reflect trends of change in renal 
filtration and to predict outcome, even during the perioperative 
period.7–9 Of the predictive formulas, the Cockroft–Gault equa-
tion is one of the oldest and most durable.10 The Cockroft–Gault 
equation uses patient gender, age (years), weight (kg), and serum 
creatinine (mg/dL):

Cockroft–Gault eGFR (mL/min) ( age) weigh= − ×140 tt (kg)/

(Cr )( for

female patients)

× ×72 0 85.

More recently, a method developed from the Modification 
of Diet in Renal Disease (MDRD) study that adds other factors 
including ethnicity (black vs. nonblack) to Cockroft–Gault equa-
tion has gained popularity.11

3

4
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An abbreviated MDRD formula is available that can estimate 
GFR measured in milliliters per minute per 1.73 m2:

GFR (serum creatinine mg/dL) (age= × − ×−186 1 154. ))

( for female patients)

(

−

×

×

0 203

0 742

1 210

.

.

. for black patients)

However, even a detailed MDRD eGFR under ideal conditions 
sometimes correlates poorly with a gold standard-determined 
GFR, with more than a 30% error in 10% of patients, and 2% 
deviating more than 50%.11

Some consensus definitions for significant perioperative renal 
dysfunction exist. For example, the Society of Thoracic Surgeons 
defines postoperative AKI as either a new requirement for dialysis 
or a rise in serum creatinine to >2 mg/dL involving at least a 50% 
increase in serum creatinine above baseline.12 Another definition 
requires a creatinine rise of >25% or 0.5 mg/dL (44 mmol/L) within 
48 hours.13 The Acute Dialysis Quality Initiative (ADQI) Group 
definition for critically ill patients grades AKI by an acute creatinine 
rise of 50% as risk, 100% as injury, or 200% as failure (the RIFLE 
criteria).14 The Acute Kidney Injury Network (AKIN) definition, 
a 1.5-fold or 0.3 mg/dL (≥26.4 mmol/L) creatinine rise within 
a 48-hour period or more than 6 hours of oliguria (>0.5 mL/ 
kg/hr), is a modification of its RIFLE predecessor.14,15 Notably, 
serum creatinine does not usually rise significantly until GFR rates 
fall below 50 mL/min, so preoperative serum creatinine may be 
normal in patients even with some degree of renal dysfunction 
(Fig. 49-3).

Blood urea nitrogen (BUN) is sometimes used to assess renal 
function but possesses few of the characteristics of an ideal sub-
stance. Tubular urea transport changes with some conditions 
(e.g., dehydration), and urea generation can be highly variable, 
particularly during the postoperative period (i.e., catabolic state). 
In addition, hemodilution (e.g., cardiopulmonary bypass [CPB]) 
may affect circulating BUN levels.

Urinalysis and Urine Characteristics

Urine inspection can reveal abnormal cloudiness, color, and 
unexpected odors. Detailed descriptions of urine examination are 
available16; therefore, only a summary is provided here. Cloudy 
urine is due to suspended elements such as white or red blood 
cells and/or crystals. Lightly centrifuged urine sediment will nor-
mally contain 80 ± 20 mg of protein per day and up to two red 
blood cells per high-power field (400×); higher levels of red blood 
cells or protein reflect abnormal kidney function. Urine protein 
electrophoresis can differentiate proteinuria from a glomerular 
(filtering), tubular (reuptake), overflow (supply that saturates the 
reuptake system), or tissue (e.g., kidney inflammation) abnor-
mality.17 In contrast, color changes reflect dissolved substances; 
this occurs most commonly with dehydration, but other causes 
include food colorings, drugs, and liver disease (e.g., bilirubin). 
Unusual odors are less common but can also be diagnostic (e.g., 
maple syrup urine disease). Chromogenic “dipstick” chemical 
tests can determine urine pH and provide a semiquantitative 
analysis of protein, blood, nitrites, leukocyte esterase, glucose, 
ketones, urobilinogen, and bilirubin. In addition, microscopy can 
identify crystals, cells, tubular casts, and bacteria.

Urine speciic gravity (the weight of urine relative to distilled 
water) normally ranges between 1.001 and 1.035, and can be used 
as a surrogate for osmolarity (normal 50 to 1,000 mOsm/kg), 
with 1.010 reflecting a specific gravity similar to that of plasma. 
High specific gravity (>1.018) implies preserved renal concentrat-
ing ability, unless high levels of glucose, protein, or contrast dye 
injection have raised specific gravity without significantly chang-
ing osmolarity.

Although poor urine output (e.g., <400 mL urine/24 hr) may 
reflect hypovolemia or impending prerenal renal failure, a majority 
of perioperative AKI episodes develop in the absence of oliguria.1 
The normal response to hypovolemia is renal solute retention; 
fluid and electrolyte retention produces a concentrated urine 
with a low sodium content (<20 mEq/L). In contrast, impaired 
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FIgURE 49-3. The nonlinear relationship 
between changes in renal filtration and serum 
creatinine level means that a large reduction 
(e.g., 75%, 120 to 30 mL/min) in glomerular 
filtration rate (GFR) may be associated with a 
modest rise in serum creatinine. Proportional 
reductions in GFR and (approximate) nephron 
loss (x axis) have an inverse logarithmic rela-
tionship with serum creatinine concentration 
(y axis). (Modified from: Faber MD, Kupin WL, 
Krishna G, et al. In: Lazarus JM, Brenner BM, 
eds. Acute Renal Failure: The differential diag-
nosis of ARF. 3rd ed. New York, NY: Churchill 
Livingstone, 1993, 133, with permission.)
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concentrating ability due to AKI causes urine to approach plasma 
osmolarity (isosthenuria) with a higher sodium content (>40 
mEq/L). The kidneys’ ability to retain electrolytes is also reflected 
in the fractional excretion of sodium (FENa), a test that uses a spot 
sample of urine and blood to compare sodium and creatinine 
excretion; this test can be useful to distinguish hypovolemia and 
renal injury:

FE U /P P /UNa Na Na Cr Cr= × × 100

where UNa = urine sodium, PNa = plasma sodium, UCr = urine 
creatinine, and PCr = plasma creatinine.

FENa <1% implies that sodium is being normally conserved 
while values above 1% are consistent with acute tubular necrosis 
(ATN).

pERIOpERATIVE NEpHROLOgY

pathophysiology

Altered renal function can be thought of as a clinical continuum 
ranging from the normal compensatory changes seen during stress 
to frank renal failure. Clinically, there is considerable overlap 
between compensated and decompensated renal dysfunctional 
states. The kidney under stress reacts in a predictable manner to 
help restore intravascular volume and maintain blood pressure. 
The sympathetic nervous system reacts to trauma, shock, or pain 
by releasing norepinephrine, which acts much like angiotensin II 
on the renal arterioles. Norepinephrine also activates the renin–
angiotensin–aldosterone system and causes ADH release. The net 
result of modest activity of the stress response system is a shift of 
blood flow from the renal cortex to the medulla, avid sodium and 
water reabsorption, and decreased urine output. A more intense 
stress response may induce a decrease in RBF and GFR by caus-
ing afferent arteriolar constriction. If this extreme situation is not 
reversed, ischemic damage to the kidney may result, and AKI may 
become clinically manifest.

electrolyte disorders

disorders of Sodium Balance

Hyponatremia is the most commonly occurring electrolyte dis-
order18,19 (see also Chapter 14). Symptoms rarely occur unless 
sodium values are <125 mmol/L, and these include a spectrum 
ranging from anorexia, nausea, and lethargy to convulsions, 
dysrhythmias, coma, and even death due to osmotic brain swell-
ing.20–22 Hyponatremia may occur in the setting of an expanded 
(e.g., transurethral resection [TUR] syndrome), normal, or con-
tracted extracellular fluid volume, and volemic status and urinary 
sodium concentration are key markers in differentiating the large 
number of potential causes of hyponatremia. If water excess is a 
reason for hyponatremia, dilute urine (sodium >20 mmol/L) is 
expected. Conversely, avid renal sodium retention (urine sodium 
<20 mmol/L) suggests sodium loss as a cause. If hyponatremia 
is acute, the risk of neurologic complications is higher, and 
cautious treatment is indicated to prevent cerebral edema and  
seizures. This should be accomplished with intravenous hyper-
tonic saline and furosemide to enhance water excretion and  
prevent sodium overload (see transurethral resection syndrome 
section).

Hypernatremia (serum sodium >145 mmol/L) is generally the 
result of sodium gain or water loss, most commonly the latter. 

Dehydration of brain tissue can cause symptoms ranging from 
confusion to convulsions and coma. In cases of hypernatremia, 
laboratory studies often show evidence of hemoconcentration 
(increased hematocrit and serum protein concentrations). In addi-
tion, urine output is usually low (<500 mL/day) and hyperosmolar 
(>1,000 mOsm), with very low urinary sodium concentration and 
evidence of prerenal failure (elevations of BUN and serum creati-
nine). Occasionally, the urine is not maximally concentrated, sug-
gesting an osmotic diuresis or an intrinsic renal disorder such as 
diabetes insipidus. The primary goal of treatment is restoration of 
serum tonicity, which can be achieved with isotonic or hypotonic 
parenteral fluids and/or diuretics unless irreversible renal injury is 
present, in which situation dialysis may be necessary.

disorders of potassium Balance

Even minor variations in serum potassium concentration can 
lead to symptoms such as skeletal muscle weakness, gastroin-
testinal ileus, myocardial depression, malignant ventricular dys-
rhythmias, and asystole. Nearly 98% of total body potassium is 
intracellular. Circulating potassium levels are tightly controlled 
via renal and gastrointestinal excretion and reabsorption, but 
potassium also moves between the intra- and extracellular com-
partments under the influence of insulin and b2-adrenoceptors. 
In the kidney, 70% of potassium reabsorption occurs in the prox-
imal tubule and another 15% to 20% in the loop of Henle. The 
collecting duct is responsible for potassium excretion under the 
influence of aldosterone.

Hypokalemia may be due to a net potassium deficiency or 
transfer of extracellular potassium to the intracellular space. Nota-
bly, total body depletion may exist even with normal extracellular 
potassium levels (e.g., diabetic ketoacidosis). Causes of hypoka-
lemia include extrarenal loss (e.g., vomiting, diarrhea), renal loss 
(impaired processing due to drugs, hormones, or inherited renal 
abnormalities), potassium shifts between the extra- and intracel-
lular spaces (e.g., insulin therapy), and, occasionally, inadequate 
intake. Clinical manifestations of hypokalemia include ECG 
changes (flattened T waves—“no pot, no T”, U waves, prodys-
rhythmic state) and skeletal muscle weakness. Hypokalemia 
treatment involves supplementation with intravenous or oral 
potassium; however, overly rapid potassium intravenous admin-
istration should be avoided because it can cause hyperkalemic 
cardiac arrest.

If a patient has hyperkalemia (elevated serum potassium level 
>5.5 mEq/L), it is important to consider the duration of the 
condition as chronic hyperkalemia is far better tolerated than an 
acute rise. Other than laboratory artifacts (e.g., hemolyzed sam-
ple), causes of hyperkalemia include abnormal kidney excretion, 
abnormal cellular potassium release, or abnormal distribution 
between the intracellular and the extracellular space.

disorders of calcium, magnesium, and phosphorus

Most of a grown adult’s 1 to 2 kg of calcium is in bone (98%), with 
the remaining 2% in one of the three forms: Ionized, chelated, or 
protein-bound. Normal serum calcium values range between 8.5 
and 10.2 mg/dL, but only the ionized fraction (50%) is biologi-
cally active and precisely regulated. Ionized extracellular calcium 
concentration (iCa++) is controlled by the combined actions of 
parathyroid hormone (PTH), calcitonin, and vitamin D and  
further modulated by dietary and environmental factors. Hypo-
calcemia due to reduced serum protein levels is physiologically 
unimportant. Extracellular magnesium represents only 0.3% of 
total (mainly intracellular) stores, making normal serum levels 
(1.6 to 2.2 mg/dL) a poor reflection of total body magnesium. 

5
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Phosph orus is a major intracellular anion that plays a role in reg-
ulation of glycolysis, ammoniagenesis, and calcium homeostasis 
and is an essential component of adenosine triphosphate and red 
blood cell 2,3-diphosphoglyceric acid synthesis.

The clinical manifestations of hypocalcemia include cramping, 
digital numbness, laryngospasm, carpopedal spasm, broncho-
spasm, seizures, and respiratory arrest. A positive Chvostek sign 
(facial muscle twitching in response to tapping the facial nerve) 
or Trousseau sign (carpal spasm induced by brachial artery occlu-
sion) are the classic hallmarks of hypocalcemia but in practice are 
often absent. Mental status changes, including irritability, depres-
sion, and impaired cognition, may also occur. Cardiac manifesta-
tions include QT interval shortening and dysrhythmias.

Hypocalcemia may be due to several mechanisms, including a 
decrease in PTH secretion or action, reduced vitamin D synthe-
sis or action, resistance of bone to PTH or vitamin D effects, or 
calcium sequestration. Citrate used for regional anticoagulation 
with dialysis can also cause hypocalcemia and may also lead to 
hypomagnesemia from decreased PTH secretion. Parathyroidec-
tomy during neck surgery reduces PTH levels and is a common 
cause of acquired hypoparathyroidism.

Clinical symptoms of hypercalcemia correlate with its acuity 
and include constipation, nausea and vomiting, drowsiness, leth-
argy, weakness, stupor, and coma. Cardiovascular manifestations 
may include hypertension, shortened QT interval, heart block, 
and other dysrhythmias. The most frequent causes of hypercal-
cemia are primary hyperparathyroidism and malignancy. Other 
causes include thiazide (increased renal calcium reabsorption)  
or lithium (inhibits PTH release) therapy and rarer medical  
conditions including granulomatous disease, thyrotoxicosis, and 
multiple endocrine neoplasia (MEN) types I and II.

Hypomagnesemia (<1.6 mg/dL) may sometimes be asymp-
tomatic, but clinically important problems can and do mani-
fest, including neuromuscular, cardiac, neurologic, and related  
electrolytic (hypokalemia and hypocalcemia) abnormalities. 
Causes of hypomagnesemia can be divided in four broad cate-
gories: Decreased intake, gastrointestinal loss, renal loss, and 
redistribution. Nutritional hypomagnesemia can result from 
malabsorption syndromes in patients receiving parenteral nutri-
tion, and it is also present in 25% of alcoholics. Redistribution 
occurs with acute pancreatitis, administration of catecholamines, 
and in “hungry bone syndrome” after parathyroidectomy.10 
Magnesium can be supplemented orally or via the parenteral 
route.

Clinical manifestations of hypermagnesemia (>4 to 6 mg/dL) 
are serious and potentially fatal. Minor symptoms include hypo-
tension, nausea, vomiting, facial flushing, urinary retention, and 
ileus. In more extreme cases, flaccid skeletal muscular paraly-
sis, hyporeflexia, bradycardia, bradydysrhythmias, respiratory 
depression, coma, and cardiac arrest may occur. Hypermagnese-
mia generally occurs in two clinical settings: Compromised renal 
function (GFR <20 mL/min) and excessive magnesium intake 
(e.g., excessive intravenous therapy in preeclampsia). Although 
mild hypermagnesemia in the setting of normal renal function 
can be treated with supportive care and withdrawal of the cause, 
in some cases dialysis is necessary.

Hypophosphatemia is clinically more important than hyper-
phosphatemia and can result in symptoms including muscle 
weakness, respiratory failure, and difficulty in weaning critically 
ill patients from mechanical ventilation when serum levels are 
<0.32 mmol/L. In addition, low phosphate levels may diminish 
oxygen delivery to tissues and rarely cause hemolysis. Hypo-
phosphatemia can result from intracellular redistribution (from 
catecholamine therapy), from inadequate intake or absorption  
secondary to alcoholism or malnutrition, or from increased renal 

or gastrointestinal losses.12 Intravenous and oral supplementa-
tion can be used to treat hypophosphatemia.

Hyperphosphatemia (>5 mg/dL) is generally related to accom-
panying hypocalcemia although increased phosphate levels may 
also lead to calcium precipitation and decreased intestinal cal-
cium absorption.13,14 Significantly elevated serum phosphate 
levels are most commonly due to reduced excretion from renal 
insufficiency but can also result from excess intake or redistri-
bution of intracellular phosphorus. Treatment of chronic hyper-
phosphatemia includes dietary phosphate restriction and oral 
phosphate binders.

acid–Base Disorders

The primary determinant of serum pH is the balance between 
plasma bicarbonate (HCO3

−) concentration and the PCO2 in the 
extracellular space. Acid–base homeostasis involves tight regu-
lation of HCO3

− and PaCO2. Primary extracellular pH derange-
ments due to abnormal bicarbonate reabsorption and proton 
(H+) elimination by the kidney lead to metabolic acidosis or alka-
losis, while factors that abnormally affect respiratory drive influ-
ence PaCO2, leading to respiratory acidosis or alkalosis. Because 
combined problems are often seen in perioperative critically ill 
patients, an approach to both “pure” and “mixed” acid–base dis-
orders is presented here.

Metabolic Acidosis

The anion gap (AG) represents the total serum concentration of 
unmeasured anions and can be calculated as AG = (Na+ + K+) − 
(HCO3

− + Cl−). It allows differentiation of the causes of metabolic 
acidosis into normal AG (8 ± 4) and increased AG (>16 mmol/L) 
varieties. Conditions that cause an increase in negatively charged 
ions other than bicarbonate and chloride (e.g., lactate, salicylate) 
increase the AG. In contrast, non-AG metabolic acidosis results 
from renal or gastrointestinal HCO3

− loss and is associated with 
high chloride levels (hyperchloremic metabolic acidosis). The 
usual compensatory response to all types of metabolic acidoses 
is hyperventilation, which leads to a partial pH correction toward 
normal. Winter’s formula predicts expected PaCO2 for a meta-
bolic acidosis as follows: PaCO2 = (1.5 × HCO3

−) + 8.

Metabolic Alkalosis

Metabolic alkalosis is a common primary acid–base disturbance 
associated with increased plasma HCO3

−. Increased extracellular 
HCO3

− is due to a net loss of H+ and/or addition of HCO3
−. The 

most common cause of metabolic alkalosis is gastrointestinal 
acid loss due to vomiting or nasogastric suctioning; the result-
ing hypovolemia leads to secretion of renin and aldosterone and 
enhanced absorption of HCO3

−. Thiazides and loop diuretics 
both induce a net loss of chloride and free water and can cause a 
volume “contraction” alkalosis.

Respiratory Acidosis

If the lungs fail to eliminate CO2, hypercapnia and respiratory 
acidosis result, characterized by increased PaCO2 and decreased 
blood pH. Acute and chronic causes can be differentiated by 
examining arterial pH, PaCO2, and HCO3

− values. In the early 
phase of respiratory acidosis, increased PaCO2 stimulates renal 
generation and secretion of H+. The kidneys continue to adapt to 
the increased pH through greater titratable acid excretion (e.g., 
ammonium) and HCO3

− generation. Therefore, acute respiratory 
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acidosis is characterized by an elevated PaCO2, acidemia, and a 
relatively normal HCO3

−. In contrast, chronic respiratory acido-
sis is associated with an elevated HCO3

− (often accompanied by a 
relatively normal pH) due to renal compensation.

Respiratory alkalosis

Increased minute ventilation is the primary cause of respiratory 
alkalosis, characterized by decreased PaCO2 and increased pH. 
Patients with acute, uncompensated respiratory alkalosis have 
normal plasma HCO3

−. In chronic respiratory alkalosis, renal 
compensation leads to decreased plasma HCO3

−. The causes of 
respiratory alkalosis relate to abnormal respiratory drive from 
stimulants or toxins (e.g., salicylate, caffeine, nicotine, proges-
terone), central nervous system abnormalities (e.g., anxiety, 
stroke, increased intracranial pressure), pulmonary abnor-
malities (e.g., pulmonary embolism, pneumonia), mechanical 
hyperventilation, or systemic conditions such as liver failure 
and sepsis.

mixed acid–Base Disorders

It is not uncommon for a metabolic derangement to coexist with 
a respiratory derangement, particularly in intensive care patients. 
A general approach to the diagnosis of mixed acid–base disorders 
requires a step-wise approach that begins with a focused history 
and physical examination. An arterial blood gas and a concur-
rent serum chemistry panel (including Na+, K+, Cl−, and total 
CO2 concentrations) should also be obtained, and the use of an 
acid–base map may help differentiate simple from mixed disor-
ders (Fig. 49-4).

Acute Kidney Conditions

Acute Kidney Injury

Acute kidney injury (AKI) is now the preferred term for an acute 
deterioration in renal function. It is associated with a decline 
in glomerular filtration and results in inability of the kidneys 
to excrete nitrogenous and other wastes. This manifests as an 
accumulation of creatinine and urea in the blood (uremia) and 
is often accompanied by reduced urine production, although 
nonoliguric forms of postoperative AKI are common.16 Isolated 
AKI carries a mortality of <10%.17 In surgical patients, ATN is the 
most common cause of AKI. AKI frequently occurs in the setting 
of critical illness with multiple organ failure when the mortality is 
alarmingly high (up to 90%).18 Notably, extracorporeal renal sup-
port appears to have little impact in altering the generally poor 
outcome associated with AKI in critically ill surgical patients.19,20 
Even studies that advocate the use of extracorporeal technology 
report mortality of between 50% and 70%.21–24

AKI can be caused by prerenal factors causing renal hypo-
perfusion, intrinsic renal causes, or postrenal causes (obstructive 
uropathy). There are many pathophysiologic similarities between 
the various causes of kidney injury.

Prerenal Azotemia

Prerenal azotemia is the increase in BUN associated with renal 
hypoperfusion or ischemia that has not yet caused renal paren-
chymal damage. The metabolically active cells of the medullary 
thick ascending limb of the loop of Henle are especially vulner-
able to hypoxic damage because of their relatively high oxygen 
consumption.25 AKI ensues when necrosis of tubular cells releases 
debris into the tubules, causing flow obstruction, increased tubu-
lar back pressure, and leak of tubular fluid. Often, prerenal AKI 
is precipitated in patients with pre-existing renal vasoconstriction 
(e.g., volume depletion, heart failure, or sepsis) by nephrotoxin 
exposure or further reductions in cardiac output.26

Intrinsic Acute Kidney Injury

The term intrinsic not only implies a primary renal cause of AKI 
but also includes AKI due to ischemia, nephrotoxins, and renal 
parenchymal diseases. ATN remains the most common ischemic 
lesion and represents an extension of prerenal azotemia, whereas 
cortical necrosis may follow a massive renovascular insult such 
as prolonged suprarenal aortic clamping or renal artery embo-
lism. Nephrotoxins often act in concert with hypoperfusion or 
underlying renal vasoconstrictive states to damage renal tubules 
or the microvasculature. Several common nephrotoxins, some of 
which are difficult to avoid in a hospitalized patient population, 
are listed in Table 49-1.

Postrenal Acute Kidney Injury  
(Obstructive Uropathy)

Downstream obstruction of the urinary collecting system is the 
least common pathway to established AKI, accounting for <5% 
of cases.27 Because it can generally be corrected, it is extremely 
important to exclude with a renal ultrasound examination as a 
source of AKI. The obstructing lesion may occur at any level of 
the collecting system, from the renal pelvis to the distal urethra. 
Intraluminal pressure rises and is eventually transmitted back to 
the glomerulus, thereby reducing glomerular filtration pressure 
and rate.
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nephrotoxins and perioperative  
acute Kidney injury

Nephrotoxin exposure is a common occurrence in hospitalized 
patients and frequently plays a role in the cause of AKI in this pop-
ulation. Nephrotoxins may take the form of drugs, nontherapeu-
tic chemicals, heavy metals, poisons, and endogenous compounds 
(Table 49-1). The nephrotoxins most likely to contribute to renal 
dysfunction/failure in the perioperative period are certain antimi-
crobial and chemotherapeutic–immunosuppressive agents, radio-
contrast media, nonsteroidal anti-inflammatory drugs (NSAIDs), 
and the endogenous heme pigments myoglobin and hemoglobin. 
These diverse groups of renal toxins share a common pathophysi-
ologic characteristic: They disturb either renal oxygen delivery or 
oxygen utilization and thereby promote renal ischemia.

Antimicrobial and chemotherapeutic–immunosuppressive 
agents are effective because they are cellular toxins. When these 
drugs are filtered, reabsorbed, secreted, and eventually excreted 
by the kidney, toxic concentrations in renal cells can be reached. 
The aminoglycoside antibiotics and amphotericin B are particu-
larly difficult to avoid because they are effective antimicrobials, 
with few available alternatives. Their effect can be additive with 
other nephrotoxic factors causing impairment of kidney func-
tion. Hypovolemia, fever, renal vasoconstriction, and concomi-
tant therapy with other nephrotoxic agents should be avoided 
wherever possible. Electrolyte disorders such as hypercalcemia, 
hypomagnesemia, hypokalemia, and metabolic acidosis can  
further enhance nephrotoxic damage to the kidney.

Cyclosporin A and tacrolimus are indispensable components 
of many immunosuppressive drug regimens, but in combination 
with other nephrotoxins and clinical factors, they can cause acute 
and exacerbate chronic kidney injuries in transplant recipients.23

Radiocontrast media poses a threat to the renal function of 
patients with diabetic nephropathy, pre-existing renal vasocon-
striction (heart failure, hypovolemia), or renal insufficiency.24 
Radiocontrast dye has effects on renal function that develop 24 
to 48 hours after exposure and peak at 3 to 5 days. Measures that 
may prevent AKI or lessen the severity of renal damage include 
prehydration, smaller contrast doses, and judicious withholding 
of other nephrotoxins, such as NSAIDs. Elective surgery should 
be postponed until the effects of the dye have resolved. The idea 
that pretreatment with N-acetylcysteine can prevent radiocon-
trast nephropathy in patients with renal insufficiency25 has now 
largely been abandoned.

NSAIDs produce reversible inhibition of prostaglandin syn-
thesis and are well-known nephrotoxins.26 Except in cases of 
massive overdose, NSAIDs produce renal dysfunction only in 
patients with coexisting renal hypoperfusion or vasoconstriction. 
Advanced age, hypovolemia, end-stage hepatic disease, heart fail-
ure, sepsis, chronic renal insufficiency, and major surgery are risk 
factors for development of NSAID-induced AKI.27

Myoglobin and hemoglobin are both capable of causing AKI in 
critically ill surgical patients. Myoglobin seems to be a more potent 
nephrotoxin than hemoglobin because it is more readily filtered at 
the glomerulus and can be reabsorbed by the renal tubules, where 
it chelates nitric oxide and thus induces medullary vasoconstriction 
and ischemia.28 Hypovolemia and acidemia potentiate the toxicity 
of both pigments. Reduced intravascular volume causes a decrease 
in RBF and GFR, which results in a smaller volume of tubular fluid 
with a relatively higher concentration of pigment. There is also 
evidence suggesting that pigment precipitation inside the tubu-
lar lumen is enhanced under acidotic conditions and that tubular 
obstruction plays a role in the pathogenesis of AKI.28,29

Preventive treatment of pigment-induced AKI is directed at 
increasing RBF and tubular (urine) flow while correcting any exist-
ing acidosis. These goals may be accomplished by expanding the 
intravascular fluid volume with crystalloid infusion, stimulating an 
osmotic diuresis with mannitol, and increasing the urine pH with 
intravenous bicarbonate therapy.30 Adequate systemic resuscitation 
from shock is a prerequisite if AKI is to be avoided, especially in 
massive crush injuries and electrical burns. Forced mannitol-alkali 
diuresis is indicated as the second step in the preventive treatment of 
myoglobinuria, with urine flow rates of up to 300 mL/hr and a urine 
pH of >6.5 advocated for patients with massive crush injuries.30

The nephrotoxicity of volatile agents remains controversial. 
Inhalation anesthetics such as enflurane, isoflurane, and sevoflu-
rane can generate free fluoride ions during their metabolism, which 
(when levels are >50 mM/L) may cause polyuric AKI by interfering 
with tubular concentrating ability. However, peak fluoride levels 
during administration of these agents seldom reach toxic levels, 
and there are few reports describing volatile agent–induced neph-
rotoxicity.31 The potential of sevoflurane-induced nephrotoxicity 
has been related to the production of compound A during pro-
longed, low fresh gas flow, sevoflurane anesthesia.32 Although there 
are insufficient data to conclude that sevoflurane-induced kidney 
injury occurs in the human population, even during low gas flow 
anesthesia, it is probably prudent to maintain a fresh gas flow of at 
least 2 L/min formation during sevoflurane anesthesia.33

TAbLE 49-1. nePhrotoxins Commonly found in the hosPital setting

Exogenous Endogenous

Antibiotics (aminoglycosides, cephalosporins, 
amphotericin B, sulfonamide, tetracyclines, 
vancomycin)

Anesthetic agents (methoxyflurane, enflurane)
Nonsteroidal anti-inflammatory drugs
(Aspirin, ibuprofen, naproxen, indomethacin, 

ketorolac)
Chemotherapeutic–immunosuppressive  

agents
(Cisplatinum, cyclosporin A, methotrexate, 

mitomycin, nitrosoureas, tacrolimus)
Contrast media

Calcium (hypercalcemia)

Uric acid (hyperuricemia and hyperuricosuria)
Myoglobin (rhabdomyolysis)
Hemoglobin (hemolysis)

Bilirubin (obstructive jaundice)

Oxalate crystals

Paraproteins

7
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chronic Kidney disease

Patients with nondialysis-dependent CKD are at increased risk of 
developing end-stage renal disease (ESRD). ESRD is the term used 
to describe a clinical syndrome characterized by renal dysfunc-
tion that would prove fatal without renal replacement therapy. 
These patients have GFRs <25% of normal. Lesser degrees of renal 
dysfunction may be categorized as chronic renal insufficiency  
(25% to 40% of normal GFR) or decreased renal reserve (60% to 
75% of normal GFR). Patients with decreased renal reserve are 
often asymptomatic and frequently do not have elevated blood 
levels of creatinine or urea. Established renal insufficiency results 
in patently abnormal serum creatinine and BUN values, but 
nocturia (due to reduced concentrating ability) may be the only 
symptom.

The uremic syndrome represents an extreme form of chronic 
renal failure, which occurs as the surviving nephron population 
and GFR decreases below 10% of normal. It results in inability of 
the kidney to perform its two major functions: Regulation of the 
volume and composition of the extracellular fluid and excretion of 
waste products. Water balance in ESRD becomes difficult to man-
age because the number of functioning nephrons is too small either 
to concentrate or to fully dilute the urine. This results in failure 
both to conserve water and to excrete excess water. Patients with 
uremic syndrome often require frequent or continuous dialysis.

Life-threatening hyperkalemia may occur in CKD because of 
slower-than-normal potassium clearance. Situations predispos-
ing patients with renal failure to hyperkalemia are presented in  
Table 49-2. Derangements in calcium, magnesium, and phosphorus 
metabolism are also commonly seen in CKD (Table 49-3).

Metabolic acidosis occurs in two forms in ESRD: A hyperchlo-
remic, normal AG acidosis and a high AG acidosis from inability 
to excrete titratable acids. Both render patients susceptible to an 
endogenous acid load such as may occur in shock states, hypovo-
lemia, or with an increase in catabolism.

Cardiovascular complications of the uremic syndrome are pri-
marily due to volume overload, high renin–angiotensin activity, 
autonomic nervous system hyperactivity, acidosis, and electro-
lyte disturbances. Hypertension due to extracellular fluid volume 
expansion, autonomic factors, and hyperreninemia is an almost 
universal finding in ESRD. Together with volume overload, 
acidemia, anemia, and possibly the presence of high-flow arte-
riovenous fistulae created for dialysis access, hypertension may 
contribute to the development of myocardial dysfunction and 
heart failure. Pericarditis may occur secondary to uremia or dial-
ysis, with pericardial tamponade developing in 20% of the latter 
group.34 Pulmonary problems associated with CKD are limited 
to changes in lung water and control of ventilation. Pulmonary 

TAbLE 49-2.  faCtors Contributing to 

hyPerKalemia in ChroniC 

renal failure

Potassium intake

Increased dietary intake

Exogenous IV supplementation

Potassium salts of drugs

Sodium substitutes

Blood transfusion

Gastrointestinal hemorrhage

Potassium release from intracellular stores

Increased catabolism, sepsis

Metabolic acidosis

b-Adrenergic blocking agents

Digitalis intoxication (Na–K-ATPase inhibition)

Insulin deficiency

Succinylcholine

Potassium excretion

Acute decrease in GFR

Constipation

Potassium-sparing diuretics

Angiotensin-converting enzyme inhibitors (decreased 
aldosterone secretion)

Heparin (decreased aldosterone effect)

IV, intravenous; Na–K-ATPase, Na–K-adenosine triphosphatase; GFR, glomeru-
lar filtration rate.

TAbLE 49-3. the uremiC syndrome

water homeostasis

Extracellular fluid expansion

electrolyte and acid–base

Hyponatremia

Hyperkalemia

Hypercalcemia or hypocalcemia

Hyperphosphatemia

Hypermagnesemia

Metabolic acidosis

Cardiovascular

Heart failure

Hypertension

Pericarditis

Myocardial dysfunction

Dysrhythmias

respiratory

Pulmonary edema

Central hyperventilation

hematologic

Anemia

Platelet hemostatic defect

immunologic

Cell-mediated and humoral immunity defects

gastrointestinal

Delayed gastric emptying, anorexia, nausea, vomiting, 
hiccups, upper gastrointestinal tract inflammation/
hemorrhage

neuromuscular

Encephalopathy, seizures, tremors, myoclonus

Sensory and motor polyneuropathy

Autonomic dysfunction, decreased baroreceptor 
responsiveness, dialysis-associated hypotension

endocrine metabolism

Renal osteodystrophy

↓ Glucose intolerance

Hypertriglyceridemia, ↑ atherosclerosis

8
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edema and restrictive pulmonary dysfunction are commonly seen 
in patients with renal failure and are usually responsive to dialy-
sis. Hypervolemia, heart failure, reduced serum oncotic pressure, 
and increased pulmonary capillary permeability are relevant fac-
tors in the development of pulmonary edema. Chronic metabolic 
acidosis may also be responsible for the hyperventilation seen in 
patients with ESRD, but increased lung water and poor pulmo-
nary compliance can also stimulate hyperventilation.

The anemia of CKD occurs as a result of reduced levels of eryth-
ropoietin, red cell damage, ongoing gastrointestinal blood loss, and 
iron or vitamin deficiencies. Platelet dysfunction may aggravate 
blood loss, but it is responsive to dialysis, cryoprecipitate administra-
tion, and desmopressin acetate (or 1-deamino-8-D-arginine vaso-
pressin [DDAVP]). Acquired defects in both cellular and humoral 
immunity probably account for the high prevalence of serious infec-
tions (60%) and high mortality from sepsis in CKD (30%).

drug prescribing in Renal failure

If a drug depends solely on the kidney for clearance, then a sim-
ple approach to prescribing might involve a calculated percent-
age reduction in drug dosage that matches the reduction in GFR. 
Although GFR can be accurately measured, an estimated clearance 
derived from serum creatinine is usually adequate for these pur-
poses. Unfortunately, clearance of most medications involves a 
more complex combination of both hepatic and renal functions, 
and drug level measurement or algorithms for specific drugs are 
often recommended.

AKI may affect absorption of a drug. For example, a reduced 
first-pass effect through the gastrointestinal tract and liver is 
associated with increased serum levels of oral b-blockers and 
opioids in patients with AKI. Also, an increase in the volume of 
distribution is seen in most patients with CKD due to increased 
plasma volume and decreased plasma protein binding. However, 
plasma protein binding is highly variable, with acidic drugs hav-
ing reduced binding and basic agents (e.g., amide local anesthet-
ics) having increased binding. Importantly, for drugs with less 
binding, “normal” drug levels may reflect dangerously high active 
(unbound) drug levels. For example, therapeutic phenytoin lev-
els are typically reported as being in the range of 10 to 20 mg/mL  
normally but 4 to 10 mg/mL in cases of renal failure. Finally, 
hepatic metabolism of drugs is difficult to predict in the setting of 
renal failure because some hepatic enzymes are inhibited whereas 
others are induced, and accompanying liver disorders may alter 
the relationship of drug clearance with GFR.

anesthetic agents in Renal failure

With the exception of methoxyflurane and possibly enflurane, 
anesthetic agents do not directly cause renal dysfunction or inter-
fere with the normal compensatory mechanisms activated by the 
stress response. The nephrotoxicity of methoxyflurane appears to 
be due to its metabolism, which results in release of the fluoride 
ions believed responsible for the renal injury.35 It has been sug-
gested that renal, not hepatic, metabolism of methoxyflurane may 
be responsible for generating fluoride ions locally that contribute 
to nephrotoxicity.36 Enflurane nephrotoxicity may also occur37 
but is of minor clinical importance, even in patients with pre-
existing renal dysfunction. Although direct anesthetic effects on 
the kidney are usually not harmful, indirect effects may combine 
with hypovolemia, shock, nephrotoxin exposure, or other renal 
vasoconstrictive states to produce renal dysfunction. If the cho-
sen anesthetic technique causes a protracted reduction in cardiac 
output or sustained hypotension that coincides with a period of 
intense renal vasoconstriction, renal dysfunction or failure could 

result. This is true for either general or regional anesthesia. There 
are no comparative studies demonstrating superior renal pro-
tection or improved renal outcome with general versus regional 
anesthesia.

Significant renal impairment may affect the disposition, 
metabolism, and excretion of the commonly used anesthetic 
agents. Inhalation anesthetics are, of course, an exception to the 
rule that drugs with central nervous system activity (which gen-
erally are lipid soluble) must be converted to more hydrophilic 
compounds by the liver before being excreted by the kidney. 
The water-soluble metabolites of agents that are not inhaled 
may accumulate in renal failure and display prolonged pharma-
codynamic effects if they possess even a small percentage of the 
pharmacologic activity of the parent drug. Drugs that are elimi-
nated unchanged by the kidneys (e.g., certain nondepolarizing 
muscle relaxants, the cholinesterase inhibitors, many antibiotics, 
digoxin) have a prolonged elimination half-life when given to 
patients with kidney failure. Many drugs used in anesthesia are 
highly protein-bound and may demonstrate exaggerated clinical 
effects when protein binding is reduced by uremia.

induction agents and Sedatives

Although now rarely used, sodium thiopental serves as a good 
illustrative example of how reduced protein binding in CKD may 
affect the clinical use of an anesthetic agent. Burch and Stanski38 
showed that the free fraction of an induction dose of thiopen-
tal is almost doubled in patients with renal failure. This accounts 
for the exaggerated clinical effects seen with thiopental in CKD 
patients and the substantial reduction in the necessary induc-
tion dose of this agent in uremic patients when compared with 
patients with normal renal function.

Ketamine is less extensively protein-bound than thiopental, 
and renal failure appears to have less influence on its free frac-
tion. Redistribution and hepatic metabolism are largely respon-
sible for termination of the anesthetic effects, with <3% of the 
drug excreted unchanged in the urine. Norketamine, the major 
metabolite, has one-third the pharmacologic activity of the par-
ent drug and is further metabolized before it is excreted by the 
kidney.39

Etomidate, although only 75% protein-bound in normal 
patients, has a larger free fraction in patients with ESRD.40 The 
decrease in protein binding does not seem to alter the clinical effects 
of an etomidate anesthetic induction in patients with renal failure.

Propofol undergoes extensive, rapid hepatic biotransforma-
tion to inactive metabolites that are renally excreted. Its pharma-
cokinetics appear to be unchanged in patients with renal failure,41 
and there are no reports of prolongation of its effects in ESRD.

The benzodiazepines, as a group, are extensively protein-
bound. CKD increases the free fraction of benzodiazepines in 
the plasma, and this potentiates their clinical effect. Certain ben-
zodiazepine metabolites are pharmacologically active and have 
the potential to accumulate with repeated administration of the 
parent drug to anephric patients. For example, 60% to 80% of 
midazolam is excreted as its (active) a-hydroxy metabolite,42 
which accumulates during long-term infusions in patients with 
renal failure.42 AKI appears to slow the plasma clearance of mid-
azolam, whereas repeated diazepam or lorazepam administration 
in CKD may carry a risk of active metabolite-induced sedation. 
Alprazolam is one of the few drugs related to anesthesia practice 
that has undergone pharmacodynamic studies in patients with 
CKD. Schmith et al.43 found that when decreased protein binding 
and increased free fraction of alprazolam are taken into account, 
patients with CKD are actually more sensitive to its sedative 
effects than healthy persons.
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Dexmedetomidine is primarily metabolized in the liver. Vol-
unteers with renal impairment receiving dexmedetomidine expe-
rienced a long-lasting sedative effect than subjects with normal 
kidney function. The most likely explanation is that less pro-
tein binding of dexmedetomidine occurs in subjects with renal  
dysfunction.44

opioids

Single-dose studies of the pharmacokinetics of morphine in 
renal failure demonstrate no alteration in its disposition. How-
ever, chronic administration results in accumulation of its 
6-glucuronide metabolite, which has potent analgesic and seda-
tive effects.45 There is also a decrease in protein binding of mor-
phine in ESRD, which mandates a reduction in its initial dose. 
Meperidine is remarkable for its neurotoxic, renally excreted 
metabolite (normeperidine) and is not recommended for use in 
patients with poor renal function. Hydromorphone is metabo-
lized to hydromorphone-3-glucuronide, which is excreted by 
the kidneys. This active metabolite accumulates in patients with 
renal failure and may cause cognitive dysfunction and myoclo-
nus.46 Codeine also has the potential for causing prolonged nar-
cosis in patients with renal failure and cannot be recommended 
for long-term use.45

Fentanyl appears to be a better choice of opioid for use in 
ESRD because of its lack of active metabolites, unchanged free 
fraction, and short redistribution phase.47 Small-to-moderate 
doses, titrated to effect, are well tolerated by uremic patients.

Alfentanil has been shown to have reduced protein binding 
but no change in its elimination half-life or clearance in ESRD 
and is extensively metabolized to inactive compounds.48 There-
fore, caution should be exercised in administering a loading 
dose, but the total dose and infusion dose should be similar to 
those for patients with normal renal function. The free fraction 
of sufentanil is unchanged in ESRD; however, its pharmacoki-
netics are variable, and it has been reported to cause prolonged 
narcosis.49

Remifentanil is rapidly metabolized by blood and tissue ester-
ases to a weakly active (about 4,600 times less potent) m-opioid 
agonist and renally excreted metabolite, remifentanil acid. Renal 
failure has no effect on the clearance of remifentanil, but elimi-
nation of the principal metabolite, remifentanil acid, is markedly 

reduced. However, the clinical implications of this metabolite are 
likely limited.50

muscle Relaxants

Muscle relaxants are the most likely group of drugs used in anes-
thetic practice to produce prolonged effects in ESRD because of 
their dependence on renal excretion (Table 49-4). Only succinyl-
choline, atracurium, cis-atracurium, and mivacurium appear to 
have minimal renal excretion of the unchanged parent compound. 
Most nondepolarizing muscle relaxants must be either hepatically 
excreted or metabolized to inactive forms in order to terminate 
their activity. Some muscle relaxants have renally excreted, active 
metabolites that may contribute to their prolonged duration of 
action in patients with ESRD. Although the following discussion 
focuses on the pharmacology of individual muscle relaxants, coex-
isting acidosis and electrolyte disturbances, as well as drug therapy 
(e.g., aminoglycosides, diuretics, immunosuppressants, magne-
sium-containing antacids), may alter the pharmacodynamics of 
muscle relaxants in patients with renal failure.51

Succinylcholine has a long history of use in CKD that has been 
somewhat confused by conflicting reports of plasma cholinesterase 
activity in renal failure.52,53 Provided the serum potassium concen-
tration is not dangerously elevated, its use can be justified as part 
of a rapid-sequence induction technique because its duration of 
action in ESRD is not significantly prolonged. Use of a continuous 
infusion of succinylcholine, however, is more problematic because 
the major metabolite, succinylmonocholine, is weakly active and 
excreted by the kidney. Concern about the increase in serum 
potassium levels after succinylcholine administration (0.5 mEq/L 
in normal subjects) implies that the serum potassium should be 
normalized to the extent possible in patients with renal failure, 
but clinical experience has shown that the acute small increase in 
potassium following administration of succinylcholine is generally 
well tolerated in patients with chronically elevated serum potas-
sium levels. Use of the long-acting muscle relaxants doxacurium, 
pancuronium, and pipecuronium might also be questioned in 
patients with known renal insufficiency. In a single-dose study 
of doxacurium, Cook et al.54 demonstrated an increased elimina-
tion half-life, reduced plasma clearance, and prolonged duration 
of effect in patients with renal failure. Similar findings have been 
reported for the pharmacokinetics of pipecuronium.

ESRD, end-stage renal disease.

TAbLE 49-4. nondePolariZing musCle relaxants in renal failure

Drug

% Renal 

Excretion

Half-life (hr) 

Normal/ESRD

Renally Excreted 

Active Metabolite Use in ESRD

d-Tubocurarine  60 1.4–2.2 − Avoid

Metocurine 45–60 6/11.4 − Avoid

Pancuronium  30 2.3/4–8 + Avoid

Gallamine >85 2.5/6–20 − Avoid

Pipecuronium  37 1.8–2.3/4.4 + Avoid

Doxacurium  30 1.7/3.7 − Avoid

Vecuronium  30 0.9/1.4 + Avoid infusion

Rocuronium  30 1.2–1.6/1.6–1.7 − Variable duration

Atracurium/ 
cis-atracurium

<5 0.3/0.4 − Normal

Mivacurium <7 2 min/2 min − Duration 1.5 × normal

Rapacuronium <12 0.5/0.5 ++ Normal single dose
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Intermediate-acting muscle relaxants (atracurium, cis-atracu-
rium, vecuronium, and rocuronium) have a distinct advantage 
in ESRD because of their shorter duration. The risk of a clinically 
significant, prolonged block is much reduced. Atracurium and 
its derivative, cis-atracurium, undergo enzymatic ester hydroly-
sis and spontaneous nonenzymatic (Hoffman) degradation with 
minimal renal excretion of the parent compound. Their elimina-
tion half-life, clearance, and duration of action are not affected by 
renal failure,55 nor have they been reported to cause prolonged 
clinical effects in ESRD. These characteristics strongly support 
their use in patients with renal disease. One potential concern is 
that an atracurium metabolite, laudanosine, may cause seizures in 
experimental animals and may accumulate with repeated dosing 
or continuous infusion.56 However, this has not been realized in 
intensive care patients with renal failure receiving prolonged infu-
sions of atracurium. Consistent with its greater potency and lower 
dosing requirements, cis-atracurium metabolism results in lower 
laudanosine blood levels than does atracurium in ESRD patients.

The pharmacokinetics of vecuronium were initially reported 
as unchanged in renal failure, but it was later demonstrated that 
its duration of action was prolonged as a result of reduced plasma 
clearance and increased elimination half-life.55 In addition, the 
active metabolite, 3-desmethylvecuronium, was shown to accu-
mulate in anephric patients receiving a continuous vecuronium 
infusion who subsequently had prolonged neuromuscular block-
ade. An intubating dose would be expected to last approximately 
50% longer in patients with ESRD.57

Rocuronium, a rapid-onset muscle relaxant, has a pharmaco-
kinetic profile in normal subjects similar to that of vecuronium.58 
Single-dose pharmacokinetic studies in patients with renal failure 
have reported conflicting results. Szenohradszky et al.59 reported 
that renal failure increased the volume of distribution and elimi-
nation half-life of rocuronium but had no effect on its clearance. 
Cooper et al.60 found that its clearance was reduced, and the dura-
tion of block was widely variable in patients with renal failure, 
although the mean duration of relaxation and spontaneous recov-
ery was not statistically different from that in control subjects.

The short-acting muscle relaxant mivacurium is enzymatically 
eliminated by plasma pseudocholinesterase at a somewhat slower rate 
than succinylcholine. Low pseudocholinesterase activity correlates 
with slower recovery from a bolus dose of mivacurium in anephric 
patients.53 The maintenance infusion dose has been reported to be 
both lower61 and similar62 to that in normal control subjects.

The pharmacokinetics of the clinically available anticholin-
esterases are affected by renal failure.63 They have a prolonged 
duration of action in ESRD because of their heavy reliance on 
renal excretion. The anticholinergic agents atropine and glyco-
pyrrolate, used in conjunction with the anticholinesterases, are 
similarly excreted by the kidney. Therefore, no dosage alteration 
of the anticholinesterases is required when antagonizing neuro-
muscular blockade in patients with reduced renal function.

diuretic drugs: effects and mechanisms

Fluid overload occurs when salt or water intake exceeds renal 
and extrarenal losses and is characterized by increased total body  
water and usually sodium. Fluid overload may be evenly distrib-
uted among the body compartments (e.g., congestive heart fail-
ure), or the interstitial space may be increased while the circulating 
blood volume may be normal or even decreased (e.g., posttrau-
matic or postoperative fluid shifts). Edema results when Starling 
forces favor passage of fluid into the interstitial space. A variety of 
chronic medical conditions (congestive heart failure, renal failure, 
or hepatic cirrhosis) can lead to fluid overload and edema that may 
even require surgery to be delayed for treatment to reduce opera-

tive risk. The first line of therapy for fluid overload that includes 
all body compartments involves restriction of salt and water inges-
tion; however, diuretic therapy is often indicated.

The Physiologic Basis of Diuretic Action

Diuretics are typically grouped according to their site and mecha-
nism of action (Fig. 49-5). Under normal conditions, kidney 
function assures that <1% of the filtered Na+ load enters the urine 
(i.e., the fractional excretion of Na+ (FENa) is <1%). The Na+/
K+-ATPase pump on the basolateral surface (blood side) of renal 
tubular cells is primarily responsible for active pumping of Na+ 
out of cells into blood in exchange for K+. This pump causes a 
net movement of positive charge out of the cell (2 K+ in, for every 
3 Na+ out) creating an electrochemical gradient that also causes 
Na+ to enter the luminal (urine) side of the cell. Renal tubular 
cells in different portions of the nephron have different luminal 
“systems” to allow this Na+ influx. These systems are the sites of 
action where the different diuretics work.

Proximal Tubule Diuretics

In the proximal tubule, a specialized luminal transporter exchanges 
protons (H+) for sodium ions; the result is sodium reabsorption 
and acidification of the urine. The excreted H+ combines with 
bicarbonate (HCO3

−) in the tubule to form carbonic acid: H+ + 
HCO3

− → H2CO3. Carbonic acid converts to water (H2O) and car-
bon dioxide (CO2) in a reaction catalyzed by carbonic anhydrase: 
H2CO3 → H2O + CO2. The same enzyme, carbonic anhydrase, 
allows this reaction to occur in reverse within tubular cells, con-
verting H2CO3 to HCO3

− and H+, generating more H+ for counter-
transport with Na+, and releasing bicarbonate that passes into the 
circulation. Carbonic anhydrase inhibitors are drugs that inhibit 
this enzyme; the net effect of these agents is that sodium and bicar-
bonate, that would otherwise have been reabsorbed, remain in the 
urine and result in an alkaline diuresis.

Although patients may develop a metabolic acidosis when tak-
ing these agents, compensatory processes in the tubules accom-
modate the effects of carbonic anhydrase inhibitors so that their 
long-term use rarely causes this problem. However, these agents 
can be useful, for example, with contraction alkalosis from aggres-
sive diuresis with loop diuretics (see later discussion); adminis-
tration of these drugs can reduce PaCO2 and improve PaO2 for 
patients with little accompanying change in blood pH. Specific 
uses for carbonic anhydrase inhibitors include the treatment of 
mountain sickness, open-angle glaucoma, and to increase respi-
ratory drive in patients with central sleep apnea.64,65

Osmotic Diuretics

Substances such as mannitol that are freely filtered at the glomeru-
lus but poorly reabsorbed by the renal tubule will cause an osmotic 
diuresis. In the water-permeable segments of the proximal tubule 
and loop of Henle, fluid reabsorption occurs, and filtered mannitol 
is concentrated. Eventually oncotic pressure in the tubular fluid 
resists further fluid reabsorption. Mannitol also draws water from 
cells into the plasma and effectively increases RBF.

Mannitol has been widely used, especially for the prophylaxis 
of specific types of acute renal failures (ARFs) and in the treat-
ment of increased intracranial pressure (see Chapter 36). In select 
patient populations, such as cadaveric kidney transplant recipi-
ents, it has been found to be effective.66 However, in a controlled 
trial of mannitol prophylaxis in patients with mild chronic renal 
failure, it was less effective than hydration alone for prevention 
of contrast-associated nephropathy.67 Although animal studies 
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showed initial promise, apart from AKI prophylaxis in kidney 
transplantation, there is no clear evidence that mannitol is effective 
either for the prevention or treatment of AKI.68 As mannitol shifts 
water between fluid compartments, there can be effects on plasma 
and intracellular electrolyte concentrations, including hyponatre-
mia and hypochloremia and intracellular increases in K+ and H+. 
Patients with normal renal function quickly correct these changes, 
but patients with renal impairment may develop significant circu-
latory overload with hemodilution and pulmonary edema, hyper-
kalemic metabolic acidosis, central nervous system depression, 
and even severe hyponatremia requiring urgent hemodialysis.69

Loop Diuretics

The electrochemical gradient established by the Na+/K+-ATPase in 
the loop of Henle drives the transport of one Na+, one K+, and 
two Cl− ions into the tubule cells from the tubular fluid. Because 
the thick ascending limb segment of the loop of Henle is water-
impermeable, reabsorption of solute concentrates the interstitium 
and dilutes the tubular fluid. Loop diuretics, such as furosemide, 
bumetanide, and torsemide, directly inhibit the electroneutral 
transporter, preventing salt reabsorption from occurring. Because 
25% of filtered NaCl is normally reabsorbed in the loop of Henle, 
loop diuretics cause a large salt load to pass to the distal convoluted 
tubule that is beyond the extra reserve of this tubular segment to 
reabsorb; consequently, large volumes of dilute urine ensue.

Loop diuretics are a first-line therapeutic modality for treat-
ment of acute decompensated congestive heart failure. Although 
loop diuretics have no proven mortality benefit, they reduce left 
ventricular filling pressures and very effectively relieve the symp-
toms of congestion, pulmonary edema, extremity swelling, and 
hepatic congestion. Adverse effects of loop diuretics include 

hypokalemia, hyponatremia, and also AKI. Heart failure patients 
with atrial fibrillation may also be prescribed digitalis, which in 
combination with furosemide, can lead to hypokalemia-induced 
dysrhythmias. Loop diuretics, especially furosemide, may cause 
ototoxicity particularly in patients with renal insufficiency.70

Distal Convoluted Tubule Diuretics

Distal convoluted tubule diuretics, such as thiazides (e.g., hydro-
chlorothiazide) and metolazone, act in the early part of this seg-
ment to block the NaCl cotransport mechanism across apical 
plasma membranes. Because the distal tubule is relatively water-
impermeable, net NaCl absorption causes urinary dilution. Clini-
cally, distal convoluted tubule diuretics are used for the treatment 
of hypertension (often as sole therapy), volume overload disor-
ders, and to relieve the symptoms of edema in pregnancy.

Adverse reactions associated with distal tubule diuretics 
include electrolyte disturbances and volume depletion. Hydro-
chlorothiazide specifically has been associated with a number of 
other side effects including pancreatitis, jaundice, diarrhea, and 
aplastic anemia.

Distal (Collecting Duct) Acting Diuretics

Unlike in the more proximal nephron segments, NaCl absorp-
tion in the collecting duct cells is not electroneutral. That is, a 
net electrical gradient is maintained both by the Na+/K+-ATPase 
Na+ ion channels and in the luminal membranes. As a result, the 
tubule lumen is negatively charged with respect to the blood. This 
normally causes K+ secretion into the tubular lumen through K+-
specific ion channels. Distal K+-sparing diuretics (e.g., amiloride 
and triamterene) directly inhibit luminal Na+ entry, blocking this 
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FIgURE 49-5. Site of action of commonly available diuretics. (From: Mende CW: Current issues in diuretic therapy. Hosp Pract. 
1990;25(suppl 1):15, with permission.)
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mechanism, and resulting in a K+-“sparing” effect. In addition, 
H+ secretion is inhibited.

A second class of distal-acting, potassium-sparing diuretics is 
the competitive aldosterone antagonists (e.g., spironolactone and 
eplerenone). Ordinarily, the mineralocorticoid hormone aldo-
sterone is released by the body in response to angiotensin II or 
hyperkalemia. Aldosterone normally stimulates Na+ reabsorption 
and K+ excretion by the collecting duct. Inhibition of the aldoste-
rone effect by these drugs causes a mild natriuresis and K+ reten-
tion. Distal K+-sparing agents are used primarily for K+-sparing 
diuresis (e.g., in patients with volume overload receiving digitalis 
or with hypokalemic alkalosis). In addition, these drugs are espe-
cially useful in treating disorders involving secondary hyperaldo-
steronism, such as cirrhosis with ascites. Spironolactone treat-
ment has been shown to improve survival with volume overload 
and left ventricular dysfunction or heart failure.71 Hyperkalemia 
and hyperkalemic, hyperchloremic metabolic acidoses are sig-
nificant complications of the injudicious use of spironolactone, 
triamterene, or amiloride.

Dopaminergic Agonists

Intravenous infusion of low-dose dopamine (1 to 3 mg/kg/min) is 
natriuretic owing primarily to a modest increase in the GFR and 
reduction in proximal Na+ reabsorption mediated by dopamine 
type 1 (DA1) receptors.72 Fenoldopam is a selective DA1 receptor 
agonist with little cardiac stimulation. At higher doses, the pres-
sor response to dopamine is beneficial in patients with hypoten-

sion, but it has little or no renal effect in critically ill or septic 
patients.72,73 The so-called “renal-dose” dopamine for the treat-
ment of AKI, although widely used, has not been demonstrated 
to have significant renoprotective properties in numerous stud-
ies74–76 and can cause worsened splanchnic oxygenation, impaired 
gastrointestinal function, impaired endocrine and immunologic 
system function, blunting of ventilatory drive, and increased risk 
of postcardiac surgery atrial fibrillation.77–79

high-risk Surgical procedures

cardiac Surgery

Cardiac operations requiring CPB can be expected to result in AKI 
or failure in up to 7% of patients.80,81 There are numerous risk 
factors associated with the development of postoperative AKI in 
this population (Fig. 49-6).82 Interestingly, patients with preopera-
tive CKD appear to tolerate surgery and CPB remarkably well.83 
Renal ischemia-reperfusion, inflammatory mediators, and toxin 
exposure are considered to be primary pathogenetic mechanisms 
involved in AKI. Renal risk factors contributing through these 
mechanisms include preoperative left ventricular dysfunction, 
duration of CPB, pulse pressure hypertension,84 and aprotinin 
therapy.85

Although some retrospective studies suggest “beating heart” 
off pump coronary artery bypass grafting lowers renal risk com-
pared with the traditional CPB techniques,86 randomized studies 
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FIgURE 49-6. Clinical risk factors that predict perioperative acute kidney injury and renal dysfunction. Preop, preopera-
tive; Intraop, intraoperative; Postop, postoperative. (From: Stafford-Smith M, Patel UD, Phillips-Bute BG, et al. Acute kidney 
injury and chronic kidney disease after cardiac surgery. Adv Chronic Kidney Dis. 2008;15:257–277, with permission.)
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have been inconclusive. However, despite the fact that pulsatile 
CPB suppresses plasma renin activity, postoperative renal func-
tion in patients with normal kidneys undergoing pulsatile or non-
pulsatile CPB is equivalent.

Numerous agents have been used intraoperatively without 
success in attempts to protect the kidney during cardiac surgery. 
Mannitol use during CPB is partly aimed at avoiding hemoglo-
bin-induced AKI, by promoting urine flow and reducing renal 
cell swelling. Dopamine is infused at low doses (<5 mg/kg/min) 
as a renal vasodilator without benefit. Costa et al.87 administered 
low-dose dopamine during CPB to patients with preoperative 
renal dysfunction and were able to induce a saluresis without 
affecting GFR or protecting the kidney from ischemic injury. 
Dopexamine improved CrCl and systemic oxygen delivery in one 
cardiac surgery study,88 but a systemic review of 21 randomized, 
controlled trials failed to confirm benefit.89 Other studies examin-
ing the renal protective effects of fenoldopam, ANP, and insulin-
like growth factor-1 in this population have not shown a consis-
tently protective effect.

noncardiac Surgery

Several common noncardiac surgical procedures can compromise 
previously normal renal function. Emergency surgery has been 
reported as a risk factor for AKI, with trauma surgery figuring as a 
prominent subgroup of emergency procedures.90 ATN is the typi-
cal renal lesion associated with trauma, and it may be produced 
by a number of ischemic mechanisms. Most often, hypovolemic 
shock, pigmenturia, multiple organ failure, or exogenous neph-
rotoxins are responsible for sequential or simultaneous insults to 
the kidney. AKI that develops in the trauma patient may be char-
acterized by an early oliguric picture related to inadequate vol-
ume resuscitation, or by a later, sometimes nonoliguric syndrome 
associated with multiple organ failure, nephrotoxin exposure, or 
sepsis. The outcomes of these two posttraumatic AKI scenarios 
are dramatically different. The early form is associated with high 
mortality rates, whereas only 20% to 30% of patients will die in 
the case of nonoliguric AKI.91 Not surprisingly, trauma victims 
with pre-existing renal insufficiency experience much higher 
mortality than previously healthy patients.92

Preventing AKI in patients presenting for emergency surgery 
begins with proper management of intravascular volume deple-
tion and shock. Restoring euvolemia while maintaining cardiac 
output and systemic oxygen delivery is an important goal. Urine 
flow, once established, is maintained at ≥0.5 mL/kg/hr. Invasive 
hemodynamic monitoring may be required to guide intraopera-
tive management of ongoing cardiovascular instability due to sur-
gical manipulation, blood loss, fluid shifts, and anesthetic effects. 
Intraoperative transesophageal echocardiography provides excel-
lent assessment of left and right ventricular functions as well as 
guidance of fluid resuscitation. Nephrotoxin exposure should be 
kept to a minimum in the unstable trauma victim. Radiocontrast 
media, NSAIDs, and myoglobin pose the greatest threat in this 
patient group. There is no place for either furosemide or man-
nitol therapy in the early, resuscitative phase of trauma manage-
ment, except in the case of head injury with elevated intracranial 
pressure or when massive rhabdomyolysis is suspected.

Vascular surgery requiring aortic clamping has deleterious 
effects on renal function regardless of the level of clamp place-
ment. Suprarenal clamping results in an attenuated ATN-like 
lesion.93 Infrarenal clamping causes a smaller, short-lived reduc-
tion in GFR and is associated with a lower risk of AKI, whereas 
surgery involving the thoracic aorta has a 25% incidence of 
AKI.94 Two major predictors of AKI following aortic surgery are 
pre-existing renal dysfunction and perioperative hemodynamic 
instability.95 Olsen et al.96 reported in a large series of patients 

undergoing abdominal aortic aneurysm repair that the overall 
incidence of AKI was 12%. Patients who had emergency surgery 
for ruptured aneurysm had a very high incidence of hemody-
namic instability, and AKI developed in 26%; in contrast, elective 
aortic surgery was associated with good hemodynamic control 
and a 4% incidence of renal failure. Atheromatous renal artery 
emboli and prolonged aortic clamp time may contribute to isch-
emic renal injury in these patients.

The endovascular approach (endostent) to major aortic sur-
gery has gained popularity.97 The etiology of AKI after endovas-
cular and open repair of aortic aneurysm is multifactorial (renal 
ischemia, atheroembolism, hemodynamic instability). Although 
hemodynamic changes during endovascular procedures on 
the aorta may be less dramatic than those accompanying open 
repair, the prevalence of renal complications appears to be simi-
lar. During endovascular procedures, patients may be exposed 
to substantial amounts of radiocontrast dye, which can exac-
erbate postoperative renal dysfunction, especially in those with 
pre-existing renal insufficiency. The long-term incidence of renal 
insufficiency/failure (followed up to 24 months postoperatively) 
is similar after endovascular and open repair of aortic aneurysm. 
It is thus important that before endovascular procedures, patients 
are adequately hydrated, and the total dose of radiocontrast dye 
is limited.

Most efforts to preserve renal function in aortic surgery have 
centered on diuretic and renal vasodilator therapies, although a 
large body of evidence no longer supports the use of either intra-
venous mannitol or dopamine to prevent AKI in this setting. 
Indeed, a clinical study of infrarenal aortic clamping found that 
combined mannitol and low-dose dopamine treatment was no 
more effective in preventing AKI than volume expansion with 
saline. Although increased urine flow rate is a consistent find-
ing with low-dose infusion of dopamine, there is no evidence in 
collective analysis of numerous randomized studies that this is 
associated with preservation of renal function during aortic sur-
gery. Other agents are being investigated for use as renoprotec-
tive drugs. Nifedipine attenuated a postoperative decrease in GFR 
in a small, placebo-controlled study of aortic surgery patients.98 
Insulin-like growth factor-1 has been shown to speed healing in 
experimental ischemic AKI99 and to improve renal function in 
patients with ESRD100 and in those undergoing aortic or renal 
artery surgery.101 A synthetic form of ANP may be useful in 
managing established oliguric ARF,102 but it has not been used 
prophylactically in high-risk surgical patients. Fenoldopam, a 
selective dopamine-1 receptor agonist, showed some promise as a 
renal protective agent but has not been tested in large multicenter 
prevention trials in the perioperative setting. A new generation 
of “early biomarker” tests may soon be available, capable of rec-
ognizing AKI much earlier than possible with accumulation of 
serum creatinine. The hope is that earlier AKI recognition will 
improve the effectiveness of current interventions.

As previously discussed, patients with hepatic failure or cho-
lestatic jaundice are particularly susceptible to AKI. When the 
serum conjugated bilirubin exceeds 8 mg/dL, endotoxins from 
the gastrointestinal tract are absorbed into the portal circulation, 
causing intense renal vasoconstriction. Intravenous mannitol 
and/or oral administration of bile salts in the preoperative period 
may limit renal dysfunction in patients with cholestatic jaun-
dice. This phenomenon may contribute to the high incidence of 
AKI after liver transplantation and biliary surgery. AKI occurs 
in up to two-thirds of liver transplant recipients.103 Many liver 
transplant candidates have overt hepatorenal syndrome, renal 
dysfunction, and presumably underlying renal vasoconstric-
tion. When such patients are exposed to intraoperative hemo-
dynamic instability, massive transfusion, and nephrotoxins, AKI 
frequently follows.104

9
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NEpHRECTOMY

A review of urologic surgical procedures is outlined below, includ-
ing sections on nephrectomy, cystectomy, prostatectomy, TUR 
procedures, and therapies for urolithiasis. For each section, general 
disease principles and treatment rationales are briefly discussed, 
perioperative management and potential complications reviewed, 
and then important aspects related to specific procedures within 
the section highlighted (e.g., simple vs. radical nephrectomy). 
Selected additional topics are outlined at the end of the section. 
Notably, a deliberate approach has been taken to minimize rep-
etition by referring the reader to other chapter sections whenever 
appropriate.

Nephrectomy procedures involve partial, radical, or simple 
resection of the kidney. Each year in the United States, there are 
approximately 46,000 nephrectomies for benign or malignant 
disease, and an additional 5,500 donor surgeries for renal trans-
plant. While radical nephrectomy is the standard for resectable 

kidney cancer, simple nephrectomy is typical for benign dis-
ease. Some kidney tumors invade the renal vein extending as far 
as the inferior vena cava or right atrium; these tumors require 
additional procedures to safely retrieve their intravascular com-
ponent. Kidney transplant donor nephrectomy involves simple 
nephrectomy with measures to avoid organ trauma and opti-
mize graft function. The so-called “nephron sparing” or partial 
nephrectomy is indicated for limited benign disease but increas-
ingly is being considered for wider indications including selected 
cancerous lesions.

The approach and incision for nephrectomy are based on 
surgical priorities and surgeon preference. Retroperitoneal 
approaches require a flank incision and lateral decubitus posi-
tioning with flank extension (Fig. 49-7), allowing access to the 
kidney with avoidance of the peritoneal cavity. This approach has 
obvious advantages for treatment of infection but also simplifies 
procedures with prior abdominal surgery or obesity. Difficulties 
with the retroperitoneal approach include access to the vena cava, 
risk of unintentional pneumothorax, and the adverse effects of 

FIgURE 49-7. Common positioning options for urologic surgery include right lateral decubitus with waist extension (a), li-
thotomy (B), supine with steep (30 to 45 degrees) Trendelenberg (c), and exaggerated lithotomy (d). (From: http://www.opitek.
dk/en/products/pedistirrup, with permission [a]; http://www.virtualmedicalcentre.com/treatment/radical-perineal-prostatectomy-
rpp/163, with permission [d].)
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lateral decubitus position and flank extension on respiratory vital 
capacity, which can be reduced up to 20% (see Chapter 28).

Anterior approaches to nephrectomy involve supine position-
ing and breach of the peritoneal cavity through midline, subcos-
tal, or thoraco-abdominal incisions that provide direct access to 
both the kidney and major vascular structures. Although transperi-
toneal approaches add the risk of visceral injury and peritonitis,  
they improve access to the renal pedicle (e.g., trauma, hemorrhage) 
with best access to both kidneys being through midline inci-
sions (e.g., bilateral nephrectomy for end-stage polycystic kidney  
disease). The thoraco-abdominal approach enters both the peri-
toneal and pleural spaces and rarely may require single-lung  
ventilation.

In recent years, laparoscopic retro- and transperitoneal 
approaches to nephrectomy have surpassed their open equivalents 
in popularity, particularly for simple and donor procedures, but 
these techniques are even being used for “nephron-sparing” partial 
nephrectomy. Other recent innovations include robotic-assisted, 
single port laparoscopic, and even transvaginal minimally invasive 
nephrectomies.

preoperative considerations

Recruits for donor nephrectomy surgery are typically healthy 
individuals; however, perioperative risk for other nephrectomy 
procedures often relates to the indication for surgery. Although 
smoking and obesity are the most important risk factors for renal 
cancer, many other cardiovascular risk factors are also strongly 
associated with renal cancer risk including advanced age, male 
gender, chronic or ESRD, and hypertension. Hence, protocols 
for assessment and management of perioperative cardiac risk are 
particularly relevant to nephrectomy surgery.105

Simple nephrectomy for infectious indications is uncommon 
but most often involves diabetic patients and can be grouped into 
two categories. Elective procedures involve irreversible kidney 
damage due to chronic pyelonephritis (e.g., xanthogranuloma-
tous).106 In contrast, emergent procedures are associated with very 
high mortality rates (up to 43%) and generally involve critically ill 
patients with acute emphysematous pyelonephritis unresponsive 
to antibiotics.

Several hereditary conditions that are associated with kidney 
cancer also have attributes that must be considered in anesthetic 
planning107; for example, individuals with Birt–Hogg–Dubé syn-
drome have pulmonary cysts that increase the risk of intraopera-
tive spontaneous pneumothorax, while patients with von Hippel–
Lindau syndrome, the commonest of these disorders, have high 
rates of pheochromocytoma and neuroendocrine tumors.

Ten to forty percent of patients presenting with renal can-
cer have associated paraneoplastic syndromes.108 Beyond fever, 
cachexia, and weight loss, these subdivide into endocrine and 
nonendocrine categories. Tumor-related endocrine effects include 
hypercalcemia (PTH-like effects), hypertension (renin), anemia/
polycythemia (erythropoietin), nonmetastatic hepatic dysfunction 
(Stauffer syndrome), galactorrhea, Cushing’s syndrome, and ecto-
pic insulin and glucagon production, while nonendocrine effects 
include amyloidosis, neuromyopathies, vasculopathy, nephropa-
thy, coagulopathy, and elevated prostaglandin levels. Of renal can-
cers presenting with hypercalcemia, 50% are paraneoplastic in ori-
gin. Renal tumors may also be associated with a hypercoagulable 
state; sudden intraoperative clot formation has been reported.109

As for most major urologic surgeries, other investigations for 
nephrectomy surgery include routine ECG, chest X ray, com-
plete blood cell count, electrolyte profile with serum BUN and 
creatinine, liver function tests, serum calcium assessment, bleeding 

profile, and urine analysis. Although normal serum creatinine 
level and evidence of contralateral function by intravenous pyelo-
gram are sometimes considered sufficient assessment to predict 
adequate postoperative renal function, a noninvasive differential 
renal scan (iodine-131 or technetium-99m computerized isotope 
renograph) is often performed for more precise prediction of 
postoperative GFR.

Urologic surgery patients often present with additional disease 
workup that can provide a wealth of information beyond rou-
tine studies and assessment of their urinary tract. Abdominal CT 
scans detail tumor size, location, and invasion of the renal collect-
ing system or perirenal fat, while MRI is most valuable to assess 
for vena caval and/or cardiac chamber involvement.

Standard recommended preoperative management of chronic 
drug therapies is all that is necessary for most nephrectomy pro-
cedures, although dose adjustment may be considered if signifi-
cant changes in renal function are anticipated.

intraoperative considerations

Preparation for even the most “straightforward” nephrectomy 
surgery demands sufficient monitoring and vascular access to 
respond to complications, most notably significant hemorrhage, 
an uncommon but ever-present risk in such procedures. Beyond 
standard monitoring (e.g., ASA guidelines) and two large bore 
peripheral intravenous catheters, requirements for intravascular 
access and additional monitoring are dictated by patient condition  
and complexity of the procedure but generally include a periph-
eral intra-arterial catheter for continuous blood pressure record-
ing and repeated blood gas assessment and sometimes central 
venous access.

While central venous line placement is not essential for most 
nephrectomy surgeries, patient and procedural factors such as 
comorbidities (e.g., cardiac history) and bleeding risk (e.g., tumor 
extension into venous structures) may warrant such monitoring. 
If placement of a central venous catheter is deemed necessary, 
selection of the side ipsilateral to the nephrectomy surgery for 
subclavian or internal jugular central venous puncture should be 
considered to minimize the risk of bilateral pneumothorax.

Assessment of infection, bony metastases, and bleeding risk 
may influence the decision to include neuraxial procedures in 
the anesthesia plan. Sometimes spinal imaging from CT and MRI 
scans can provide added detail useful when contemplating epidu-
ral catheter placement. If a lumbar or thoracic epidural catheter is 
placed, this is usually done prior to anesthesia induction to allow 
for a meaningful test dose sequence and to facilitate pre-incision 
administration of epidural opiates. Varied opinions regarding 
intraoperative local anesthetic dosing of the epidural catheter 
involve concerns over hemodynamic stability and the likelihood 
of significant blood loss during the procedure.

Neuraxial injection or catheter placement prior to anesthesia 
induction (e.g., epidural catheter insertion) can be followed by 
placement of intra-arterial and central venous access after anesthe-
sia induction in most cases. Bladder catheter placement is essential 
for all nephrectomy procedures; urinary output monitoring pro-
vides information on intravascular volume status in the absence 
of central venous pressure monitoring, avoids the possibility of 
urinary retention, and also provides valuable information postop-
eratively regarding renal function, bleeding sources, and the possi-
bility of clot-related urinary tract obstruction. Noninvasive cardiac 
output monitoring (e.g., esophageal Doppler, LidCO, NiCO) tech-
niques may be useful for cardiac monitoring in selected patients.

Standard pre-anesthesia induction considerations include post-
operative planning (e.g., PACU vs. stepdown vs. ICU disposition) 

11
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and administration of intravenous antibiotic prophylaxis within 
1 hour prior to surgical incision. Plans for postoperative analge-
sia strategy may dictate disposition particularly to involve a care 
team capable of recognizing and treating potential complications 
of the various analgesia strategies.

Anesthesia induction agent selection to achieve hypnosis, 
paralysis, and blunting of the hemodynamic intubation response 
should be matched to any use of regional anesthesia, the antici-
pated duration of the procedure, and the patient’s renal func-
tion. Intraoperative and postoperative pain management can be 
accomplished by intravenous or other opioid therapies such as  
patient-controlled analgesia or neuraxial analgesia. Continu-
ous epidural analgesia attenuates the neuroendocrine response 
but may also improve postoperative ventilatory mechanics and 
resolve ileus sooner and has been associated with improved sur-
vival in intermediate-to-high-risk noncardiac surgery.110

Potential intraoperative complications include injury to major 
blood vessels (e.g., inferior vena cava, aorta), gastrointestinal 
organs (e.g., spleen, liver, pancreas), and unrecognized entry into 
the pleural space with resultant pneumothorax. Complications 
associated with hemorrhage during nephrectomy are uncom-
mon but mandate preparatory steps beyond monitoring and 
generous intravenous access. Confirmation that blood products 
are present or readily available should occur immediately prior 
to surgery. Routine fluid and patient warming technology, avail-
ability of colloid volume expanders, and even a rapid transfusion 
device for selected cases should also be considered. Since unex-
plained changes in pulmonary mechanics or hypotension during 
a nephrectomy procedure may reflect diaphragmatic injury and 
pneumothorax, such changes should be discussed with the sur-
geon to facilitate prompt intervention. This may require direct 
repair of a rent in the diaphragm as well as needle decompression 
of a pneumothorax and chest tube insertion.

Particularly in the setting of limited renal reserve, in addition 
to consideration of transfusion “triggers” and strict avoidance of 
unjustifiable blood product administration, a note of caution is 
warranted regarding the potential for resuscitation “overshoot” 
in response to acute hemorrhage. Strict attention to appropriate 
monitors during fluid resuscitation, assisted by good communi-
cation with the surgeon, will help avoid the risk of pulmonary 
edema from fluid overload.

postoperative considerations

Up to 20% of patients undergoing nephrectomy develop post-
operative complications, and operative mortality rates following 
radical nephrectomy are as high as 2%. Added to standard con-
cerns, such as hemorrhage and unrecognized visceral injury, are 
atelectasis, ileus, superficial and deep wound infections, tempo-
rary or permanent renal failure, and incisional hernia. The most 
common radical nephrectomy complications are adjacent organ 
(4% bowel, spleen, liver, diaphragm, or pancreas) and vascular 
injury (2%). Overall complication rates are similar whether an 
open or laparoscopic approach is used.111–113 Bleeding requir-
ing transfusion occurs in up to 5.7% of all cases.114–116 Other less 
common major complications include myocardial infarction, 
congestive heart failure, pulmonary embolism, cerebrovascular 
accident, pneumonia, and thrombophlebitis.

A logical expectation of nephrectomy surgery would be the 
need to adjust postoperative dosing of drug therapies to accom-
modate the anticipated decrease in GFR associated with an 
approximate 50% loss of kidney tissue. Although a drop in GFR 
can be anticipated, interestingly, adaptation of the remaining 
kidney usually results in a modest 25% decline postoperatively.

The pain of nephrectomy, laparoscopic or open, is significant. 
Analgesia can be achieved with epidural or spinal analgesia strate-
gies, systemic opioids, and nonopioid adjuncts including intra-
venous acetominophen. Recent findings of improved recovery 
using epidural analgesia for major abdominal surgeries117 have 
not been assessed specifically for nephrectomy surgery.

Specific procedures

Simple and donor nephrectomies

Simple nephrectomy is sufficient intervention for irreversible 
nonmalignant disease such as untreatable infection, unsalvage-
able kidney trauma, or a nonfunctioning kidney due to calculi 
or hypertensive disease. Up to 86% of patients with hypertension 
that is presumed to be renovascular in origin with noncorrectable 
unilateral renal artery disease have improved hypertension con-
trol after simple nephrectomy.

During donor procedures, several steps are added to simple 
nephrectomy, including administration of drugs intravenously 
just prior to explantation to achieve low-level anticoagulation 
(e.g., 3,000 USP heparin units) and forced diuresis (e.g., mannitol 
12.5 g, furosemide 40 mg), extension of (laparoscopic) incisions 
to assure atraumatic organ extraction, and postharvest protamine 
administration. Procured organs are infused with cold preser-
vative (e.g., University of Wisconsin or histidine–tryptophan– 
ketoglutarate solutions) and stored on ice and/or cold machine 
perfused. Just over one-third of renal transplants in the United 
States are from living donors and, compared to cadavers, living 
kidney donation is associated with improved short- and long-
term outcomes (i.e., recipient and graft survival).

Radical nephrectomy

Renal cell carcinoma is the main indication for radical nephrec-
tomy and accounts for 90% to 95% of kidney neoplasms and 3% 
of all malignancies in adults. With the exception of hereditary 
syndromes with high tumor rates (see above), a positive family 
history incurs a two- to three-fold increased risk of kidney cancer, 
but such individuals constitute only 2% of radical nephrectomies. 
Hematuria, a palpable mass and flank pain, is the classic triad at 
presentation, but nowadays renal tumors are more often (approx-
imately 72%) diagnosed incidentally during workup for other 
nonurologic problems. Occasionally, tumors declare due to signs 
or symptoms of vena caval involvement such as dilated abdomi-
nal veins, (left) varicocele, lower extremity edema, or pulmonary 
embolism. Symptomatic tumors usually reflect more advanced 
disease and are more often associated with metastasis and a poor 
prognosis. Transitional cell cancers of the upper urothelial tract 
(ureters, renal pelvis) are also treated by radical nephrectomy 
with resection of the associated ureter including a cuff of bladder 
tissue. Up to one-third of kidney cancer patients have metastases 
at diagnosis, but many are still candidates for surgery.

Radical nephrectomy involves renal artery and vein ligation 
with subsequent removal en bloc of the kidney, perinephric fat, 
Gerota’s fascia, proximal ureter, and often the adjacent adrenal 
gland. Lymph node dissection is then performed from the dia-
phragm to the aortic bifurcation. Most renal cancers stay within 
Gerota’s fascia and can be completely removed, but a disappoint-
ing 20% to 30% of patients with successful surgery still have their 
disease return. Although radical nephrectomy is standard for 
central and large tumors, the value of nephron-sparing partial 
nephrectomy for early stage and small renal cell cancers is being 
evaluated. While nonsurgical therapies are available, renal cell 
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cancers are resistant to radiation and chemotherapy. Blood loss 
during radical nephrectomy is highly dependent on the location 
and extent of the tumor. Laparoscopic innovations have reduced 
bleeding for all types of nephrectomy surgeries.

Radical nephrectomy with inferior  
Vena cava tumor thrombus

Between 4% and 10% of patients with renal cell carcinoma have 
the so-called “tumor thrombus” extension beyond the kidney 
either limited to the renal vein or extending into the inferior vena 
cava. Although often restricted to the vessel lumen, the throm-
bus may become adherent to the vessel wall,118 and right atrial 
involvement is present in 1% of cases. Radical nephrectomy 
procedures involving resection of tumor thrombus are particu-
larly challenging due to their risk of sudden major bleeding and 
potential for acute hemodynamic instability (e.g., inferior vena 
cava clamping or tumor pulmonary embolism).

Renal tumors with IVC thrombus are classified by the extent 
of tumor thrombus within the IVC and right atrium (levels I–IV; 
Fig. 49-8) and require different procedures in addition to radical 
nephrectomy.119 In general, thrombus extraction can occur with 
simple proximal and distal caval control alone for tumors that go 
no further than the infrahepatic IVC. As thrombus extends into the 
intrahepatic IVC or higher, isolating the vessel to extract the throm-

bus becomes more challenging and ultimately can only be achieved 
safely using CPB with or without aortic crossclamping and cardiac 
arrest. In addition to sternotomy incision, such procedures require 
standard heparin anticoagulation and employ an added circuit 
venous line filter to trap tumor fragments (Fig. 49-8). Other inter-
ventions used at some institutions in the treatment of renal tumor 
caval thrombus include venovenous bypass, inferior vena cava filter 
insertion, and even deep hypothermic circulatory arrest.

Appropriate considerations when monitoring these complex 
procedures include radial arterial catheterization, central venous 
and pulmonary artery catheter placement, and intraoperative 
transesophageal echocardiography (Fig. 49-8). In cases where 
supradiaphragmatic tumor thrombus is present, placement of a 
pulmonary artery catheter prior to thrombus resection is contra-
indicated due to risk of embolization of tumor fragments. If the 
thrombus extends into the suprahepatic IVC, hepatic mobiliza-
tion with Pringle maneuver (clamping of the hepatoduodenal 
ligament to interrupt blood flow through the hepatic artery and 
portal vein) may be required, generally for less than 30 minutes.120 
Additional preparation includes all steps standard for procedures 
involving CPB (see Chapter 38), including large bore peripheral 
intravenous access, vasoactive infusions, fluid, and blood prod-
ucts. Preoperative therapeutic embolization of the tumor is 
sometimes also used in cases of arterial thrombus, extensive para-
sitic vessel formation, or with anticipated difficulty in isolating 

A I II III IV

C

B

FIgURE 49-8. Radical nephrectomy with inferior vena cava throm-
bus removal for renal cell carcinoma is a major operative procedure. 
Surgical complexity is predicted by the extent of intravascular tumor 
thrombus, as classified by the most proximal level of tumor extension 
(levels I–IV; a). Evidence of thrombus emboli in the venous filter follow-
ing cardiopulmonary bypass (B) highlights the friability of intravascular 
renal cell carcinoma thrombus. Intraoperative transesophageal echo-
cardiography demonstrates right atrial extension of a renal cell tumor 
(c). (From: Nesbitt JC, Soltero ER, Dinney CP, et al. Surgical manage-
ment of renal cell carcinoma with inferior vena cava tumor thrombus. 
Ann thorac surg. 1997;63:1592–1600, with permission [a].)
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the renal artery. Despite the potential for significant blood loss, 
cell saver technology use is discouraged due to the potential for 
returning tumor cells to the circulation.

“Nephron-sparing” Partial Nephrectomy

Minimizing unnecessary loss of healthy tissue is a logical part of 
surgical planning for any kidney resection. Partial nephrectomy 
is often sufficient for benign tumors, but this procedure is also 
becoming an alternate to radical nephrectomy for some cancer-
ous renal cell tumors, particularly when renal parenchyma must 
be preserved; examples include bilateral tumors, CKD, tumors  
in a single remaining kidney, or where the contralateral kidney 
is at risk for future disease or tumor. Even when the contralat-
eral kidney is normal, studies are now demonstrating comparable 
long-term results with nephron-sparing partial nephrectomy 
procedures as with radical nephrectomy for patients with a single, 
localized small tumor (<4 cm) and even medium-sized (<7 cm) 
peripherally located tumors. Limitations of partial nephrectomy 
include a higher perioperative risk of bleeding and urine leak, and 
a local tumor recurrence rate of 1% to 6%.

Laparoscopic and Robotic Nephrectomies

Laparoscopic and robotic techniques can be applied to retroperi-
toneal and transperitoneal approaches and all types of nephrec-
tomies (i.e., radical, simple, or partial). Compared to open 
approaches, these minimally invasive strategies employ access 
through small airtight “ports.” Insufflation of carbon dioxide into 
the peritoneal cavity or retroperitoneal space is used to separate 
structures and enhance visibility. In recent years, laparoscopic 
techniques have surpassed open nephrectomies in popular-
ity, particularly for simple and radical procedures. Laparoscopic 
approaches to radical nephrectomy are even being successfully 
employed in the treatment of locally invasive kidney cancer. Lapa-
roscopic partial nephrectomy is technically more demanding than 
its open counterpart and currently involves temporary clamping 
of the renal hilum to optimize visibility during excision and mini-
mize blood loss. The warm ischemic time related to clamping can 
cause AKI, particularly if the duration exceeds 30 minutes.121,122

Some studies have reported comparisons of equivalent open 
and laparoscopic procedures. Laparoscopic radical nephrectomy 
for cancer involves smaller incisions, less blood loss, decreased post-
operative analgesic requirement, shorter hospital stay and convales-
cent period, and similar long-term outcomes when compared with 
open radical nephrectomy.123,124 Likewise, laparoscopic “nephron-
sparing” partial nephrectomy results in less bleeding and a shorter 
hospital stay, and for selected tumors has 5- and 10-year outcomes 
similar to those of open partial nephrectomy.125,126 Laparoscopic 
donor nephrectomy has no adverse effects on the success of kidney 
transplant but is associated with less pain and analgesic require-
ment, faster hospital discharge, and better quality of life compared 
with open donor nephrectomy.127 Institutional experience with lap-
aroscopic and robotic assistance with nephrectomy procedures may 
influence anesthetic planning and the perceived need for invasive 
procedures (e.g., central venous pressure monitoring).

Traditional open nephrectomy is associated with a significant 
incidence of chronic pain ranging from 5% to 26%.128,129 The 
hope is that laparoscopic approaches will reduce the incidence 
of chronic pain syndromes. The perceived differences between 
laparoscopic and open nephrectomy procedures have influenced 
clinical practice including anesthesia planning for postoperative 
pain management. Compared to open nephrectomy, the reduced 
pain and shorter recovery times have meant that epidural anes-
thesia is less likely to be selected for laparoscopic approaches, 

1

with postoperative pain control for these procedures provided by 
a multimodal strategy involving opiates and appropriate non-
opioid adjuncts. NSAIDs are rarely used to avoid their potential 
nephrotoxic effects. Recent small studies have reported good 
success with continuous local anesthetic infusions via catheters 
placed in the rectus and retroperitoneal sheaths intraoperatively 
(across the intercostal, ilioinguinal, and ileohypogastric nerves). 
Benefits include reduced pain levels, opioid requirements, nau-
sea, time to recovery and discharge, and cost.130,131

Robotic approaches to nephrectomy surgery are beginning to 
be employed but have very similar considerations to laparoscopic 
nephrectomy in terms of issues such as pneumoperitoneum. 
Notably, robotic nephrectomy has specific positioning require-
ments due to the robotic equipment, and care must be taken 
to assure that the robotic arms do not cause pressure injury to 
the patient. Depending on the experience of the surgical team, 
robotic procedures may also take more time. Notably, the role of 
robot assistance is also being similarly explored and developed for 
several other major urologic surgeries (e.g., partial nephrectomy, 
radical cystectomy, pyeloplasty, and radical cystectomy).132

Physiology of Pneumoperitoneum

Despite potential surgical advantages of laparoscopic surgery, 
the consequences of pneumoperitoneum, most notably systemic 
CO2 absorption and obstruction of venous return from the lower 
body, are important particularly for patients with cardiopulmo-
nary disease (Table 49-5)133 (see Chapter 33). These include an 

From: Irvine M, Patil V. Anaesthesia for robot-assisted laparoscopic surgery. 
Continuing Education in Anaesthesia, Critical Care & Pain. 2009;9:125–129, with 
permission.

TAbLE 49-5.  Physiology of Co2 

PneumoPeritoneum in the 

trendelenburg Position

Organ System Effect

Cardiovascular ↑ Systemic vascular resistance

↑ Mean arterial pressure

↑ Myocardial oxygen consumption

↓ Renal, portal, and sphlanchnic flow

respiratory ↑ Ventilation–perfusion mismatch

↓ Functional residual capacity

↓ Vital capacity

↓ Compliance

↑ Peak airway pressure

Pulmonary congestion and edema

Hypercarbia, respiratory acidosis

Central nervous 
system

↑ Intracranial pressure
↑ Cerebral blood flow
↑ Intraocular pressure
Catecholamine release

Activation of renin–angiotensin 
system

Gastroesophageal regurgitation
Venous air embolism
Neuropraxia, especially brachial
Tracheal tube displacement
Facial and airway edema

endocrine

others
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and lymph nodes. Partial or simple cystectomy and transurethral 
resection of bladder tumor (TURBT) (see transurethral resection 
procedures section) are other procedures used in the treatment of 
benign and malignant bladder diseases.

In removing the entire bladder, simple and radical cystectomy 
procedures oblige a companion surgery to allow for future urine 
collection. The so-called “diversion procedures” involve redirect-
ing the ureters, most commonly to a pouch fashioned from ileum 
(ileal conduit), that passively drains urine into a bag through a 
stoma on the patient’s abdominal wall. Alternate options include 
the so-called “continent” diversion reconstructive procedures 
which are becoming more popular. Since diversion surgeries can 
make future diagnosis of appendicitis difficult, some surgeons rou-
tinely also perform an appendectomy as part of urinary diversion 
procedures.

Supine or modified lithotomy positioning (Fig. 49-7) and 
midline incision with avoidance of the umbilicus are standard for 
open cystectomy surgery; however, a transverse abdominal inci-
sion is occasionally used. Much like nephrectomy surgery, both 
retroperitoneal and transperitoneal approaches are feasible for 
cystectomy, and laparoscopic and robotic-assisted techniques are 
becoming popular both for cystectomy and diversion procedures.

preoperative considerations

The most common patients presenting for cystectomy are those 
with bladder cancer. Approximately 90% have transitional cell 
tumors, and approximately 90% of these have already invaded 
muscle at diagnosis. Bladder tumors occasionally present with 
urinary retention but are generally diagnosed by hematuria 
(microscopic or macroscopic) with or without voiding symptoms 
such as urgency, frequency, and dysuria. Prior to cystectomy, 
patients have usually undergone one or several cystoscopies for 
tumor biopsy or resection, and many have already received radia-
tion and chemotherapy.

Risk factors for bladder cancer and atherosclerosis overlap, 
and perioperative protocols for cardiac risk assessment and man-
agement are relevant to cystectomy surgery.105 Smoking history 
is most important, doubling the risk of bladder cancer, while 
occupational exposures in the leather, dye, and rubber industry 
and drinking water with high arsenic levels also contribute. A 
smoking history also raises the risk for respiratory disease. Men 
are about four times more likely than women to be diagnosed 
with bladder cancer with white men twice as likely as African-
American men. The average patient presenting with bladder can-
cer is 65 years old. Paraneoplastic syndromes similar to those seen 
with kidney cancer have been reported with bladder cancer but 
are relatively rare.

intraoperative considerations

Anesthetic management for cystectomy is similar to that for 
nephrectomy surgery (see above), including preparation for the 
potential for major bleeding. Although patients strictly could 
undergo cystectomy surgery with epidural anesthesia alone, this is 
rarely chosen due to the extended duration of surgery. Particular 
attention should be paid to the approach to assessment of intra-
vascular volume during cystectomy surgery given the consider-
able potential for bleeding and hypovolemia and the absence of 
meaningful urine output data. Combining intraoperative epidu-
ral analgesia with a general anesthetic for cystectomy may reduce 
bleeding and improve postoperative analgesia without otherwise 
affecting complication rates.137

average 30% decrease in cardiac output with the institution of 
pneumoperitoneum which, due to an associated increase in sys-
temic vascular resistance (afterload), is often accompanied by lit-
tle change or even an increase (up to 16%) in mean arterial blood 
pressure. Systemic vascular resistance and cardiac output usu-
ally return to near normal values over the 10 minutes following 
institution of pneumoperitoneum. Preoperative fluid loading, 
with additional pre-induction colloid boluses before institution 
of pneumoperitoneum, result in higher stroke volume and urine 
output compared to standard intraoperative fluid regimens, but 
studies are lacking regarding any evidence of improved outcome 
using this strategy.134

A strategy involving hydration and limiting insufflation pres-
sures to below 12 mm Hg is advocated. Presumably related to 
derangements of renal perfusion, pneumoperitoneum insuffla-
tion pressures of >15 mm Hg have been associated with postop-
erative AKI. Following laparoscopic donor nephrectomy, some 
donors develop oliguria despite hemodynamic stability and lib-
eral fluid management strategies. The etiology of this is unclear, 
but it is usually self-limited. Urine output of >2 mL/kg/hr is also 
encouraged, although there is no clear evidence that the diuretic 
effects of furosemide, mannitol, “renal dose” dopamine, fenoldo-
pam, or ANP analogs are of any value in protecting the kidney.135

Other effects of pneumoperitoneum include restricted dia-
phragmatic excursion, acid–base abnormalities due to systemic 
absorption of CO2, neurohumoral responses, and the potential for 
venous gas embolism. Reductions in pulmonary compliance and 
functional residual capacity, combined with CO2 absorption, often 
cause respiratory acidosis. Cephalad displacement of the abdomi-
nal contents, particularly in obese patients, can also add atelectasis 
and ventilation–perfusion mismatch. Cardiac valvular dysfunc-
tion has been reported during laparoscopic nephrectomy,136 and 
cardiac ischemia can develop in “at-risk” patients with coronary 
artery disease. There is also an immediate increase in intracranial 
pressure with the institution of the pneumoperitoneum.

Hemodynamic instability or hypoxia that occurs with CO2 
insufflation due to the above-mentioned perturbations must be 
addressed, and a small number of patients will require conver-
sion to an open surgical approach. However, despite the numer-
ous disturbances, a majority of patients can be safely managed 
through episodes of pneumoperitoneum with appropriate cir-
culatory support, thoughtful ventilator management, and good 
communication between surgeon and anesthesiologist that 
includes a willingness to adjust CO2 insufflation pressures. Nota-
bly, adequate neuromuscular blockade plays a role in keeping 
insufflation pressures at the lowest level required to achieve opti-
mal surgical exposure.

Offsetting advantages of laparoscopic approaches are risks 
also seen in settings other than nephrectomy including trauma 
during trocar placement (approx. 0.5%) and increased rates of 
postoperative deep venous thrombosis.

CYSTECTOMY AND OTHER MAjOR 

bLADDER SURgERIES

Cystectomy surgery involves removal of all or part of the urinary 
bladder. While radical cystectomy is standard for most muscle-
invasive malignant disease, simple cystectomy is primarily for 
benign bladder disease. Of the 69,250 cases of bladder cancer 
expected in 2011 in the United States, approximately 90% will 
undergo a surgical procedure for their disease. Radical cystectomy 
combines bladder removal with resection of other pelvic organs 
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postoperative considerations

Simple cystectomy with diversion procedure involves a more lim-
ited dissection of pelvic structures relative to radical cystectomy 
and is generally associated with considerably less blood loss and 
lower complication rates.138 Following radical cystectomy with 
diversion, some patients will require admission to an intensive 
care unit. Average blood loss ranges between 560 and 3,000 mL, 
and transfusion is common. Hospital lengths of stay can be long 
but vary considerably among centers. The mortality rate for radi-
cal cystectomy with diversion procedure is approximately 1%, 
and perioperative complications are common (27.3%).139 Early 
problems include acute pyelonephritis following ureteral catheter 
removal, ileus, injury to local structures such as the obturator 
nerve (adductor palsy and gait disturbance), and impaired lymph 
drainage (lymphocele, leg edema).

Specific procedures

partial cystectomy

Nonmalignant indications for partial bladder resection include 
bladder endometriosis and benign tumors (e.g., lymphangioma). 
Wherever partial cystectomy will suffice, the effects of added sur-
gery and poorer quality of life associated with a urinary diver-
sion procedure can be eliminated. Hence, the current interest 
in methods to identify bladder cancer patients for whom partial 
cystectomy with pelvic lymph node dissection may be as good a 
treatment as radical cystectomy. Selective “bladder-sparing” pro-
tocols that use responsiveness of a tumor to chemotherapy and 
radiation therapy as a guide to surgical decision making appear to 
successfully identify about one-third of the patients whose long-
term outcome with partial cystectomy are equivalent to radical 
cystectomy, without the need for a diversion procedure.132

Simple and Radical cystectomy

Simple cystectomy is indicated for benign disease such as neu-
rogenic bladder, refractory bladder pain syndrome (interstitial 
cystitis), bladder damage from radiation, and refractory incon-
tinence.

Radical cystectomy involves resection of the bladder but also 
related pelvic structures including pelvic lymphadenectomy of 
obturator and iliac nodes. In the male, the bladder en bloc with pel-
vic peritoneum, prostate and seminal vesicles, ureteric remnants, 
and a small piece of membranous urethra, and in the female, the 
uterus, ovaries, fallopian tubes, vaginal vault, and urethra. Alter-
nate terminology to radical cystectomy for these major procedures 
include the following: In the male, “radical cystoprostatectomy” 
and, in the female, “radical cystectomy with pelvic exenteration.”

ileal conduit and other diversion procedures

The concept of ileal conduit surgery is relatively straightfor-
ward, involving creation of an ileal pouch that is attached to both 
ureters and the abdominal wall as a stoma. In contrast, conti-
nent diversion procedures are numerous and diverse in their 
approaches to urine collection and drainage. Continent urinary 
diversions can be categorized into (1) ureterosigmoidostomy,  
(2) continent cutaneous diversions, and (3) “neobladder” diver-
sions to the native urethra.140 Ureterosigmoidostomy is only occa-
sionally used and involves tunneling the ureters to the sigmoid 
colon, with urine storage and elimination being through the rectum. 
Continent cutaneous reservoirs resemble ileal conduit surgery, 

but the stomal attachment to the abdominal wall is modified to 
produce a valve mechanism, with urine drainage achieved by 
intermittent catheter drainage. Many continent cutaneous vari-
ants exist that involve the use of different bowel segments as the 
source for the reservoir (e.g., ileum, ileocecum, ascending colon, 
sigmoid colon, or transverse colon). Finally, continent orthotopic 
diversions involve “neobladder” construction from terminal 
ileum, cecum, or sigmoid colon, which is attached to proximal 
urethra and its intact rhabdosphincter mechanism. Notably, all 
urinary diversion procedures involve extensive dissection and 
are considerably more challenging if the patient has received 
preoperative radiation therapy. Complications of urinary diver-
sion surgery include bowel obstruction, urinary tract infection, 
deep venous thrombosis and pulmonary embolism, pneumonia, 
upper urinary tract damage, and skin breakdown around the 
stoma.

After recovery, patients with urinary diversions are vul-
nerable to conditions that require subsequent surgeries; these 
include problems at the stoma site (e.g., stricture, hernia, pro-
lapse, retraction 5% to 10%), fistulae between urinary tract and 
bowel (3%), bowel obstruction, reservoir or other genitourinary 
stone diseases (5%), impotence, primary tumor recurrence, and 
even bowel cancer in the bladder pouch. In addition, postradi-
cal cystectomy bladder cancer victims are subjected to frequent 
surveillance procedures due to their high risk for future upper 
urinary tract urothelial malignancies (3%) and may require radi-
cal nephroureterectomy.

Anesthetic considerations for patients who present with 
existing diversion procedures include metabolic and electrolyte 
abnormalities such as hyperchloremic metabolic acidosis (com-
mon), hypokalemia, hypocalcemia and hypomagnesemia, and 
high rates of urinary tract infection and pyelonephritis. In addi-
tion, these individuals frequently suffer from chronic diarrhea 
and may have problems related to malabsorption (e.g., vitamin 
B12 deficiency).

pROSTATECTOMY

Almost all procedures involving complete resection of the pros-
tate (i.e., prostatectomy) are for adenocarcinoma of the prostate, 
since nonmalignant surgical disease of the prostate is typically so 
amenable to TUR (see the next section). Despite prostate cancer 
being a disease limited to men, it is the second most common 
cancer in most countries with an incidence that increases sig-
nificantly with age and is approximately 50% more common in 
African-American men than in Caucasian men (Fig. 49-9).141

Current evidence-based opinion on the optimal manage-
ment of prostate cancer is rapidly evolving, including the rela-
tive value of intervention (i.e., hormonal, cryo-, chemo-, internal 
and external radiation therapy, highly focused ultrasound abla-
tion, and surgery) compared to an expanded role for “watchful 
waiting” in low-risk groups, as identified by measures such as 
tumor aggressiveness (e.g., Gleason score) and biomarkers (e.g., 
prostate-specific antigen levels). A second related concept is also 
emerging—that prostate cancer may exist in clinically signifi-
cant (approximately 15%) and “insignificant” forms.142 In gen-
eral, surgical approaches are likely in younger men, while elderly 
patients who may die from disorders other than their prostate 
cancer are being more frequently advised to pursue nonsurgical 
therapy.

Prostatectomy can be performed using retropubic or perineal 
approaches and is amenable to endoscopic techniques with or 
without robotic assistance. The retropubic approach requires the 



1424 Section Vii Anesthesia for Surgical Subspecialties

patient to be supine with the bed extended and in Trendelenberg 
position (Fig. 49-7) and allows access to the prostate gland and 
related lymph nodes from behind the pubic symphysis (and the 
best chance of sparing the neurovascular bundle), using either 
a vertical midline or Pfannensteil (horizontal low suprapubic) 
incision. In contrast, the perineal approach requires the patient 
be in exaggerated lithotomy and steep Trendelenberg position  
(Fig. 49-7), with an incision between the scrotum and the anal 
sphincter that provides adequate access to the prostate (but not 
lymph nodes).

preoperative considerations

Beyond advanced age, relatively few factors predict likelihood 
of contracting prostate cancer. Family history more than dou-
bles the chances of the disease, while African-American descent 
increases the risk by approximately 50% (Fig. 49-9). Otherwise, 
factors such as smoking, obesity, diet, history of vasectomy, pros-
tatitis, or sexually transmitted diseases have little or no effect on 
prostate cancer risk. Due to the advanced age of the population 
presenting for prostatectomy, an emphasis on comorbid disease 
in preoperative evaluation is particularly relevant. Paraneoplastic 
syndromes similar to those seen with kidney cancer are occasion-
ally evident in prostate cancer patients.

intraoperative considerations

Anesthetic management for open prostatectomy is similar to 
that for cystectomy surgery (see above), including attentiveness 
to the potential for major bleeding. Epidural catheter placement 
is usually in the low thoracic spinal region, guided in part by the 
chosen option for anesthesia, including spinal/epidural alone, 
general alone, or combined spinal/epidural and general anes-
thesia. A surgical block to at least the T10 level is required for 
procedures performed using neuraxial block alone. In one study, 
patients experienced 33% less pain when preemptive epidural 
dosing occurred prior to incision.143 Radical prostatectomy may 
take longer than the duration of a single-dose spinal anesthetic, 
so epidural or combined spinal–epidural is recommended. Nota-
bly, a neuraxial alone strategy for perineal prostatectomy is likely 
to be poorly tolerated due to the uncomfortable exaggerated 

lithotomy and head-down positioning requirements. Exagger-
ated lithotomy position for prostatectomy has also been associ-
ated in some studies with higher rates of neurologic injury (21% 
with transient sensory or motor deficit); patients appearing to be 
at greater risk when surgery lasts longer than 180 minutes.144,145 
In addition, even with general anesthesia, some patients toler-
ate the exaggerated lithotomy–head-down position for perineal 
prostatectomy poorly due to elevated ventilation pressures and 
impaired oxygenation.

As with cystectomy surgery, the approach to intravascular vol-
ume assessment during prostatectomy must consider the poten-
tial for bleeding and hypovolemia and limited meaningful urine 
output data; the need for arterial and/or pressure central venous 
monitoring should be guided by patient comorbidities. Neuraxial 
anesthesia for prostatectomy has been associated with decreased 
blood loss in some studies.146 However, any blood-sparing ben-
efits of neuraxial anesthesia appear to be lost when it is combined 
with mechanical ventilation (and general anesthesia), possibly 
due to the effect of increased intrathoracic pressure on prostatic 
venous pressures.147 Notably, breaching of the rich prostatic 
venous plexuses also creates the potential for acute hemodynamic 
instability from major venous air embolism, which has been 
reported during both retropubic and perineal prostatectomy 
approaches; suspicion of this complication warrants immediate 
steps to flood the surgical field and alter patient positioning to 
raise venous pressures above atmospheric, in addition to other 
standard resuscitation measures.148

postoperative considerations

Simple prostatectomy requires a limited dissection relative to 
radical prostatectomy and is generally associated with less blood 
loss and lower complication rates. Nonetheless, most radical 
prostatectomy patients are not admitted to an intensive care 
unit. Average blood loss for radical prostatectomy surgery is 
between 500 and 1500 mL,149 and approximately 10% of patients 
will require a perioperative blood transfusion.150 In addition to 
vascular injury, the commonest serious intraoperative complica-
tions are bowel or ureteral injury. The mortality rate for radical 
prostatectomy is less than 1%. Impaired lymph drainage (lym-
phocele, leg edema) is associated in some studies with increased 
rates of postoperative deep venous thrombosis and pulmonary 
embolism.150

Transversus abdominis plane local anesthetic blocks are used 
at some institutions for pain management to facilitate retropu-
bic prostatectomy fast tracking recovery protocols151; ultrasound 
guidance for these procedures can minimize procedure-related 
risk of adjacent structure injury (e.g., bowel).

Specific procedures

Simple prostatectomy

Simple open prostatectomy is occasionally required for resection 
of very large prostate glands affected by benign prostatic hyper-
trophy (BPH),152 but, in the era of medical therapies such as a-1 
selective adrenergic receptor blockers and 5-a reductase inhibi-
tors, this is an infrequent procedure. Currently, retropubic pros-
tatectomy is the most common approach in the United States.

Radical prostatectomy

Radical prostatectomy involves removal of the entire prostate 
gland, seminal vesicles, and generally the surrounding nerves 
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and veins. The part of the urethra within the prostate gland’s 
transition zone is also removed. Preservation of one or both 
cavernous nerves (part of the neurovascular bundle on each 
side of the prostate) can improve postsurgery quality of life (i.e., 
reduced urinary incontinence and erectile dysfunction) but 
limits the extent of possible resection. Notably, the incidence 
of positive margins with tumor resection during radical pros-
tatectomy is significant (∼30%). The value of more aggressive 
resection with sural nerve grafting to address erectile dysfunc-
tion remains unclear.153 Controversial early data on the asso-
ciation of epidural anesthesia and analgesia with lower rates of 
cancer recurrence154 have not been substantiated in more recent 
reports.

laparoscopic and Robotic prostatectomy

Minimally invasive laparoscopic and robotic-assisted approaches 
to prostatectomy are gaining popularity (see Chapter 43). While 
these techniques are characterized by less pain, shorter hospital 
stays, faster recovery, and improved patient satisfaction,155 they 
also present added challenge for the anesthesiologist, including 
prolonged procedure duration, the risk of hypothermia, occult 
blood loss, and the physiologic stresses of pneumoperitoneum 
added to exaggerated Trendelenburg with or without lithotomy 
positioning.

Laparoscopic and robotic prostatectomy procedures require 
general anesthesia with endotracheal intubation. Standard moni-
toring and adequate intravenous access must be established prior 
to patient positioning since access after positioning is very dif-
ficult (Fig. 49-10). Pulse oximeter probe placement should avoid 
the ear lobe to anticipate the potential for inaccurate readings in 
this location, presumably related to the venous engorgement with 
head-down positioning and pneumoperitoneum.156 Intra-arterial 
and central venous monitoring are not routine but may be indi-
cated based on patient comorbidities. Anesthetic planning must 
take into account that, due to the fixed position of the robot arms, 
movements such as coughing can cause injury internally or at 
port sites. Exaggerated Trendelenburg positioning is required for 
the procedure, and some practitioners deliberately refrain from 
dosing epidural catheters to avoid cephalad spread of epidural 
drugs during the procedure.

Steep Trendelenburg (30 to 45 degrees head-down) to facili-
tate pelvic access during laparoscopic and robotic prostatectomy 
procedures increases the risk of several important complications 
(Fig. 49-7). To prevent sliding, patients must be well situated 
on the operating table (e.g., within a vacuum bean bag) then 
firmly secured (e.g., tape, safety belt). Arms should be placed 
on angled armboards prior to lowering the end table section 
during lithotomy positioning to minimize the risk of pinched 
or crushed fingers. The patient’s arms are generally tucked at 
the side, and pressure points carefully padded. Additional pad-
ding should distribute localized pressure from shoulder braces, 
which sometimes support a significant fraction of the patient’s 
body weight (Fig. 49-10). Beyond brachial plexus protection 
with shoulder padding, attention should be paid to radial (at the 
humerus), ulnar (at the elbow), and lateral femoral cutaneous 
(by the lithotomy leg holders) nerves to minimize axonal inju-
ries. Finally, since oral ulceration and even conjunctival burns 
have been attributed to lithotomy-related reflux of gastric con-
tents, steps such as preoperative antacid therapy, stomach drain-
age by orogastric tube, and waterproof eye taping should all be 
considered.157

Lack of easy access to the patient is a concern during robotic 
prostatectomy, primarily caused by the sheer size of current 
robot arms (Fig. 49-10). Hence, positioning preparation must  

2

be thorough and completed prior to robot docking. A Mayo 
instrument standing directly above the patient’s head reliably 
prevents robotic arms from causing pressure-related facial inju-
ries and/or endotracheal tube displacement (Fig. 49-10).158 Oper-
ating room staff must also be trained for robot emergencies, 
particularly timely removal of the device. Notably, while car-
dioversion and defibrillation are possible with the robot docked, 
cardiopulmonary resuscitation with chest compressions is nearly 
impossible.

The physiology of steep Trendelenburg positioning is well 
tolerated by healthy patients,159 but this cannot be assumed for 
those with serious comorbidities. Adding to the stresses of head-
down positioning during laparoscopic prostatectomy are the 
effects of CO2 pneumoperitoneum (see nephrectomy section; 
Table 49-5). Although no formal guidelines exist, additional 
monitoring for patients with cardiac disease (e.g., compensated 
congestive heart failure) may be justified to assess responses to 
position-related intravascular volume shifts. Respiratory effects 
of robotic prostatectomy are numerous and often require con-
siderable adjustments to mechanical ventilation parameters. 
Endotracheal tube cuff location should be just beyond the vocal 
cords, to minimize the potential for developing a mainstem 
intubation with the cephalad shift of the diaphragm and medi-
astinum from the combination of head-down and pneumoperi-
toneum.156 The related encroachment of abdominal contents 
on the diaphragm also has significant effects on pulmonary 
function, particularly in obese patients, including reductions 
in functional residual capacity, vital capacity, and overall lung 
compliance that translate into the need for higher peak air-
way pressures for equivalent tidal volumes. In addition, obese 
patients experience greater ventilation; perfusion mismatching. 
One study reported an average 8% lower tidal volumes, 22% 
higher respiratory rates, and a 38% higher peak inspiratory 
pressures to maintain similar end-tidal carbon dioxide levels 
but lower oxygen saturation levels, during robotic compared 
to open retropubic radical prostatectomy.160 Interestingly, 
CO2 insufflation for retroperitoneal laparoscopic procedures 
requires greater increases in minute ventilation to compensate 
for absorbed CO2 than equivalent transperitoneal procedures.157 
Tolerance of mildly elevated CO2 levels (permissive hypercar-
bia) during some phases of the surgery may be a good strat-
egy in some patients but is potentially ill-advised for patients 
with CKD where even mild respiratory acidosis can be associ-
ated with significant hyperkalemia.161 Transcranial Doppler162 
and cerebral oximetry159 to monitor intracranial perfusion have 
been suggested for patients with cerebrovascular disease. Poten-
tial adverse effects on intraocular pressure of head-down posi-
tioning in at-risk patients (e.g., poorly controlled glaucoma) 
have not been rigorously studied. Despite all these physiologic 
perturbations, the need to convert from laparoscopic/robotic 
assisted to open techniques for major urologic procedures is 
remarkably infrequent.157

During robotic prostatectomy, one of the major surgical steps 
involves re-anastomosis of the severed urethral ends after pros-
tate gland resection, this is often made more complicated by urine 
from the bladder neck spilling directly into the operative field, 
obscuring the surgeon’s view and impeding progress. Anticipa-
tion of this problem by the anesthesiologist can assist the surgeon 
through cautious fluid restriction, particularly prior to urethral  
anastomosis. A generally restrictive approach to fluid adminis-
tration may also attenuate the development of mild facial, peri-
operbital, and even occasionally laryngeal edema associated 
with prolonged steep lithotomy position.156,157 However, edema 
accumulation is rarely sufficient to threaten airway patency after 
tracheal extubation.
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TRANSURETHRAL SURVEILLANCE  

AND RESECTION pROCEDURES

Transurethral endoscopy is commonly used, relatively nonin-
vasive surgical tool in the armamentarium of the urologist, that 
can play an important role in the management and treatment of 
urothelial cancers (e.g., cystoscopy/ureteroscopy surveillance, 

TURBT), urolithiasis (e.g., ureteroscopic stent placement, basket  
stone retrieval), and BPH (e.g., transurethral resection of the pros-
tate [TURP]). Despite the benign and noninvasive appearance of 
transurethral tissue resection surgeries (TURBT, TURP), these 
procedures are occasionally associated with significant morbidity 
and even mortality.

Cystoscopy and TURBT procedures are used in the surveilance, 
staging, and management of transitional cell bladder cancers  

FIgURE 49-10. Images from a robotic radical prostatectomy procedure highlights the significant difficulty in accessing patients 
after the robot is docked (a), the remote location of the surgeon (B), the utility of a carefully placed Mayo stand to protect the 
patient’s face and endotracheal tube (c), and the value of shoulder support padding to avoid pressure injuries (d).
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(see cystectomy section). For patients with superficial cancers that 
do not invade the bladder muscle, bladder biopsy and subsequent 
TURBT may be curative, but such patients require ongoing cystos-
copy surveillance and often receive biologic therapies (e.g., Bacillus 
Calmette-Guerin [BCG]S vaccine) that reduce the recurrence rate 
of bladder cancer, presumably by boosting the immune response. 
Nonetheless, about 50% of patients with a resected bladder cancer 
will develop another bladder or ureteral cancer in the future.

TURP is a mainstay, and even “gold standard” therapy to alle-
viate urine obstructive symptoms related to BPH. BPH describes 
the smooth muscle and epithelial cell proliferation within the 
transition zone of the prostate that histologically characterizes this 
disorder. The symptoms of BPH reflect the combination of blad-
der outlet obstruction (static) and increased smooth muscle tone 
(dynamic). While TURP surgery with electrocautery has been for 
many decades central to the treatment of BPH, a proliferation of 
other options explains the steady decrease in the use of TURP for 
BPH treatment, partly due to the significant side effects that can 
occur with this procedure (e.g., incontinence, impotence). Medical 
therapy for BPH is common, directed at both static and dynamic 
components of the disease (a-1 adrenergic antagonists and a-1A 
reductase inhibitors), and is part of the current more conservative 
watchful waiting approach to surgical treatment of BPH. Numer-
ous alternate procedures to TURP are now being used for BPH; 
in 2005, TURP represented 39% of BPH procedures compared to 
81% in 1999. Description of these alternate procedures is beyond 
the scope of this text, but some of these include transurethral 
needle ablation (TUNA), transurethral microwave thermal ther-
apy (TUMT), transurethral ablation prostatectomy (TURAPY), 
holmium laser ablation of the prostate (HoLAP), interstitial laser 
coagulation (ILC), ultrasound/high intensity focused ultrasound 
(HIFU), and water intensity hyperthermia (WIT).

Positioning concerns for cystoscopy, TURBT, and TURP are the 
same as for other procedures in lithotomy position (Fig. 49-10) 
and in particular relate to adequate padding of pressure points 
and avoidance of peroneal nerve compression.

preoperative considerations

Patients presenting for TURP are likely to be elderly and may 
have other serious comorbidities. Cardiovascular and pulmo-
nary status should be carefully assessed to evaluate the patient’s 
ability to tolerate the intravascular volume changes associated 
with the procedure. Patients on anticoagulant therapy may not 
be candidates for spinal anesthesia, depending on the indication 
for anticoagulation. The risk of stopping the anticoagulant peri-
operatively may or may not be worth the advantages of spinal 
anesthesia for a particular patient. Decisions about this should 
be made in conjunction with the surgeon, as the risk of postop-
erative bleeding following TURP will likely dictate an interval of 
normal coagulation or bridging treatment with short-acting anti-
coagulants such as heparin.

intraoperative considerations

Choice of anesthetic technique for cystoscopy, TURBT, and 
TURP procedures should be tailored to the individual and can 
be performed safely with either general or regional anesthesia.163 
Neuraxial block allows the patient to remain awake and may has-
ten the diagnosis of bladder or prostatic capsule perforation and 
the TUR syndrome and may also decrease blood loss compared 
with general anesthesia.164,165 For ambulatory surgery patients, 
care must be taken in the selection of spinal anesthetic medica-

tions so as to avoid prolonged anesthetic duration and delayed 
discharge from the facility. Combined spinal–epidural techniques 
or general anesthesia may have advantages if the length of surgery 
is unpredictable. Notably, the lower central venous pressure asso-
ciated with regional anesthesia may actually increase the likeli-
hood of significant irrigation fluid absorption.166

Hypothermia can complicate TURP procedures: Body tem-
perature decreases approximately 1° C/hr of surgery, and shiv-
ering occurs in 16% of patients who receive room-temperature 
irrigation fluids. Hypothermia does not develop if irrigation solu-
tions are warmed to body temperature.167

Approximately 2.5% of patients require transfusion during 
TURP surgery. Average blood loss is 2 to 4 mL/min,168 but indi-
vidual bleeding rates can be difficult to assess due to mixing with 
irrigating fluid. The patient’s vital signs may be useful to guide 
transfusion,169 but, with prolonged resections, serial assessments 
of hemoglobin level are advisable.

Surgical perforation of the prostatic capsule occurs in 2% 
of TURP procedures, usually resulting in extraperitoneal fluid 
extravasation. Awake patients with a neuraxial anesthetic may 
complain during surgery of new onset pain localized to the lower 
abdomen and back.169,170 Bladder perforation during TURBT 
more commonly results in extravasation of fluid intraperitone-
ally and may produce abdominal distension and complaints of 
abdominal and shoulder pain in awake patients.171 Notably, evi-
dence of perforation often only becomes clear postoperatively.

postoperative considerations

Although abnormal bleeding after TURP occurs in fewer than 
1% of resections,168 2% to 3% of patients will require transfu-
sion perioperatively.172,173 Blood loss following TURBT is usually 
less than 100 mL, although postoperative hemorrhage can rarely 
occur. Thromboplastin, a thrombogenic stimulant found in high 
concentrations in prostate cancer cells, can rarely trigger dissemi-
nated intravascular coagulation.169 Another cause of post-TURP 
bleeding is release of prostatic tissue plasminogen activators. 
These factors convert plasminogen to plasmin, causing fibrinoly-
sis. Treatment of these conditions is supportive and may include 
transfusion of coagulation factors and platelets.174

As outlined above, bladder, prostatic capsule, or urethral 
perforation are uncommon but serious complications that may 
manifest postoperatively with or without symptoms of TUR syn-
drome (see later). Fever related to TURP procedures may indicate 
bacteremia secondary to spread of bacteria through open prostatic 
venous sinuses, particularly with a history of infectious prostatitis.

The most common complications following TURP surgery are 
the need for urinary recatheterization (4%), prostatic capsule per-
foration (2%), and postoperative hemorrhage requiring transfu-
sion (1%).175 The 30-day mortality following TURP is 0.2%176–180 
and most commonly relates to serious cardiac and respiratory 
complications.181

Specific procedures

cystoscopy and ureteroscopy

While surveillance cystoscopy is often performed under local 
anesthesia outside the operating room with minimal monitoring 
or sedation and without the involvement of anesthesia person-
nel, some cystoscopy and most ureteroscopy procedures, particu-
larly for those patients with comorbidities, occur in the operating 
room setting. Cystoscopy and ureteroscopy are rarely associated 
with significant complications, and perioperative considerations 

12
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should generally parallel those for the disease being screened for 
or managed (see related sections).

transurethral Bladder tumor Resection

During any simple cystoscopy or ureteroscopy procedure, abnor-
mal tissue may require one or more planned or unanticipated 
diagnostic biopsies or biopsy/resections. As outlined above (see 
cystectomy section), risk factors for bladder cancer and athero-
sclerosis overlap and cardiac risk assessment is relevant to TURBT 
surgery.182 A serious intraoperative complication of TURBT is 
bladder perforation by the rigid cystoscope during tissue resec-
tion, which occasionally occurs due to unexpected patient move-
ment. For this reason, muscle relaxation is preferred during gen-
eral anesthesia, particularly in lateral wall resections where the 
obturator nerve may be stimulated by electrocautery, producing 
a violent contraction of the ipsilateral thigh muscles. Neuraxial 
anesthesia to the T9 to T10 dermatomal level also provides ade-
quate anesthesia for the procedure and prevents the obturator 
reflex. Regional anesthesia may also facilitate detection of bladder 
perforation. Postoperative pain is usually minimal and responds 
well to nonopiate and opiate medications.

transurethral prostate Resection (tuRp)

Standard procedure during TURP surgery involves inserting a 
“resectoscope,” a specialized endoscopy instrument with an elec-
trode capable of both coagulating and cutting tissue, into the 
urethra then bladder, and the tissue protruding into the prostatic 
urethra is then resected.183 There has been much recent interest in 
the use of lasers rather than electrocautery to resect excess prostate 
tissue. A variety of different lasers have been utilized. Laser tech-
niques have advantages over traditional electrocautery approaches 
particularly related to traditional irrigation fluid restrictions: Laser 
resection has no requirement for a nonconductive fluid, so 0.9% 
saline may be used, avoiding complications of absorption related 
to hypo-osmolarity and solute toxicity (see TUR syndrome below). 
Furthermore, the potential for systemic absorption may be reduced 
due to the lower irrigation infusion rates and pressures necessary 

for laser procedures.184,185 Lasers also have coagulative properties, 
resulting in less blood loss and lower rates of transfusion.

irrigating Solutions and transurethral  
Resection Syndrome

Key to a surgeon’s endoscopic view during transurethral proce-
dures is a crystal clear irrigating solution, infused with a pump 
or via gravity (and drained away) to flush out blood and resected 
tissue and keep space between structures. Safety characteristics 
of the irrigating solution are important since, with tissue resec-
tion or urinary tract injury, significant amounts of the fluid may 
inadvertently enter the circulation; for example, during TURP 
through openings in the venous plexus or retroperitoneal rents 
in the prostatic capsule or consequent to perforation of the uri-
nary bladder into the peritoneal space during TURBT. Other 
procedures where inadvertent perforation can cause the TUR 
syndrome include cystoscopy, ureteroscopy (URS), percutaneous 
nephrolithotomy (PNL), and laser vaporization of the prostate.

The spectrum of morbidities associated with irrigating solu-
tion absorption are termed the TUR syndrome. A variety of 
nonconductive nonelectrolytic solutions are in common use. The 
crystalloids have current-dispersing properties due to their ionic 
characteristics that make them unsuitable for use with unipolar 
electrocautery. When absorbed in significant amounts, nonelec-
trolytic irrigation solutions combine electrolyte disturbances with 
hypervolemia. Notably, newer transurethral bipolar electrocau-
tery and laser techniques now allow irrigation with isotonic crys-
talloid solutions (e.g., 0.9% saline), but until these technologies 
totally replace unipolar electrocautery, nonconducting osmoti-
cally active irrigating solutions will continue to be used, each vari-
ant having its own concerns (Table 49-6).186

It is, therefore, important that the anesthesiologist be aware 
of solutions used for transurethral procedures at their own insti-
tution, since TUR syndrome for each irrigating solution has its 
own profile (Table 49-6). Nonetheless, TUR syndrome historically 
describes a common cluster of symptoms related to hypervolemic 
water intoxication; the principal components are (a) excessive 
volume expansion (respiratory distress, congestive heart failure, 

13

TURP, transurethral resection of the prostate.
Adapted from: Krongrad A, Droller MJ. Complications of transurethral resection of the prostate. In: Marshall FF, ed. Urologic 
Complications: Medical and Surgical, Adult and Pediatric. 2nd ed. St. Louis: Mosby-Year Book, 1990, 05, with permission.

TAbLE 49-6.  ProPerties of Commonly used irrigating solutions for 

transurethral reseCtion ProCedures

Solution

Osmolality 

(mOsm/L) Advantages Disadvantages

Distilled water   0 Improved visibility Hemolysis

Hemoglobinemia

Hemoglobinuria

Hyponatremia

Glycine (1.5%) 200 Less likelihood of 
TUR syndrome

Transient postoperative visual 
syndrome

Hyperammonemia

Hyperoxaluria

Sorbitol (3.3%) 165 Same as glycine Hyperglycemia, possible lactic acidosis

Osmotic diuresis

Mannitol (5%) 275 Isosmolar solution Osmotic diuresis

Not metabolized Possibility of acute intravascular 
volume expansion
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pulmonary edema, hypertension, bradycardia, hypotension, etc.), 
(b) hyponatremia (mental confusion, nausea, etc.; Table 49-7), 
and (c) other problems specific to each of the irrigating solu-
tions.187–189 Notably, any future trend toward limiting irrigation 
to physiologic solutions (e.g., 0.9% saline), should eliminate all 
but the hypervolemic component of the TUR syndrome.

Of available irrigating solutions, distilled water is rarely uti-
lized due to its hypotonicity. Water intoxication with distilled 
water rapidly causes severe hyponatremia, leading to hemolysis, 
hemoglobinemia, and renal failure. Sorbitol and glucose solutions 
cause hyperglycemia when they are absorbed. Glycine, an amino 
acid normally metabolized to ammonia, may cause a depressed 
mental status and even coma (due to hyperammonemia) that 
can last 24 to 48 hours postoperatively.190,191 Also reported with 
glycine are blurred vision, minimally or nonreactive pupils, and 
transient blindness.192,193 Since glycine has structural similari-
ties to aminobutyric acid, these visual disturbances are thought 
to reflect neurotransmitter-mediated brainstem or cranial nerve 
inhibition rather than cerebral edema.193

Absorption of very large amounts of irrigant (>2 L) is usu-
ally required to manifest the TUR syndrome. The incidence of 
symptomatic TUR syndrome is highest during TURP procedures 
where it may be as high as 1.4%.172 Typically, intraoperative irri-
gation infusion rates of 300 mL/min are used during TURP pro-
cedures for optimal surgical visualization.181 Some intravascular 
absorption is to be expected; rates of 20 mL/min are typical, but 
these can reach as high as 200 mL/min.194 Factors that predict 
increased irrigation fluid absorption during a TURP procedure 
include the number and size of open venous sinuses (i.e., greater 
blood loss implies greater potential for irrigation absorption), 
surgical disruption of the prostatic capsule, longer duration of 
resection, higher hydrostatic pressure of the irrigating fluid, and 
lower venous pressure at the irrigant–blood interface.168

To minimize fluid absorption, procedural guidelines include 
limiting resection time to <1 hour and suspending the irrigating 
fluid bag no more than 30 cm above the operating table at the 
beginning and 15 cm in the final stages of resection.168,195 In addi-
tion, avoidance of hypotonic intravenous fluids and treatment 
of regional anesthesia-induced hypotension with judicious use 
of intravenous vasopressor agents rather than intravenous fluids 
should be considered.

Symptomatic TUR syndrome is much less common following 
TURBT (and usually related to symptoms of bladder perforation), 
but it is important to be aware of the possibility of its occurrence 

since it may present somewhat differently due to the slower rate 
of fluid absorption.171 Most notably, the time course of symptoms 
following bladder perforation during TURBT reflects the slower 
absorption from the abdominal cavity, compared to direct pros-
tatic venous plexus entry with TURP. For example, nadir serum 
sodium values are generally reached between 1 and 6 hours fol-
lowing TURP, whereas TUR syndrome following TURBT occurs 
between 2 and 9 hours postoperatively.171

Clinical manifestations of the TUR syndrome range from mild 
(restlessness, nausea, shortness of breath, dizziness) to severe (sei-
zures, coma, hypertension, bradycardia, cardiovascular collapse). 
In the awake patient with a regional block, a classic triad of symp-
toms has been described that consists of an increase in both sys-
tolic and diastolic pressures associated with an increase in pulse 
pressure, bradycardia, and mental status changes.169,187

Early symptoms associated with TUR syndrome are mostly 
related to acute intravascular volume expansion, independent of 
changes in serum osmolality and sodium.189 Initial hypertension 
and bradycardia from acute volume overload may evolve into 
left heart failure, pulmonary edema, and even cardiovascular col-
lapse.196 With the continued absorption of hypotonic irrigation 
fluid, cerebral edema as a consequence of dilutional hyponatremia 
may develop. Rapid change, as opposed to a specific low threshold 
serum sodium concentration, is responsible for most of the signs 
and symptoms of TUR syndrome (Table 49-7).187

When neurologic or cardiovascular complications of TURP 
procedures are recognized intraoperatively, prompt intervention 
is necessary (Table 49-8). First, the surgeon should be informed 
of the patient’s status change so that the procedure can be com-
pleted or terminated as quickly as possible. The hallmark of 
patient treatment is to restore extracellular tonicity. Although 
the traditional recommended rate of serum sodium correction is  
0.5 mEq/L/hr, this is for chronic hyponatremia, and no established 
rate for correction of acute hyponatremia exists. Symptomatic 
patients with serum sodium concentrations <120 mEq/L should 
have their extracellular tonicity corrected with hypertonic saline. 
Sodium chloride in a 3% solution should be infused at a rate 
no greater than 100 mL/hr. Serum electrolytes should be fol-
lowed closely, and the hypertonic saline discontinued when the 
patient is asymptomatic or serum sodium concentration exceeds 

CNS, central nervous system; ECG, electrocardiogram.
Adapted from: Jensen V. The TURP syndrome. Can J Anaesth. 1991;38:90, with 
permission.

TAbLE 49-7.  signs and symPtoms of aCute 

hyPonatremia

Serum Na+ 

(mEq/L)

CNS 

Changes ECG Changes

120 Confusion Possible widening of 
QRS complex

Restlessness

115 Somnolence Widened QRS complex

Nausea Elevated ST segment

110 Seizures Ventricular tachycardia 
or fibrillation

Coma

TAbLE 49-8.  treatment of the 

transurethral reseCtion 

syndrome

Ensure oxygenation and circulatory support

Notify surgeon and terminate procedure as soon as 
possible

Consider insertion of invasive monitors if cardiovascular 
instability occurs

Send blood to laboratory for evaluation of electrolytes, 
creatinine, glucose, and arterial blood gases

Obtain 12-lead electrocardiogram

Treat mild symptoms (with serum Na+ concentration 
>120 mEq/L) with fluid restriction and loop diuretic 
(furosemide)

Treat severe symptoms (if serum Na+ <120 mEq/L) with 
3% sodium chloride IV at a rate <100 mL/h

Discontinue 3% sodium chloride when serum Na+ 
>120 mEq/L
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120 mEq/L. Treatment with hypertonic saline has been associated 
with development of demyelinating central nervous system lesions 
(central pontine myelinolysis) due to rapid increases in plasma 
osmolality, and this approach should be reserved for patients 
with severe, life-threatening symptoms.197 The demyelination is 
the result of excessive shrinkage of brain cells after rapid hydra-
tion with hyperosmolar solution as the brain cells have extruded 
important osmoles to compensate for the chronic hypotonicity. 
Notably, reports of demyelination after correction of acute symp-
tomatic hyponatremia are rare, and there are no reports of demy-
elination after treatment of acute TUR syndrome.189

THERApIES FOR UROLITHIASIS

Stone disease of the urinary tract, urolithiasis, can be subdivided 
on the basis of the location of the stone into nephrolithiasis 
(kidney), ureterolithiasis (ureter), or cystolithiasis (bladder). 
Nephrolithiasis is a common clinical problem, with an increas-
ing incidence. The lifetime prevalence of nephrolithiasis is 10% 
in men and 5% in women. Up to 50% of patients with an initial 
stone episode will have a recurrence within 5 years.198

The composition of kidney stones varies (Table 49-9). The 
most common type of stones contain calcium and are radio-
opaque. Stones form when the concentration of stone-forming 
salts in the urine is elevated, (e.g., oxalate) or when the level of 
stone inhibitors in the urine is low (e.g., citrate). This results in 
supersaturation of the urine with salts, allowing crystals to form 
and grow, particularly in situations where urine volume is low. 
This pathophysiology explains the principles of the medical man-
agement of kidney stones: Increasing urine volume and maneu-
vers to restore urinary salt balance, through dietary and medical 
treatment.199,200

The preferred diagnostic modality for urolithiasis is helical 
noncontrast CT scan which can identify radio-opaque and radio-
lucent stones in the entire urinary system and determine whether 
hydronephrosis is present. Ultrasound imaging is also informative 
for stones in the kidney and proximal ureter but cannot image the 
distal ureter and may miss smaller stones. Compared to helical  
CT and ultrasonography, plain radiographs (Kidney–Ureter–
bladder, KUb) provide no additional information about obstruc-
tion or hydronephrosis and can miss stones in the kidney or ureter. 
Intravenous pyelography is rarely used since it offers no added 
information compared to other diagnostic modalities and exposes 
the patient to radiation and contrast-related renal injury.200

Modified from: Hall PM. Nephrolithiasis: Treatment, causes, and prevention. Cleve Clin J Med. 2009;76:583–591 with permission; 
Brown P. Management of urinary tract infections associated with nephrolithiasis. Curr Infect Dis Rep. 2010;12:450–454, with permission.

TAbLE 49-9.  sPeCtrum of Kidney stones tyPes: ComPosition, 

frequenCy, and Causes

Stone Composition Frequency Mechanism

Calcium oxalate or 
Calcium phosphate

70–80% Hypercalciuria
• High sodium and protein diet
• Hypercalcemia, e.g., hyperparathyroidism
• Chronic metabolic acidosis

Low urine output
• Chronic dehydration

Hyperuricosuria
• High purine, high protein intake
• Gout

Hyperoxaluria
• Low dietary calcium
• High oxalate diet
• Genetic

Low urine citrate
• Chronic metabolic acidosis
• Renal tubular acidosis
• Inflammatory bowel disease

Uric Acid 10–15% Low urine pH
Chronic metabolic acidosis
Hyperuricosuria
Obesity
Lesch–Nyhan syndrome

Magnesium 
ammonium 
phosphate (struvite)

10–15% Urinary infections (urea-splitting bacteria), e.g., Proteus, 
Klebsiella, Staphylococcus, Pseudomonas, Providentia, 
and Corynebacterium urealyticum

Cystine <1% Cystinuria—autosomal recessive

Others: Indinavir
 Triamterene
 Xanthine

<1% Antiretroviral drug for HIV
Potassium-sparing diuretic
Xanthine oxidase inhibitor therapy, e.g., allopurinol
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Patients with kidney stones typically present with intermit-
tent or continuous moderate to severe colicky pain in the ipsi-
lateral flank and upper abdomen. Testicular or labial pain is 
more typical with distal ureteric stones. Occasionally, patients 
present with painless urinary infection or hematuria. Conserva-
tive nonsurgical therapy for smaller stones consists of analge-
sics (e.g., nonsteroidal anti-inflammatory drugs and/or opiates) 
and aggressive fluid administration to promote urine flow and 
passage of the stone. The so-called “medical expulsive therapy” 
(MET) to promote ureter relaxation and the spontaneous pas-
sage of small ureteral stones involves treatment with calcium-
channel blockers (e.g., nifedipine), a-blockers (e.g., tamsulosin), 
and sometimes, corticosteroids200,201 The likelihood of stone pas-
sage without surgery relates to the size of the stone, its location, 
and the presence or absence of urinary system anatomic abnor-
malities such as strictures. If stones do not pass spontaneously or 
respond to MET, various surgical options can be considered, as 
discussed above (Fig. 49-11).

preoperative considerations

Anesthetic planning for urolithiasis surgery should include stan-
dard considerations. Typical calcium salt stone disease presents 
in the third to fifth decades of life200 and is commonly associated 
with comorbidities such as obesity, hypertension, and hyperpara-
thyroidism. Patients with renal failure or CKD should be assessed 
for the sequelae of these conditions, including platelet dysfunc-
tion, anemia, and electrolyte abnormalities. Bladder stones are 

often diagnosed in patients with poor voiding capacity, for exam-
ple, paraplegic patients, and the associated perioperative con-
cerns for these patients should be addressed. Although paraplegic 
patients with sensory deficits below T6 lack pain perception for 
cystoscopy procedures, they are at risk for autonomic hyperre-
lexia and require anesthesia to block the afferent stimulation that 
can provoke this reaction (e.g., bladder distension). This can be 
achieved with deeper levels of general anesthesia or regional anes-
thesia.202 Patients with idiopathic hypercalciuria are often treated 
with thiazide diuretics, and serum potassium should be assessed 
preoperatively.200

Perioperative opioid analgesic dosing for urolithiasis proce-
dures can be challenging. Patients with recurrent nephrolithiasis 
may be receiving chronic opioid therapy and demonstrate toler-
ance intra- and postoperatively. In contrast, when severe colic is 
alleviated by surgery for an opioid naive patient already treated 
with opiates, postoperative somnolence is quite common. Renal 
colic is often associated with nausea and vomiting, and preopera-
tive aspiration prophylaxis should be considered.

Unless open surgery is planned, there is rarely a need for blood 
transfusion for stone surgery. Selection of appropriate monitors 
should be dictated by patient comorbidities, as significant blood 
loss or fluid shifts are unusual with these procedures. However, if 
patient difficulty achieving vascular access during a procedure is 
anticipated (e.g., percutaneous nephrolithotripsy), there should 
be a low threshold for establishing invasive monitoring prior to 
the procedure. Antibiotic prophylaxis is important, particularly 
with infected stones or pyelonephritis. When lasers are required, 
appropriate eye protection should be provided for the periopera-
tive team and patient.

intraoperative considerations

Compared with other more invasive urologic procedures, stone 
surgeries generally do not involve large amounts of blood loss or 
fluid shifts, with the possible exception of percutaneous nephro-
lithotripsy (see later). Information about anesthetic choice and 
potential intraoperative issues is discussed in the individual sec-
tions below and in the sections on nephrectomy and transurethral 
surgery elsewhere in this chapter. Monitoring decisions and anes-
thetic choices should be made on the basis of patient comorbid-
ity, and intraoperative care should focus on those as well.

postoperative considerations

Postoperative concerns for urolithiasis procedures are generally 
minor. Interestingly, patients with severe renal colic prior to less-
invasive surgeries (e.g., URS) may have less or no pain postopera-
tively with relief of their urinary obstruction and stone retrieval. 
However, immediately following urinary tract instrumentation, 
many patients experience rather uncomfortable bladder and ure-
teral spasms. Occasionally, open surgery is required for upper uri-
nary tract stone removal, with postoperative concerns comparable 
to nephrectomy patients having similar incisions; these include pain, 
which may be sufficient to require epidural analgesia, and moni-
toring requirements to ensure that adequate resuscitation related 
to any blood loss has occurred. This pain is typically responsive to 
NSAIDs, oxybutynin, and belladonna and opium suppositories.

Monitoring the adequacy of urine output and maintaining 
any urinary irrigation or drainage system (e.g., stents, three-way 
Foley catheters) to promote clearance of blood in the urinary 
system is important, as clots or stone fragments can cause acute 
urinary obstruction.

Ureteroscopy

Shock-wave
lithotripsy

Percutaneous
nephrolithotomy

FIgURE 49-11. Urinary tract stones: Intervention choices. From: 
Samplaski MK, Irwin BH, Desai M. Less-invasive ways to remove stones 
from the kidneys and ureters. Cleve Clin J Med. 2009;76:592–598, 
with permission.
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After extraction or lithotripsy of stones, particularly struvite 
stones or in the setting of pyelonephritis, patients may develop a 
pattern of rigors, hypotension, and fever, which can lead to shock. 
Urine culture results can be misleading in predicting which 
patients will develop sepsis since urine below the level of a stone 
may be clean, yet urine upstream of the stony obstruction may be 
infected. A sepsis picture can be noted during the procedure but 
is more likely to occur postoperatively. Indications of intravascu-
lar bacterial seeding from infected urine needs prompt attention 
with blood cultures, fluids and resuscitation, and institution of 
appropriate antibiotic therapy to prevent more serious sequelae 
of a sepsis syndrome. The potential acuity of this situation should 
not be underestimated, as even healthy ASA 1 to 2 patients can 
develop systemic inflammatory response syndrome (SIRS) and 
require aggressive resuscitation and intensive care.203

Specific procedures

Shock Wave lithotripsy

Shock wave lithotripsy (SWL) is best suited for intranephric 
stones that are small to moderate in size but can be used for 
proximal ureteral stones as well. The principle of SWL is to use 
focused sound waves to break the stone into pieces small enough 
to pass through the ureters, bladder, and urethra during normal 
urination. This requires transmission of the sound wave beam via 
an interface with the patient’s body. Early SWL was conducted via 
immersion in a water bath, which created this interface. In addi-
tion to the significant positioning maneuvers associated with this 
procedure, patients are prone to hypothermia during the proce-
dure. Dysrhythmias can be a special problem as the transmission 
of the ultrasonic pulse is timed and triggered by the ECG. Signifi-
cant respiratory and hemodynamic changes are associated with 
immersion and emergence from the water bath, which can be 
problematic particularly for patients with cardiopulmonary dis-
ease.204 Modern “dry” SWL uses a smaller water-filled coupling 
device to provide an interface with the patient, which simplifies 
the procedure considerably. Newer SWL machines also have a 
more tightly focused sound beam and can deliver the required 
energy at pressures in each acoustic pulse that are less painful for 
the patient. These advances allow most procedures to be con-
ducted in an outpatient setting, with topical local anesthesia and 
analgesia/sedation provided with combinations of nonsteroidal 
anti-inflammatory medications and opiates. General anesthesia 
and/or deep sedation are rarely required.

Several factors affect the likelihood of success of SWL. Since 
increased distance from beam to stone reduces the effectiveness 
of SWL, this procedure is less successful in obese patients.

Extremely hard stones (such as cysteine and calcium oxalate) 
are more resistant to lithotripsy and may best be addressed with 
other treatment modalities.205 Patients may require more than 
one treatment for complete stone comminution. As pulse counts 
increase, so does the risk of kidney injury and even subcapsular 
hematoma.199 SWL is the least-invasive and most commonly per-
formed procedure for the management of stone disease, however, 
even for this approach several relative and absolute contraindica-
tions exist (Table 49-10).

percutaneous nephrolithotomy

PNL is useful for the management of larger intranephric stones, 
especially those resistant to SWL, staghorn calculi, and some prox-
imal ureteral stones. PNL requires initial placement of a ureteral 
stent via cystoureteroscopy performed in the lithotomy position. 
This stent will prevent ureteral obstruction as fragments of stone 

pass through the ureter following PNL. Following stent place-
ment, the patient is repositioned to an oblique prone position 
for percutaneous puncture of the renal pelvis under fluoroscopic 
guidance, which is followed by placement of a nephrostomy tube 
to facilitate placement of a nephroscope for stone extraction with 
forceps or other instruments. Large stones may require use of an 
ultrasound or laser probe, also placed via the nephrostomy, to 
fragment them to facilitate removal. The combination of fluoros-
copy and direct vision of the renal pelvis and ureters with nephro- 
and ureteroscopy is used to ensure that complete removal of the 
stone(s) has been achieved. Large volumes of irrigation are used 
to cool the ultrasound probe and wash away the debris, making 
TUR syndrome an occasional complication of PNL. Because of  
the large irrigant volume, blood loss can be underappreciated, and 
unexplained hemodynamic instability during these procedures is 
often a manifestation of blood loss. Published rates of transfusion 
during or after PNL range from 5% to 14%.206 Pneumothorax, 
though rare, is a possible complication of the procedure depend-
ing on the approach used for insertion of the nephroscope.

General anesthesia with endotracheal intubation allows for a 
secure airway for positioning into the prone position and is most 
commonly used in many centers; however, spinal anesthesia can 
also be used.207 For certain patients, local infiltration with seda-
tion may even suffice.208

ureteroscopy for Removal of Stones

Ureteroscopy for removal of stones (URS) is the procedure of 
choice for mid-ureteral and distal ureteral stones that have failed 
conservative management. It is also indicated for treatment of 
bilateral ureteral stones and can be considered in patients for 
whom cessation of anticoagulation is not advisable. Morbidly 
obese patients for whom SWL is not advised are also candidates 
for this procedure.199 Although more invasive than SWL, URS gen-
erally achieves a higher stone-free rate and can be used to remove 
stones in all portions of the ureter. Newer technology has allowed 
smaller, more flexible ureteroscopes, and lasers are now incor-
porated to facilitate stone disintegration. Various “basket” and 
other retrieval devices can be inserted through the ureteroscope. 
The postoperative complications from ureterosopic stone retrieval 
include perforation of the ureter (5%) and stricture formation 
(<2%) and rarely TUR syndrome.209 The procedure can be per-
formed using urethral local anesthesia with intravenous sedation 

ICD, implantable cardioverter-defibrillator.

TAbLE 49-10.  ContraindiCations to 

shoCK wave lithotriPsy

Absolute contraindications Bleeding disorder or 
anticoagulation

Pregnancy

Relative contraindications Large calcified aortic or renal 
artery aneurysms

Untreated urinary tract 
infection

Obstruction distal to the 
renal calculi

Pacemaker, ICD, or 
neurostimulation implant

Morbid obesity
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and monitored anesthesia care, spinal, or general anesthesia. The 
previous section addresses anesthetic concerns related to cystos-
copy and ureteroscopy.

open and laparoscopic pyelolithotomy  
or nephrectomy

With the advent of the previously discussed modalities for the treat-
ment of urolithiasis, the use of laparoscopic or open surgery for 
removal of stones has declined considerably, and they should not be 
considered first-line treatment for stone disease. Patients who have 
failed SWL or PNL or who require open surgery for other indica-
tions are candidates for open treatment of stone disease. This can be 
accomplished laparoscopically (retroperitoneal or transperitoneal) 
or open, depending on the capabilities of the surgeon. Compared 
with less-invasive approaches, both laparoscopic and open proce-
dures result in more postoperative pain, longer hospital stays and 
recovery and are associated with higher complication rates.

UROgYNECOLOgY AND pREgNANCY-

RELATED UROLOgIC pROCEDURES

A variety of urogynecologic procedures that treat pelvic floor pro-
lapse are directed at symptomatic improvement of stress inconti-
nence. These procedures are relatively noninvasive, often accom-
plished using a transvaginal approach with the patient in the 
lithotomy position, and frequently performed as outpatient pro-
cedures with same-day discharge home. Anesthesia can be accom-
plished with local infiltration accompanied by heavy sedation and 
monitored anesthetic care, neuraxial anesthesia using spinal or 
combined spinal/epidural local anesthetic injection, or general 
anesthesia. Local preferences may dictate anesthetic choice, as 
suggested by reports from some centers regarding the selection of 
spinal anesthesia that describe on the one hand improved patient  
and surgeon satisfaction,210 and on the other a four-fold higher uri-
nary retention rate211 and 1 hour longer postanesthesia care unit stay.

Renal colic is the most common nonobstetric cause of abdomi-
nal pain requiring hospitalization in pregnant women.199 Medical 
management of these patients must consider the fetal gestational 
age regarding decisions about appropriate analgesics (e.g., nonste-
roidal anti-inflammatory drugs in the third trimester may cause 
premature closure of the fetal ductus arteriosus and adverse renal 
effects). Diagnostic tests preferably avoid ionizing radiation and 
favor the use of ultrasound whenever possible. Interventions in 
pregnant patients with symptomatic nephrolithiasis have tradi-
tionally been limited to ureteral stents to relieve pain and prevent 
obstruction, with definitive therapy delayed postpartum; however, 
the need for repeated stent exchanges is common. More recent 
data supports the safety and efficacy of URS for stone removal 
during pregnancy. SWL is contraindicated in pregnancy.212,213

Surgical urologic issues related to the obstetrical patient are 
uncommon, with the exception of inadvertent injury to the ureter 
or bladder during cesarean section which, if recognized, should 
be repaired intraoperatively.214 Ureteral stenting is also occasion-
ally required to enable ureter identification during a cesarean/
hysterectomy procedure for placenta accreta or percreta.215

impotence Surgery and medication

The impotence drugs sildenafil (Viagra), tadalafil (Cialis), and var-
denafil (Levitra) all inhibit cyclic GMP (cGMP)-specific phospho-

diesterase type 5 (PDE 5) in vascular smooth muscle (Fig. 49-12). 
Blocking PDE 5 impairs cGMP breakdown, the mediator of nitric 
oxide effects that produce erectile responses to sexual stimula-
tion through penile arterial vasodilation and corpus cavernosum 
smooth muscle relaxation. These agents have effects on other ves-
sels and can be a useful treatment for pulmonary artery hyperten-
sion (trade names; sildenafil—Revatio, tadalfil—Adcirca).

Rational perioperative management of PDE 5 inhibitor agents 
is important. Notably, while impotence therapies should be dis-
continued before surgery to minimize the risk of hypotension, 
pulmonary hypertension therapies must continue throughout the 
perioperative period. Although inhaled nitric oxide therapy can 
safely be used with PDE 5 inhibitors since its effects are limited to 
the pulmonary vasculature, whenever these agents are combined 
with systemic nitric oxide donors such as nitroglycerin or sodium 
nitroprusside, exaggerated hypotensive responses are likely due to 
their dramatic potentiation of the peripheral vasodilator effects of 
nitric oxide.

Erectile dysfunction refractory to medical therapies can be 
treated by penile prosthesis implantation. Most prostheses are 
inflatable, with a secondary fluid reservoir and/or pump either 
behind the abdominal wall or inside the scrotum. Semirigid pros-
theses that do not involve pumps or reservoirs are also available, 
but these are less commonly used. Although penile implant proce-
dures are relatively noninvasive, many recipients are elderly with 
multiple comorbidities, including vascular disease and diabetes. 
Traditionally, implantation has been performed under general 
or neuraxial anesthesia, but regional block (combined proximal 
dorsal nerve block and crural block) with sedation and monitored 
anesthesia care is also suitable if an abdominal incision is not 
required.216

pediatric Surgical urologic disorders

The anesthesiologist caring for a pediatric patient undergoing a 
urologic procedure must first and foremost have a strong grasp of 
concepts of pediatric anesthesiology. General anesthesia is typical 
for these procedures, although a caudal block may provide good 
postoperative pain control (see Chapter 42).

nephrectomy and adrenalectomy

Many adult urologic procedures are also performed in children, 
although frequently for different indications. Nephrectomy, for 
example, is used to treat Wilms’ tumor and nonfunctioning kidney 
due to obstructive uropathy, stone disease, vesicoureteral reflux, or 
multicystic dysplastic kidney. Pediatric nephrectomy is amenable 
to open or laparoscopic approaches with general anesthesia.217

Adrenalectomy for neuroblastoma (28%), pheochromocy-
toma (21%), or adenoma (14%) can most often be achieved lapa-
roscopically, although conversion to an open procedure, most 
often necessary due to tumor adherence to surrounding organs, 
is more common than in adults (10%).218

As for adults, the preoperative workup and preparation of 
patients with pheochromocytoma should be thorough. Since 
inherited syndromes such as neurofibromatosis, von Hippel–
Lindau disease, tuberous sclerosis, Sturge–Weber syndrome, and 
MEN are commonly associated with pediatric pheochromocy-
toma, other related characteristics of these conditions should 
also be considered in preoperative preparation.219 As for adult 
pheochromocytoma, preoperative therapy with a-1 adrenergic 
blocking agents (e.g., phenoxybenzamine) is recommended (see 
Chapter 46).220
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Reconstructive urologic procedures

A number of urologic procedures related to congenital urologic 
deformities are performed almost exclusively on children. Many 
of these procedures are reconstructive in nature, intended to 
functionally repair a defect present at birth.

Bladder exstrophy, where part of the urinary bladder remains 
outside the body through a defect in the abdominal wall, occurs in 
1 per 10,000 to 50,000 live births with a 2:1 male:female ratio.221 
Associated abnormalities are frequently present in the pelvic bones 
and external genitalia. Repair requires one or more of the follow-
ing three procedures in a staged fashion, with primary closure 
of the abdominal wall and osteotomy usually occurring before 4 
months of age, epispadias repair between 8 and 24 months of age, 
and bladder neck reconstruction at 40 to 60 months.222

Repair of ureteropelvic junction obstruction (UPJO) and ure-
terovesical reimplantation to treat vesicoureteral reflux requires 
general anesthesia and may be performed open or laparoscopi-
cally. Reconstruction of the lower urinary tract is more frequently 

achieved using an open approach, although laparoscopy is begin-
ning to gain favor.

Posterior urethral valves (PUVs) are persistent embryonic 
membranes that cause bladder outlet obstruction and can lead 
to incomplete emptying, bladder hypertrophy, and even renal 
insufficiency or failure. PUVs occur exclusively in males, with an 
incidence of 1 to 2 per 10,000 male births and may be diagnosed 
before or after birth by ultrasound. While temporary treatment 
involves catheterization and antibiotics to prevent infection, 
definitive surgical repair is required, usually in the early postnatal 
period. Nonetheless, approximately one-third of the patients with 
PUV develop end-stage renal disease and require dialysis and/or 
renal transplantation.223

Undescended testis (cryptorchidism) affects 2% to 4% of male 
newborns. Cryptorchidism that persists at 1 year of age (1%) 
requires surgical repair (orchiopexy) normally as an outpatient 
procedure under general anesthesia.224

Hypospadius, an abnormal location of the urethral meatus on 
the ventral aspect of the penis resulting from incomplete embryo-
logic development, occurs in 0.3% to 0.8% of male infants. Surgical 
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repair is most commonly performed around 6 months of age as 
an outpatient procedure under general anesthesia, often supple-
mented with caudal analgesia. More complex repairs may require a 
second staged procedure around 12 months.

Circumcision of newborns is usually accomplished under ring 
block or local anesthetic infiltration without the presence of an 
anesthesiologist, although in older children general anesthesia 
with or without neuraxial anesthesia may be more appropriate.

UROLOgIC SURgICAL EMERgENCIES

Urologic emergencies are relatively rare, but three urologic emer-
gency surgeries are worthy of mention. Testicular torsion requires 
emergency attention due to the high risk, if otherwise untreated, 
for infarction or gangrene which would require orchiectomy. In 
contrast, patients with Fournier Gangrene and sepsis associated 
with nephrolithiasis are noteworthy since emergent definitive 
surgical therapy is the most effective way to reverse their infec-
tious process and improve their prognosis. These latter patients 
are generally very seriously ill, and often the anesthesiologist pro-
vides ongoing resuscitation and applies critical care principles 
while delivering anesthetic care.

testicular torsion

Testicular torsion has a bimodal incidence, in the neonatal period 
and during early pubertal to teenage years. Testicular torsion affects 
approximately 1 in 4,000 young men, and 65% of cases occur in 
teenagers. When the spermatic cord twists, venous outflow from 
a testicle is obstructed, and eventually this compromises arterial 
flow, leading to ischemia and infarction.225 Patients with testicular 
torsion present with acute scrotal pain and tenderness, most cases 
not involving a history of trauma. A predisposing anatomic “bell-
clapper deformity,” which allows the testes to rotate freely in the 
tunica vaginalis, is the most common cause of this problem. Other 
risk factors include testicular tumors, a history of cryptorchidism, 
and an increase in testicular volume (e.g., puberty). Common 
misdiagnoses include epididymitis/orchitis, incarcerated hernia, 
and varicocele.225 Absence of the cremasteric reflex is usually 
present on physical examination, and Doppler ultrasonography 
demonstrates decreased or absent blood flow. Equivocal physical 
examination findings dictate surgical exploration.

Apart from the considerable pain that torsion causes, the 
most important priority is the viability of the testicle. Testicular 
torsion requires immediate intervention, as viability decreases 
significantly with the duration of testicular ischemia. Success in 
saving the testicle relates to the timing from symptom onset to 
de-torsion, with success rates of 90%, 50%, and 10% with delays 
of 6, 12, and greater than 24 hours, respectively.226

Anesthesia for testicular torsion surgery must respect its 
emergent nature, including the likelihood that the patient has not 
fasted. Regional or general anesthesia is appropriate, but spinal 
anesthesia is relatively contraindicated due to the high risk of 
postdural puncture headache in the young population where the 
problem is most often manifested.

fournier Gangrene

Fournier gangrene is a form of necrotizing fasciitis affecting the 
genitalia. It presents most commonly in older men, and frequently 
associated comorbidities include diabetes mellitus, morbid obe-

sity, and immune suppression.227 Minor genital trauma is often 
the inciting event, but rapid widespread inflammation, infection, 
and ultimately polymicrobial sepsis characterize the condition. 
Fournier gangrene patients often present with already established 
septic shock warranting the emergent status for surgery, but 
fluid resuscitation and institution of broad-spectrum antibiotic 
therapy (commonly staphylococci, streptococci, enterobacteria-
ceae, and anaerobes) are also priorities.228 Surgical management 
consists of incision, drainage, and debridement of affected tissue. 
Hyperbaric oxygen therapy is also employed at some centers229,230 
but does not replace emergent surgical debridement. Morbidity 
and mortality are significant, with advanced age and presence of 
septic shock at presentation portending the highest risk.231

Anesthetic planning must incorporate assessment of the 
degree of sepsis and hemodynamic status of the patient. General 
anesthesia with endotracheal intubation and positive pressure 
ventilation is standard. Intra-arterial and central venous access 
are often indicated to facilitate resuscitation of the patient. Trans-
fusion may be necessary since the extensive tissue resection can 
involve significant blood loss. Patients often require postopera-
tive intensive care admission to manage the sequelae of sepsis and 
often undergo repeated procedures for additional debridement, 
wound care, and eventually wound closure.228

emergency treatment of nephrolithiasis

Most patients who require surgical or interventional treatment 
of nephrolithiasis can be managed electively, but patients with 
infection associated with urinary tract obstruction, AKI, bilateral 
obstructing stones, intractable pain or vomiting, or obstruction 
in a solitary (native or transplanted) kidney should be managed 
urgently to avoid sepsis and preserve renal function.205 Procedures 
indicated for these conditions to alleviate obstruction include 
cystoscopy with stent insertion, percutaneous nephrostomy, and 
very rarely, open pyelolithotomy or nephrectomy for definitive 
treatment related to stones unsuccessfully treated by less-invasive 
interventions. Identification of patients who have infected urine 
and obstruction is important as they are at high risk of developing 
sepsis, which can manifest preoperatively, intraoperatively, or post-
operatively. As with any infection, the principles of drainage and 
institution of appropriate antibiotic therapy are paramount, and 
in the presence of complete urinary obstruction, antibiotic therapy 
alone is insufficient treatment. If the urinary tract can be decom-
pressed with a stent or nephrostomy, definitive management can be 
postponed until the patient has responded to antibiotic therapy.199 
Patients with nephrolithiasis complicated by urinary tract infection 
are at higher risk for infection with antibiotic-resistant pathogens, 
which requires targeted antibiotic therapy.232

Another category of patients requiring urgent surgery are 
patients with declining renal function in the setting of urinary 
obstruction, (e.g., ureteral obstruction from renal papillary 
necrosis, blood clots, or urethral obstruction due to blood clots or 
stricture).198 Other situations (e.g., obstructed solitary or trans-
planted kidney, hemorrhage, and blood clots) may dictate urgent, 
rather than elective, surgery to relieve the urinary obstruction and 
preserve renal function, though in the absence of infection this 
group of patients may not be as acutely ill.

Anesthetic considerations for emergent nephrolithiasis sur-
gery are similar to those for equivalent elective procedures (see 
above). Additional considerations include the potential need 
for more invasive monitoring, for example, direct arterial blood 
pressure monitoring in the setting of sepsis. Similarly, hemody-
namically unstable septic patients often have ongoing needs for 
fluid resuscitation, pharmacologic support of the circulation, and 
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in the setting of deteriorating renal function may require altera-
tions from standard anesthetic agent selections. Since evidence 
of sepsis may not manifest until the postoperative period, raised 
awareness for such concerns should continue through into the 
postanesthetic recovery period.
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