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Chapter 1. Endocrine Emergencies

Robert C. Hyzy, MD, FCCP

Obijectives:

* Recognize the clinical presentations of endocrine emer-
gencies involving the pancreas, thyroid, adrenal, and
pituitary glands.

* Learn the approach to laboratory testing necessary for
the diagnosis and management of these conditions in the
ICU.

e Understand the treatment for each endocrine emergency.

Key words: adrenal failure; diabetes insipidus; diabetic
ketoacidosis; hyperosmolar hyperglycemic state; hypogly-
cemia; myxedema coma; pheochromocytoma; thyroid storm

Synopsis:

Many endocrine emergencies require admission to the ICU.
Although not necessarily common as a primary diagnosis
requiring ICU admission, many endocrine emergencies
occur in the context of ongoing illness and comorbidities,
where the stress of intercurrent illness serves to exacerbate
and unmask the underlying condition. Hence, the practicing
intensivist needs not only to be able to diagnose and
manage these conditions as presenting diagnoses but also to
recognize endocrine emergencies in the context of critical
care more generally.

Diabetic Ketoacidosis

Clinically significant hyperglycemic syndromes
consist of diabetic ketoacidosis (DKA) and the
hyperglycemic hyperosmotic state (HHS), fre-
quently also referred to as hyperosmotic nonke-
totic syndrome. The American Diabetes
Association definitions for these conditions are
given in Table 1. Serum glucose level is usually
below 800 mg/dL in DKA, whereas in HHS a
glucose level in excess of 1,000 mg/dL is not
uncommon. DKA is characterized by a syndrome
of hyperglycemia, ketonemia, and an anion gap
metabolic acidosis, usually in excess of 20.

Anion gap = serum sodium
— (serum chloride
+ serum bicarbonate)

The degree of acidosis and magnitude of the
increase in anion gap are contingent on the rate
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of ketoacid production and urinary excretion.
Hyperglycemia produces glycosuria and an
osmotic diuresis, resulting in extracellular fluid
volume depletion, which can be profound and
result in hypotension. Many of the symptoms of
DKA result in large measure from this: polyuria,
polydipsia, tachycardia, and lethargy. The degree
of acidosis is the primary determinant of de-
pressed sensorium. In addition, other symptoms
such as nausea, vomiting, abdominal pain, and
Kussmaul respirations with a characteristic fruity
breath may be present.

DKA is usually diagnosed in known diabetics
who present to the emergency room with either
noncompliance or with a concomitant stressful
illness, especially infection, which has resulted in
progressively worsened glycemic control and the
onset of ketogenesis. Occasionally, a patient,
usually an adolescent or young adult, will
present with DKA as the initial presentation of
their diabetes. Other causes of ketoacidosis
include alcohol and starvation, which should be
in the differential diagnosis in patients without a
known history of diabetes.

Besides elevations in serum glucose and the
presence of ketones in serum in urine, laboratory
abnormalities seen at presentation in DKA
include: a low serum bicarbonate, elevated anion
gap, leukocytosis, hyperkalemia, elevated BUN
and creatinine (suggesting prerenal azotemia),
and elevated amylase and lipase. Leukocytosis is
proportionate to the degree of acidemia and can
confuse the clinical picture as regards the
presence of infection. Hyperkalemia, due to
extracellular osmotic shifting and insulin defi-
ciency, is common despite a deficit in total body
potassium, largely from urinary losses. Serum
sodium is variable in DKA and reflects a balance
between osmotic dilution in the serum from
hyperglycemia and urinary losses due to osmotic
diuresis. Pseudohyponatremia may be seen in
patients with concomitant hyperlipidemia. Al-
though pancreatitis is uncommon, patients with



Table 1—Diagnostic Criteria for Diabetic Ketoacidosis (DKA) and Hyperglycemic Hyperosmolar Syndrome (HHS)

DKA
Diagnostic Criteria
and Classification Mild Moderate Severe HHS
Plasma glucose, mg/dL >250 mg/dL >250 mg/dL >250 mg/dL >600 mg/dL
Arterial pH 7.25-7.30 7.00 to <7.25 <7.00 >7.30
Serum bicarbonate, mg/dL 15-18 10 to <15 <10 >15
Urine ketone Positive Positive Positive Small
Serum ketone Positive Positive Positive Small
Effective serum osmolality Variable Variable Variable >320 mOsm/kg
Anion gap >10 >12 >12 <12
Mental status Alert Alert/drowsy Stupor/coma Stupor/coma

Adapted from Kitabchi AE. Hyperglycemic crises in adult patients with diabetes: a consensus statement from the American

Diabetes Association. Diabetes Care. 2006;29(12):2739-2748.

elevations of amylase and lipase should have
pancreatitis ruled out. Arterial blood gas shows
acidosis with a compensatory respiratory alkalo-
sis and hypocapnia. Acidemia is usually present.

Treatment of DKA is centered on expanding
intravascular volume and is best performed utiliz-
ing normal saline solution. As patients are usually
several liters down, there is little risk in adminis-
tering normal saline solution in large quantity.
Regular insulin is administered as an IV bolus of
0.10 to 0.15 U/kg/h, followed by a continuous IV
infusion at 0.10 U/kg/h. Blood glucose should be
lowered by about 50 mg/dL/h and assessed
hourly, with downward adjustments made in the
insulin drip as blood glucose lowers. Clinicians
should recognize that fingerstick capillary blood
glucose measurements can be inaccurate in criti-
cally ill patients. Fingerstick glucose measurements
are lower than glucose measured from venous
blood in hypotensive patients but at other times
may be found to be higher than venous blood.
Serum electrolytes should be assessed q2-4h.

IV fluid resuscitation aimed at expanding
intravascular volume is essential, and several
liters may be required. Although hypernatremia
is frequently present, normal saline solution
should be administered IV until the intravascular
volume deficit is corrected, as normal saline
solution is hypotonic relative to the patient’s
serum and is more effective at expanding plasma
volume than the administration of hypotonic
saline solution such as 0.45 NaCl. Once intravas-
cular volume has been restored and the patient’s
glucose has lowered to the 200 range, glucose
and hypotonic saline solution, in the form of
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dextrose 5 in 0.45 NaCl, should be administered
until the DKA has resolved. This serves to avoid
hypoglycemia in the context of not as yet
resolved DKA and permits the continued ad-
ministration of IV insulin. IV insulin should be
continued until ketogenesis has resolved, as
reflected in normalization of the anion gap.

The routine treatment of metabolic acidosis
with IV sodium bicarbonate has been largely
abandoned, in recognition that vigorous volume
expansion alone is generally sufficient. Never-
theless, patients presenting with a pH <7.00 can
be considered for this if tissue perfusion is
compromised or life-threatening hyperkalemia
is present. The management of serum potassium
levels in DKA requires careful attention, with
frequent monitoring necessary. Despite initial
hyperkalemia, with the administration of insulin
and the correction of metabolic acidosis, hypo-
kalemia develops and should be treated with IV
potassium supplementation. Usually 20 to 30
mEq/L is added to 0.45 saline solution, as the
addition of potassium to normal saline solution
would result in the administration of hypertonic
fluids. Hypophosphatemia often develops dur-
ing treatment of DKA, but it seldom requires
supplementation, which should be administered
only if clinically significant or severe (<1.0 mg/
dL).

Clinical resolution of DKA can be monitored
via venous pH and serum anion gap. Repeat
arterial blood gases are not required. After the
normalization of the anion gap has occurred, the
patient should receive subcutaneous regular
insulin. The administration of IV dextrose is



stopped, and IV insulin is discontinued 30 min
later. These changes are best made once the
patient has resumed oral nutrition, otherwise
ketogenesis may resume.

Cerebral edema can occur as a complication
of DKA treatment in patients under 20 years of
age, but the risk is mitigated if rapid correction of
sodium and water deficits are avoided and
glucose is added to IV fluids once serum glucose
level has dropped to the low 200 range.

Hyperosmolar Nonketotic
Dehydration Syndrome

HHS, also often referred to as the hyperos-
molar nonketotic syndrome, occurs when hyper-
glycemia occurs with little or no ketoacidosis.
HHS occurs in patients who are only partially
insulin deficient, and hence HHS is more
common among older, type 2 diabetics. While
the usual symptoms of hyperglycemia such
polyuria, polydipsia, dehydration, and tachycar-
dia are present, an anion gap metabolic acidosis
from ketogenesis is not. The severity of hyper-
glycemia is often quite significant (>1,000 mg/
dL). The resultant hyperosmolality produces
depression of the CNS, which, when severe, can
cause coma. HHS is contrasted with varying
degrees of DKA in Table 1.

Serum sodium is often low in HHS due to
osmotic shifting of water from the intracellular
compartment. That is, water enters the extracel-
lular compartment, following the gradient creat-
ed by the osmotically active glucose molecules.
As serum glucose levels tend to be higher in HHS
than in DKA, this effect can be quite profound. In
addition, just as in DKA, plasma volume is
contracted at the same time, owing to osmotic
diuresis from glucosuria. If, however, the glucos-
uria effect predominates, hypernatremia may be
observed. In either circumstance, the serum
sodium level is fictitiously altered by hypergly-
cemia. A common correction factor to determine
the actual serum sodium is:

Na corrected = Na measured + [0.016
X (Glucose in mg/dL —100)]

The corrected sodium is used to determine free
water deficit, which can serve as a guide to the
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amount of volume resuscitation required:
Free water deficit (men) = (Weight in kg X 0.6)
— (Na/140 — 1)

Free water deficit (women) = (Weight in kg X 0.5)
— (Na/140 — 1)

The treatment of HHS involves the same man-
agement principles as DKA: vigorous volume
replacement and an IV insulin drip. The amount
of normal saline solution required to restore
extracellular fluid tends to be greater in HHS
than in DKA. Half normal saline solution is
administered once this has been achieved.

Glucose Control in the ICU

Reports of significant benefit to patients with
stress-induced hyperglycemia in the ICU treated
with IV insulin to achieve blood glucose levels
between 80 and 100 mg/dL were followed by
others that suggested that the risk of hypoglyce-
mia was significant, particularly among patients
with sepsis. The large Normoglycemia in Inten-
sive Care Evaluation and Survival Using Glucose
Algorithm Regulation (NICE-SUGAR) trial dem-
onstrated an increase in 90-day mortality in
patients treated with this approach, sometimes
called “tight glycemic control,” compared with a
less aggressive approach. Only the subset of
patients with trauma or those being treated with
corticosteroids demonstrated a trend toward
benefit with tight control. However, it should be
recognized that the control group in NICE-
SUGAR had a mean glucose level around 140
mg/dL; this suggests that, while practices have
changed over the last decade and tight control is
not warranted, patients with stress-induced
hyperglycemia should still be treated with IV
insulin, albeit at a more modest target of less than
150 mg/dL.

Hypoglycemia

Hypoglycemia (blood glucose level <60 mg/
dL) is seldom a cause of admission to the ICU but
is seen as a consequence of other conditions, the
ingestion of oral hypoglycemic agents or an
overdose of long-acting insulin being exceptions.
Common causes of hypoglycemia in the ICU



include hepatic failure, renal failure, sepsis,
adrenal insufficiency, leukemia, lymphoma, tu-
mors including hepatoma or pancreatic islet B-
cell tumor, or additional drugs such as -blockers
or pentamidine. Symptoms of hypoglycemia
include nervousness, tremulousness, tachycar-
dia, and diaphoresis, all of which are triggered
by a compensatory adrenergic response to the
hypoglycemia. If severe hypoglycemia is present,
coma or seizures can ensue.

When clinically suspected, hypoglycemia
should be promptly treated with an ampule of
dextrose, containing 50 mL of 50% dextrose
solution, IV push. Blood glucose should be
monitored hourly via fingerstick measurements,
enabling a timely therapeutic response. A second
ampule may be required within an hour of
treatment. Patients should also receive a dextrose
drip of either 5% or 10% solution, at a rate
appropriate to the clinical circumstances encoun-
tered.

Glucagon, hydrocortisone, or octreotide can
be administered if hypoglycemia is profound and
refractory to the above measures, but it is seldom
required.

Myxedema Coma

Myxedema coma is a severe form of hypothy-
roidism characterized by CNS depression and
hypothermia from a low basal metabolic rate.
Women are more commonly affected than men.
The other manifestations common to less severe
hypothyroidism may also be present. These
include: lethargy, cold intolerance, delayed deep
tendon reflexes, hypothermia, bradycardia, alope-
cia, dry, doughy skin, hoarseness, and hyper-
glossia. A pericardial effusion may be present,
although significant cardiac compromise is un-
common. Laboratory abnormalities that are diag-
nostic include an elevated TSH and a low free T4.
In addition, several other laboratory abnormalities
can occur. These include hyponatremia, hypercap-
nia, a normocytic normochromic anemia, hyper-
lipidemia, hypoglycemia, and an elevation in
creatine phosphokinase. Hyponatremia is due to
an impairment in free water excretion and can
result in seizure activity. Hypoglycemia can occur
from hypothyroidism alone or may be due to
concomitant adrenal insufficiency.
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Myxedema coma is often the result of
prolonged noncompliance with thyroid supple-
mentation in the face of absent thyroid function,
such as following I'*' ablation. Drugs that can
cause underlying hypothyroidism include amio-
darone, propylthiouracil, lithium, and sulfon-
amides. Myxedema coma can be precipitated by
cold exposure, the concomitant administration of
sedative drugs, especially opioids, or stress such
as infection and myocardial infarction. Infection
may be masked by an inability to mount a
temperature spike. Myxedema has a significant
attributable mortality of almost 40%, particularly
among elderly and septic patients or patients
with prolonged hypothermia, cardiac compro-
mise, or coma.

Once clinically suspected, a serum TSH, free
T4, and cortisol should be drawn. A cosyntropin
stimulation test should also be performed when-
ever possible. However, treatment of myxedema
coma should begin based on clinical suspicion and
should not wait for laboratory confirmation. The
treatment of myxedema coma is IV administration
of thyroxine, starting with a loading dose of 300 pg
of thyroxine followed by daily administration of
doses ranging from 50 to 100 pg. As unsuspected
adrenal insufficiency is frequently also in evi-
dence, all patients with myxedema coma should
be empirically treated for possible adrenal insuf-
ficiency. This can be accomplished either through
the daily administration of hydrocortisone at a
dose of 300 mg. Patients with myxedema coma are
frequently intubated for airway protection or
hypercapnia. Other supportive measures include
the use of passive warming and supplemental
nutrition.

Euthyroid Sick Syndrome

Patients who are critically ill frequently man-
ifest abnormalities in thyroid function tests,
suggesting the possibility of hypothyroidism.
Owing to an increased conversion of T3 to reverse
T3, these patients demonstrate a low serum T3
level, a condition called euthyroid sick syndrome.
T4 levels may also be low, particularly in the
setting of protracted critical illness, and the TSH
level can also vary, being either slightly elevated or
decreased. Free T4 levels are normal, indicating



the absence of clinical hypothyroidism. Hence, no
thyroid supplementation is required.

Thyroid Storm

Thyroid storm is hyperthyroidism in the
presence of significant cardiac or CNS manifes-
tations. These include cardiac dysrhythmias,
such as new onset atrial fibrillation, atrial flutter,
and supraventricular tachycardia, or CNS man-
ifestations, such as tremor, delirium, stupor, or
even coma. The patient may be hypertensive and
tachycardic. Apathetic affect may also be present,
particularly among the elderly. Other manifesta-
tions of hyperthyroidism may be present, such as
exophthalmos, hyperreflexia, heat intolerance,
anxiety, nausea, vomiting, diarrhea, abdominal
pain, and the presence of fine hair or pretibial
edema.

Graves disease, an autoimmune condition, is
the most common cause of hyperthyroidism.
Importantly, thyroid storm can be triggered by
physiologic stress in the setting of underlying
hyperthyroidism, which may have been unsus-
pected until that time. These can include surgery,
pregnancy, trauma, or significant acute illness of
any kind.

As with myxedema, the diagnosis of thyroid
storm is made clinically, with treatment under-
taken in anticipation of confirmatory laboratory
tests. Laboratory findings in hyperthyroidism
and thyroid storm include elevations in T3 and
T4, with a low TSH. In an uncommon variant of
thyroid storm called T3 thyrotoxicosis, T3 levels
are elevated but T4 levels remain normal. Less
commonly, in central hyperthyroidism, TSH, T3,
and T4 are all elevated.

Treatment of thyroid storm is multifaceted
and attempts to affect thyroid hormone produc-
tion, release, and peripheral conversion to the
physiologically more active T3 and to block the
effect of thyroid hormone on the body. Thyroid
hormone synthesis is inhibited by administering
either propylthiouracil, 200 mg qg4h, or methima-
zole, 20 mg q4-6h. lodine, either saturated
solution potassium iodide or Lugol solution, is
administered to block thyroid hormone release
from the thyroid gland. Importantly, iodine must
only be administered after thyroid hormone
synthesis has been blocked, in order to avoid
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exacerbating the problem by enhanced thyroid
hormone production. Decreasing conversion of
T4 into T3 is accomplished through the admin-
istration of propylthiouracil, hydrocortisone, 100
mg q8h, and propranolol. Propranolol, 60 to 80
mg q4-6h, is also administered to block the
hyperadrenergic manifestations of thyrotoxicosis
and to control tachyarrhythmias. IV esmolol can
be used instead of propranolol.

Other adjuncts to care of the patient with
thyroid storm include passive cooling if hyper-
pyrexia is present. Acetaminophen is preferred,
as acetylsalicylate increases free thyroid hormone
in the serum through displacement on plasma
proteins. Thyroidectomy may be required if a
patient develops life-threatening agranulocytosis
from propylthiouracil or methimazole. Finally, as
with myxedema, the patient should be evaluated
and treated for the possibility of concomitant
hypoadrenalism.

Iodine therapy is discontinued and cortico-
steroids may be tapered once hyperpyrexia, CNS,
and cardiac manifestations have resolved. Pa-
tients with Graves disease should ultimately
undergo thyroid ablation. This can be accom-
plished either surgically or with T'*".

Adrenal Crisis

Adrenal insufficiency can be seen in a variety
of conditions and may be either primary, that is,
due to insufficient production of adrenocortico-
tropic hormone, or secondary, usually resultant
from underproduction of glucocorticoids and
mineralocorticoids. Causes of primary adrenal
insufficiency include autoimmune, that is, Addi-
son’s disease; bilateral adrenal hemorrhage;
abrupt withdrawal of exogenously administered
corticosteroids, TB; septic shock; meningococce-
mia; metastatic malignancy; amyloidosis; and
drugs such as etomidate and ketoconazole.
Causes of secondary adrenal insufficiency in-
clude pituitary tumors; craniopharyngioma; as a
postoperative complication; postpartum hypopi-
tuitarism (Sheehan’s syndrome); infiltrative diseas-
es such as hemochromatosis, sarcoidosis,
histiocytosis, or histoplasmosis; TB; or withdrawal
of exogenously administered corticosteroids. Pa-
tients with secondary adrenal insufficiency lack
hyperpigmentation, dehydration, and hyperkale-



mia. Hypotension is less prominent, whereas
hypoglycemia is more common than in primary
adrenal insufficiency.

Adrenal crisis occurs in patients with adrenal
insufficiency who have hypotension and volume
depletion from the absence of mineralocorticoids.
Like thyroid storm, adrenal crisis is often
triggered by physiologic stress such as trauma,
surgery, or acute medical illness. Clinically,
patients may manifest hypotension, nausea,
vomiting, fatigue, anorexia, depression, and
amenorrhea and may lack hyperpigmentation
and/or vitiligo. Abdominal, flank, lower back, or
chest pain are common in patients with bilateral
adrenal hemorrhage or infarction, the main risk
factors for which are anticoagulation and post-
operative state. Laboratory abnormalities can
include hypoglycemia, hyponatremia, hyperka-
lemia, and eosinophilia.

In individuals who are not stressed, a total
cortisol level of >15 pg/dL is sufficient to rule out
adrenal insufficiency. A level <5 pg/dL consti-
tutes absolute adrenal insufficiency with 100%
specificity but low sensitivity (36%). A cut-off level
of 10 pg/dL is 62% sensitive but only 77% specific.
The appropriate response of the adrenal glands in
the setting of critical illness is unknown. Some
authors suggest that a level <25 pg/dL may be
insufficient in critical illness such as sepsis.
Cortisol is protein bound, and total cortisol levels
bear a variable relationship to free cortisol levels.
Patients who are hypoproteinemic may have a
normal total free cortisol level despite a seemingly
insufficient total cortisol level. In patients who are
not septic, a cosyntropin stimulation test may be
useful in order to determine whether adrenal
reserve is lacking and relative adrenal insufficien-
cy is present. Thirty or 60 min after the adminis-
tration of 250 nug of cosyntropin, a form of synthetic
adrenocorticotropic hormone, a rise in total
cortisol level <9 pg/dL or an absolute level <20
pug/dL may be indicative of relative adrenal
insufficiency.

Dexamethasone, 10 mg may be administered
as a single dose while a cosyntropin stimulation
test is being performed as therapy for adrenal
insufficiency so that the laboratory analysis is not
altered, as is the case with hydrocortisone.

In arecentrandomized, placebo-controlled trial
of corticosteroids in septic patients, CORTICUS, the
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cosyntropin stimulation test was found to be
unreliable when correlated with free cortisol levels.
In addition, contrary to earlier studies, a mortality
benefit was not observed in the corticosteroid
group. Patients receiving corticosteroids were able
to be weaned off vasopressor medications an
average of 2 days sooner than the placebo group
but also were found to have a threefold risk of
subsequent sepsis while in the ICU. In contrast,
meta-analyses suggest that a mortality benefit
might be expected only among patients who are
ata high risk of death. Whether or not to administer
corticosteroids to patients with vasopressor-depen-
dent shock remains an area of great controversy in
critical care. The standard dose is hydrocortisone,
50 mg IV g6h for 5 days. Concomitant mineralo-
corticoid administration has also been advocated in
this setting, but a beneficial effect may only occur if
given prophylactically.

Adrenal crisis is treated with an initial dose of
200 mg of IV hydrocortisone followed by 100 mg
g6h. IV administration of normal saline solution is
important to correct volume contraction. Hypo-
tonic fluids should not be administered, as they
can worsen hyponatremia. Mineralocorticoid ad-
ministration is not required in adrenal crisis, with
the possible exception of patients with sepsis.

Pheochromocytoma

A pheochromocytoma is a catecholamine-
secreting tumor of chromaffin cells; most common
in the adrenal glands, it may occur elsewhere in
the body. It is an uncommon cause of secondary
hypertension that may present in an accelerated
form in the ICU. Symptoms, which are due to the
release of catecholamines such as epinephrine,
norepinephrine, and/or dopamine, include tachy-
cardia, palpitations, diaphoresis, headache, chest
pain, tremor, and flushing. The classic triad of
episodic headache, sweating, and tachycardia is
seldom in evidence. Episodes of catecholamine
release and resultant symptoms tend to be
episodic and seldom last more than a few hours
at time. Other conditions resulting in increased
sympathetic activity can result in BP elevations
suggestive of pheochromocytoma, including auto-
nomic dysfunction such as may be the case with
spinal injury or Guillain-Barré syndrome; the use
of sympathomimetic drugs such as cocaine,



phencyclidine, or amphetamines; and the inges-
tion of tyramine-containing foods in patients
taking monoamine oxidase inhibitors.

The diagnosis, once suspected, is best con-
firmed by obtaining plasma levels of metaneph-
rine and normetanephrine or 24-h urine levels of
metanephrines and catecholamines when the
patient is stable and not critically ill, as the stress
of critical illness can produce misleading values
that may be false positives. The administration of
tricyclic antidepressants can also result in falsely
elevated results. Subsequent to a chemical
diagnosis, imaging studies such as CT scan or
I'**-metaiodobenzylguanidine scan are per-
formed to localize the tumor and determine
resectability.

As with some other endocrinopathies, the
stress of surgery can precipitate a hypertensive
crisis due to catecholamine release in these
patients. Patients with undiagnosed pheochro-
mocytoma presenting with a hypertensive crisis
following surgery have a high mortality. Patients
with known pheochromocytoma who are sched-
uled to undergo surgery should receive preoper-
ative management well in advance of surgery
with an o-agent, such as phenoxybenzamine. B-
Blocker administration is contraindicated unless
prior o- blockade has been accomplished in order
to avoid unopposed a-tone. The calcium channel
blocker nicardipine can be a useful adjunct to
management of these patients. Metyrosine, an
inhibitor of catecholamine synthesis, may also be
used.

As opposed to patients with essential hyper-
tension who have a hypertensive crisis, the drug
of choice for a patient with pheochromocytoma
who develops a hypertensive crisis is phentol-
amine. This is administered intravenously in
doses ranging from 2 to 5 mg every 5 min until
the target BP is achieved. Sodium nitroprusside
and nicardipine may also be considered.

Diabetes Insipidus (DI)

DI is a condition in which water adsorption
by the collecting tubules of the kidney is
impaired, either from a lack of the antidiuretic
hormone (ADH) arginine vasopressin (AVP), as
in central DI, or due to the lack of responsiveness
of the collecting tubules, as is the case in
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nephrogenic DI. Symptoms are driven by the
loss of free water and include polyuria, polydip-
sia, hypernatremia, volume contraction, and
hyperosmolality. Most ICU patients have intake
medically determined and, as a result, cannot
respond to an increased thirst drive, resulting in
hypernatremia. Diagnosis is made by measuring
urine specific gravity, which reveals dilute urine.
In primary polydipsia a low plasma sodium
concentration (<137 mEq/L) is seen with a low
urine osmolality (<one-half the plasma osmolal-
ity), whereas in DI a high-normal plasma sodium
concentration (>142 mEq/L, due to water loss) is
seen. Urine osmolality should be less than the
plasma osmolality.

ADH is produced in the hypothalamus and
released by the anterior pituitary gland. Causes
of central DI include causes of panhypopituita-
rism, such as Sheehan’s syndrome, anoxia,
trauma, and tumors. In addition, infiltrative
conditions including sarcoidosis and lymphoma
as well as infectious diseases such as neurosyph-
ilis or tuberculosis can result in central DI
Nephrogenic DI occurs in the setting of adequate
AVP and is caused by disorders of the kidney
that involve damage to the collecting tubules,
where AVP would ordinarily act to promote
water adsorption. Nephrogenic DI can be caused
by several drugs, including lithium, demeclocy-
cline, amphotericin B, and antiretroviral drugs
such as tenofovir and indinavir. Hence, ADH
levels are elevated in nephrogenic DI but are
diminished or absent in central DI

Central DI can be clinically distinguished
from nephrogenic DI by administering the ADH
analog desmopressin in conjunction with water
restriction: administration of 1 pg desmopressin
subcutaneously will cause the urine osmolality to
increase by at least 50% if there is complete DI on
a central basis. In partial central DI, the urine
osmolality will increase by 10% to 50%. In
nephrogenic DI, the urine osmolality will gener-
ally not increase after AVP administration. Water
restriction is useful to determine if primary
polydipsia is present. With water restriction,
patients with primary polydipsia will exhibit a
rise in urine osmolality, usually to above 500
mOsm/kg, but will not respond to desmopressin
since endogenous release is intact.



Treatment of central DI entails correcting the
free water deficit as well as prevention of
ongoing polyuria through the administration of
desmopressin 1 or 2 pg subcutaneously ql2h.
Free water deficit is calculated in the following
manner:

0.6 X patient’s weight in kg
X (patient’s sodium/140 — 1),

where 0.6 X weight equals estimated body water,
and 140 is the desired sodium. This represents
total body water for young males; for females
and elderly males multiply the weight in kg by
0.5. Because the urinary fluid losses in DI are
hypotonic, the IV fluid is also hypotonic. Patients
who are hypotensive due to hypovolemia should
receive normal saline solution until intravascular
volume has been replenished. Otherwise, hypo-
tonic fluids may be administered. Careful mon-
itoring of intake and output as well as serial
electrolyte measurements are required to suc-
cessfully manage these patients.

Management of nephrogenic DI is similar,
although desmopression is not administered. The
discontinuation of any drugs that may be causing
nephrogenic DI is an important component of
management. A thiazide diuretic is administered
to induce mild extracellular fluid volume deple-
tion, which causes increased water reabsorption
at the proximal tubule. As a result, there is less
water delivered to the distal nephron and,
therefore, less urine is produced.

Nothing to Disclose
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Chapter 2. Postoperative Crises

David L. Bowton, MD, FCCP, FCCM

Objectives:

* Differentiate between and describe the early and late
causes of postoperative fever.

e List common causes of postoperative hyponatremia in
the neurosurgical patient and discuss management and
therapeutic options.

* Describe the common causes of hypotension following
cardiac surgery and discuss their treatment options.

Key words: cardiac surgery; fever; hypotension; neurosur-
gery; postoperative complications

Synopsis:

This short review will summarize the presentation and
management of selected postoperative complications, includ-
ing postoperative fever and shock after general surgery;
postoperative neurosurgical crises, including hyponatremia;
hypotension after cardiac surgery; and perioperative man-
agement of antithrombotic therapy for cardiac stents. Malig-
nant hyperthermia is characterized by hypercarbia, fever, and
metabolic acidosis intraoperatively but may continue or recur
postoperatively. Treatment is the discontinuation of anesthetic
agents and administration of dantrolene. Fever in the first 2 to
3 days postoperatively is often due to surgical inflammation,
while after 48 to 72 h it is more likely infectious. While the
initial management of hypotension postoperatively is usually
volume resuscitation, the consequences of volume resuscita-
tion include abdominal compartment syndrome defined as a
bladder pressure >20 to 25 mm Hg and organ failure. Its
treatment is prompt recognition and surgical decompression.
Hyponatremia in the postoperative neurosurgical patient is
usually due to the syndrome of inappropriate diuretic
hormone secretion, but cerebral salt wasting must be in the
differential diagnosis. In the symptomatic patient, both are
treated with 3% saline solution. Hypotension after cardiotho-
racic surgery is most commonly due to vasoplegia but can
represent myocardial dysfunction or cardiac tamponade.
Atrial fibrillation after cardiac surgery is common and is
associated with prolonged length of stay. The unstable patient
should be cardioverted, while more stable patients can be
treated with calcium antagonists, amiodarone, or B-blockers.
The perioperative management of antiplatelet therapy in
patients with cardiac stents is challenging. These patients
should generally have dual antiplatelet therapy continued
throughout the perioperative period, with exceptions being
cardiac and intracranial surgery.

General

Postoperative Fever

Postoperative fever is common. A tempera-
ture above 100.4°F within 72 h of surgery was
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noted in more than 20% of patients in a recent
observational study of over 1,000 patients." In
this discussion of postoperative fever, a temporal
classification will be used: immediately postop-
erative, acute (within the first week), and
subacute (after the first week).

Immediately postoperatively, malignant hy-
perthermia (MH) is the most serious, potentially
fatal cause of fever and one requiring immediate
intervention. While MH is not strictly a postop-
erative phenomenon, it usually requires manage-
ment and monitoring in the intensive care unit.
MH occurs in approximately 1 in 30,000 general
anesthetics. It typically requires both a genetic
predisposition and a triggering agent. Triggering
agents include all of the inhalational anesthetics
and succinylcholine. Nitrous oxide (NO) and IV
anesthetics are not triggers. While there is a
genetic basis for MH and the inheritance pattern
appears to be autosomal dominant in about 50%
of identified cases, a family history of MH is
elicited in fewer than 10% of MH patients.” There
is a 2:1 male:female predominance and the
majority of patients present in adulthood (medi-
an age 22 years).” Mutations in the ryanodine
receptors (RYR1) in the sarcoplasmic reticulum
are far and away most commonly associated with
MH, though other mutations are known to be
associated with MH, such as within the dihy-
dropyridine receptors (DHP) in the striated
muscle t-tubule membrane.

MH usually occurs within 90 min of induction
and presents with respiratory acidosis and rapidly
increasing temperature. Respiratory acidosis is
seen in more than 90% of patients and rapidly
rising temperature in nearly two-thirds of pa-
tients. Metabolic acidosis, muscle rigidity, and
elevations in creatine kinase (usually >10,000 IU/
L), while also observed commonly, are each
reported in fewer than half of patients. The initial
treatment is to stop all inhalational anesthetics
(except NO), switch to an IV anesthetic agent, (eg
propofol), and immediately increase minute ven-
tilation and Fio,. Pharmacologic therapy with
dantrolene is a cornerstone of therapy. Prior to



the introduction of dantrolene, mortality was as
high as 60%, while the current mortality rate in
the MH registry is 2%. Dantrolene is initiated as a
bolus of 2.5 mg/kg IV, then 1 mg/kg boluses are
given until fever decreases, Paco, decreases, or
muscle rigidity abates (up to a total dose of 10
mg/kg). It is continued at 1 mg/kg every 6 h for
48 h. Electrolytes, especially serum potassium,
and serum creatine kinase levels should be
monitored. MH patients are predisposed to
hyperkalemia due to potassium release from
muscle contraction and rhabdomyolysis. The
administration of calcium channel blockers should
be avoided as they can precipitate marked
elevations in serum potassium.

The patient and their family should receive
counseling regarding MH and consider under-
going MH susceptibility testing. The patient
should also wear a wristband alerting medical
providers to their history of MH.

In the first postoperative week, tissue injury
(without infection), dead bowel, anastomotic leak,
and abscess should lead the differential diagnosis
of elevated temperature. Tissue injury releases
fever-associated cytokines, including IL-6, IL-1,
TNF-o, and IFN-y.? Their release is determined
both by the amount of tissue injury and by
genetically determined responses to tissue injury.
This cytokine release is transient and is the likely
etiology of the majority of postoperative fever
within the first 72 h of surgery or trauma. In a
recent prospective examination of more than
1,000 inpatients undergoing surgery,' nearly
25% developed a temperature >100.4° F within
the first 72 h postoperatively. In most of these
patients, there were no other signs or symptoms
of an infectious etiology and an evaluation for an
infectious etiology was performed in only 100
patients. In these 100 patients, an infection was
identified in only 18 patients. There were no
parameters identified, including the maximal
temperature and the degree of elevation of the
WBC count, which differentiated between those
with an infection and those without infection. Of
the 18 patients with confirmed infection, the
source was clinically evident (symptoms and
findings on abdominal examination) in nine:
three with anastomotic leaks and one with an
accidental unrecognized enterotomy, all requiring
return to the operating room. Four of the
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remaining patients sustained superficial surgical
site infections. Thus, the clinical examination can
suggest or confirm the cause of early postopera-
tive fever in a large percentage of patients. The
causes of infectious fever that most commonly
required laboratory or radiographic investigation
to ascertain were pneumonia, Clostridium difficile
enterocolitis, and urinary tract infections. Surgical
site infections often present after the first week
and frequently after the patient has been dis-
charged from hospital.

An unusual cause of fever after surgical
intervention is the postimplantation syndrome
seen in 30% to 60% of patients after placement of
an aortic stent graft. It is characterized by fever
and leukocytosis and perigraft air (within the
native aorta and around the stent graft) on CT
scan, without demonstrable infection.*”

Atelectasis is often cited as a cause of
postoperative fever. However, there are few data
to endorse this belief. A recent systematic
review® concluded that there was insufficient
evidence to support an association between
atelectasis and postoperative fever or even that
atelectasis caused fever.

Postoperative Hypotension

Hypotension in the immediate postoperative
period is common. In the patient with a major
intraabdominal catastrophe (eg, necrotic bowel,
anastomotic leak), this usually is due to hypo-
volemia caused by large fluid shifts to the
extravascular space and blood loss. The magni-
tude of hypovolemia is often underappreciated.
In this setting, volume resuscitation is the
cornerstone of therapy. The end points of
resuscitation remain a topic of controversy.
While central venous pressure (CVP) goals are
often stated, CVP correlates poorly with volume
responsiveness, and its application to bedside
management is uncertain.” While some au-
thors®” suggest that supranormal values for
cardiac index and oxygen delivery are appropri-
ate goals, the evidence is contradictory and
generally not supportive of such targets.

Bleeding is a specific case of hypovolemia in
the immediate postoperative period. In the
setting of massive blood loss, balanced transfu-
sion is now widely recommended based on data



accumulated in the treatment of war-related
traumatic injury. Thus, in patients who are
massively bleeding and require more than 4
units of packed red blood cells, a strategy of
using blood and plasma in ratios of 2:1 or 1:1 is
now commonly employed.'”

Regional anesthesia, specifically epidural or
spinal anesthesia, is a relatively common cause of
hypotension as a consequence of vasodilation
due to loss of sympathetic tone. It usually
responds to decreasing the dosage of anesthetic
or narcotic and modest volume administration.
Adrenal insufficiency is an uncommon cause of
hypotension in the immediate postoperative
period. Preoperative glucocorticoid therapy is a
major risk factor. Small doses of corticosteroids or
steroid administration for a short period of time
are generally not risks; patients who receive less
than 5 mg of prednisone daily or steroids for less
than 2 weeks do not appear to be at increased
risk for adrenal insufficiency.""'*> While etomi-
date suppresses 11B-hydroxylase for 24 to 72 h,
thus reducing cortisol synthesis, it does not
appear to result in an increased need for cortisol
replacement therapy.'> The diagnosis of adrenal
insufficiency in critically ill patients is difficult
because of variability in the cortisol assay and the
response to ACTH stimulation.'*'> However, a
random serum cortisol level <10 pg/dL is highly
predictive of adrenal insufficiency using the
metyrapone stimulation test as the criterion
standard.'*

From 25 to 48 h postoperatively, the etiology
of hypotension and fever is more often related to
intraabdominal sepsis caused by abscess, necrot-
ic bowel, or an anastomotic leak. Patients usually
present with fever, tachycardia, tachypnea, and
elevated WBC, along with abdominal pain or
tenderness and abdominal distension. Elderly,
chronically ill, or immunocompromised patients
may present atypically without one or more of
these findings. Abdominal CT scans, while often
useful, may not be able to differentiate blood
from abscess or benign fluid collections. Reex-
ploration is often needed to ascertain the diag-
nosis and for appropriate treatment, but it is too
often delayed.'® Clostridium difficile enterocolitis
has become an increasingly common cause of
fever with diarrhea and should always be
considered in the differential diagnosis.
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Abdominal Compartment Syndrome

Abdominal compartment syndrome (ACS) is
the syndrome of elevated intraabdominal pres-
sure in the setting of organ failure due to
compression of abdominal structures. It was
originally described in patients following severe
abdominal trauma but is now increasingly
recognized as potentially complicating any clin-
ical setting where accumulation of ascitic and
interstitial fluid within the abdominal compart-
ment occurs. Thus, in addition to primary intra-
abdominal processes, medical or surgical
patients following large-volume fluid resuscita-
tion (as for septic shock) are also at risk for ACS.
Intraabdominal pressure is most often measured
as intravesical pressure and is normally less than
12 mm Hg. Pressures above 12 mm Hg define
intraabdominal hypertension, while pressures
above 20 mm Hg with organ dysfunction define
ACS." Commonly seen organ failures include
renal failure due primarily to renal vein com-
pression, pulmonary failure due to severe reduc-
tion of thoracic compliance, gut failure due to
reduced mesenteric and mucosal blood flow,
hypotension (cardiovascular failure) due to im-
paired venous return and ventricular filling,
hepatic failure due to reduced blood flow and
consequent impaired lactate clearance, and CNS
failure due to elevation of intracranial pressure
resulting from impaired venous drainage. The
definitive treatment of ACS is usually surgical
decompression, though in the setting of large
volumes of ascites, large-volume paracentesis
(>1,500 mL) has been successfully employed.'®
Other measures to reduce intraabdominal vol-
ume or increase abdominal compliance, includ-
ing NG suction, sedation, and paralysis, may be
employed as temporizing measures until defin-
itive therapy can be undertaken.

Postoperative Neurosurgic Crises

Altered Mental Status

A rapid decline in level of consciousness or new
deficits on neurologic examination is almost always
related to compromised brain blood flow, either
focal or global. These alterations can be due to
space-occupying lesions (edema, blood) compro-



mising blood flow, hydrocephalus increasing in-
tracranial pressure (ICP) and reducing cerebral
perfusion pressure (CPP), or a primary vascular
process (thrombosis or vasospasm). Because acute
reductions in brain blood flow must be treated
promptly to minimize the volume of infarcted
tissue, acute alteration in mental status or function
is almost always an indication for emergent cranial
CT scan to evaluate treatment options. Epidural
hematomas, subdural hematomas, and large su-
perficial intraparenchymal hemorrhages resulting
in acute compression are usually considered good
candidates for operative treatment. Importantly,
hemorrhage within the posterior fossa, because of
the very limited room for expansion and the
proximity of the brainstem, is a neurosurgical
emergency, and surgical evacuation of posterior
fossa hemorrhages should routinely be consider-
ed.'” Acute hydrocephalus results from obstruc-
tion of the lateral, third, or fourth ventricles due to
tumor, edema, parenchymal hemorrhage, or intra-
ventricular blood. It occurs in over 20% of patients
with subarachnoid hemorrhage. If a CTscan reveals
acute hydrocephalus in the patient with an altered
level of consciousness, consideration should be
given to placement of an external ventricular drain,
which permits both the measurement of ICP and
the drainage of CSF to reduce ICP.

When cerebral edema is seen on the CT scan
in the patient with an acute alteration in
consciousness, ICP should generally be moni-
tored and consideration given to the initiation of
osmotherapy. Monitoring the ICP permits know-
ing and maintaining CPP. Generally, the CPP
target is greater than 50 mm Hg, although as
noted below, higher levels are sometimes re-
quired in patients with acute brain ischemia due
to cerebral vasospasm or thrombosis. ICP can be
effectively lowered with mannitol or hypertonic
saline solution. Hypertonic saline solution is
available as 3%, 7.5%, and 23.4% concentrations.
A recent metaanalysis® suggests that hypertonic
saline solution is probably more effective than
mannitol, though mannitol remains first-line
therapy in most ICUs. Corticosteroids are often
used in patients with cerebral edema due to
tumors or inflammation (vasogenic edema).
Dexamethasone is most often used. There is no
role, however, for steroids in the treatment of
cerebral edema due to trauma or stroke.”** In

Downloaded From: http://books.publications.chestnet.or g/ on 07/19/2012

patients with focal symptomatic brain ischemia
such as in the setting of vasospasm after
subarachnoid hemorrhage, elevation of perfusion
pressure can be associated with improvement in
the neurologic deficits. A trial of therapeutic
hypertension may be warranted in this setting,
with systolic blood pressures above 200 mm Hg
sometimes required to achieve reversal of the
neurological deficit. This clearly must be bal-
anced against the risk of adverse cardiac effects,
and there are no prospective trials to guide
decision making with respect to improving long-
term outcomes or balancing risks and benefits.

When the decline in mental status develops
more gradually, over many hours or a day or
more, hypoventilation and hyponatremia are
prominent causes. Hypoventilation can be easily
confirmed with blood gas analysis, followed by
appropriate steps to increase minute ventilation.
These include the initiation of noninvasive
positive pressure ventilation in patients who are
cooperative, reduction in dosage or careful
reversal of sedative and/or narcotic medications,
or intubation and mechanical ventilation.

Hyponatremia

Hyponatremia frequently complicates neuro-
logical diseases. The most common cause is the
syndrome of inappropriate antidiuretic hormone
secretion (SIADH), while cerebral salt wasting is
much less common and is most often seen in
patients with subarachnoid hemorrhage (SAH).
Both present with an inappropriately high urine
sodium concentration and urine osmolarity in
the setting of a low serum sodium and low serum
osmolarity. In SIADH, intravascular volume is
normal or high, while in cerebral salt wasting,
intravascular volume is low. In patients with low
intravascular volume, a high urine sodium
concentration helps to distinguish cerebral salt
wasting from volume depletion (which will
result in low urinary sodium) but with elevated
antidiuretic hormone (ADH) levels (appropriate
ADH secretion) to minimize urinary volume loss
and restore intravascular volume. The treatment
of mild to moderate hyponatremia due to SIADH
(serum sodium value greater than 120 mEq) is
usually fluid restriction. In patients with SAH,
volume restriction is not usually employed for



fear of causing hypovolemia and worsening
vasospasm or precipitating cerebral ischemia. In
patients with SAH and symptomatic patients
with a serum sodium value less than 120 mEq,
hypertonic saline solution is the mainstay of
therapy. Three percent saline solution is most
commonly used because in patients with SIADH,
0.9% saline solution will not usually raise the
serum sodium concentration because of obligate
excretion of the administered sodium in the
inappropriately concentrated urine (urine osmo-
larity greater than serum osmolarity), resulting in
a net increase in retention of free water. In
patients who are severely symptomatic (eg,
seizures), the goal is to raise the serum sodium
level by 1 mEq/h for the first 2 to 4 h but by no
more than 10 mEq in the first 24 h; 100 mL of 3%
saline solution will raise the serum sodium (Na)
by 1.0 to 2 mEq. Too-rapid correction of
hyponatremia is associated with central pontine
myelinolysis, or the more general osmotic demy-
elination syndrome (describing extra-pontine
demyelination). The increase in serum Na can
be approximated by the following formula:

Increase in serum Na
= (Infusate [Na] — Serum [Na])
X Liters infused /(TBW + 1)

where TBW = total body water (approximately
0.5 X lean body weight in women; 0.6 in men).
The role of vasopressin-2 receptor antagonists
(tolvaptan and conivaptan) remains uncertain
because of the paucity of evidence demonstrating
clinical benefit in critically ill patients and the
inability to control the rate of rise of sodium.

Diabetes Insipidus

Diabetes insipidus (DI) is characterized by
excretion of large volumes of urine with low
specific gravity despite low intravascular volume
and is due to decreased excretion of ADH,
central DI or loss of effect of ADH, nephrogenic
DI Central DI is observed in 10% to 60% of
patients following transsphenoidal hypophysec-
tomy. The range in incidence is largely a function
of tumor size, with resection of larger tumors
more often associated with DI. A triphasic
response following transsphenoidal hypophysec-
tomy has been described. This consists of early

Downloaded From: http://books.publications.chestnet.or g/ on 07/19/2012

DI immediately after and up to 5 days postop-
eratively due to suppression of ADH release
because of hypothalamic dysfunction, followed
within 5 to 10 days by SIADH due to ADH
release from degenerating posterior pituitary,
followed by delayed or permanent DI due to
depletion of ADH. Early DI is seen in approxi-
mately 40% of patients, delayed SIADH in 8%,
and delayed or permanent DI in about 5%. Fewer
than 5% of patients undergoing transsphenoidal
hypophysectomy will manifest all components of
the triphasic response. High urine output (often
400-800 mL/h) immediately following surgery
must be differentiated from postoperative fluid
diuresis or excretion of an osmotic load (radio-
graphic contrast or mannitol). A very low urine-
specific gravity (<1.005) or low urine osmolarity
(<200 mOsm/L) is highly suggestive that the
high urine output is due to DI and that volume
status and serum sodium must be carefully
monitored to avoid the development of hypoten-
sion due to volume loss and hypernatremia.
Normal saline solution is used to maintain
intravascular volume; using urine output to
gauge the amount required. Desmopressin ace-
tate can be used to reverse the DI, but care must
be used to avoid hyponatremia, which is com-
mon in this patient population in the postoper-
ative period.**

Airway Emergencies

Airway emergencies are an infrequent but
highly morbid postoperative crisis. In a patient
undergoing surgery in the neck (eg, anterior
cervical spine surgery or carotid endarterecto-
my), complaints of difficulty swallowing or
breathing or the presence of stridor should
prompt an immediate evaluation of the patient
and consideration of airway compromise in the
differential diagnosis. In patients undergoing
cervical spine surgery, 25% to 6% will develop
an airway complication, and one third or more of
these will require reintubation.”® In patients
undergoing carotid endarterectomy (CEA), the
reintubation rate is 1% to 2%.?° Hematoma is the
cause of airway compromise in almost all
patients following CEA, in contrast to edema
and consequent airway narrowing and compres-
sion after anterior cervical spine surgery. Hemato-



ma formation typically occurs within the first 6 h of
CEA, while airway compromise after anterior
cervical spine surgery occurs later but usually
within the first 36 h. Following cervical spine
surgery or CEA, it should be presumed that the
patient will have a difficult airway and that the
most skilled airway provider available should be
present to assist with securing the airway. There is
no clear consensus regarding the relative merits of
fiber-optic intubation versus direct laryngoscopy to
secure the airway, but both should be available with
clinical circumstances and operator expertise dic-
tating the choice. While the need for an emergent
surgical airway is rare, its very rarity should dictate
that each hospital have a process in place to effect
this without delay when needed.

Postoperative Cardiothoracic Surgical
Crises

Hypotension

Hypotension after cardiothoracic surgery is
common and can be due to vasodilation, blood
loss, cardiac tamponade, myocardial dysfunc-
tion, or dysrhythmias. Vasodilation is the most
common cause of hypotension and is seen
immediately postoperatively; it can persist for
hours to days. The etiology of the vasodilation is
multifactorial. A low preoperative ejection frac-
tion is associated with relatively depressed levels
of arginine vasopressin and with postoperative
vasodilation. IL-1 is increased following cardio-
pulmonary bypass and, by generation of cyclic
guanine monophosphate, is associated with
vasodilation and hypotension. Use of ACE
inhibitors preoperatively is also associated with
depressed levels of arginine vasopressin and
hypotension. Treatment of hypotension, after
ensuring adequate intravascular volume reple-
tion, is vasopressor infusion, most commonly
neosynephrine or norepinephrine. Recently, in
light of the relative depression of arginine
vasopressin levels, the use of vasopressin in
low fixed doses (0.03 U/min) to restore vaso-
pressin levels to more appropriate levels has
been suggested.”

Bleeding resulting in hypotension occurs in
approximately 5% of patients following coronary
artery bypass grafting (CABG). Reoperation for
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bleeding is required in approximately 2.4% of
patients following CABG.?® Patients who require
reoperation for bleeding have about four times
the mortality rate of patients who do not require
reoperation (8% vs 2%), but whether this is due to
reoperation or that many of the risk factors for
bleeding are also risk factors for mortality is
unclear. There are numerous risk factors for
bleeding, the most important of which are age
>70 years, reoperation (eg, prior CABG), renal
replacement therapy or elevated serum creati-
nine, emergency surgery, and the use of preoper-
ative adenosine diphosphate receptor inhibitors
(eg thienopyridines) or glycoprotein IIb/IIla
receptor antagonists. Bleeding is usually manifest-
ed by excess drainage from mediastinal and/or
pleural drains (> 200 mL/h). In the patient with
excessive blood loss after CABG, reversible factors
should be sought beginning with a prolonged
activated clotting time due to residual heparin
effect, which should be treated with protamine
sulfate. Hypothermia inhibits coagulation, and the
patient should be rewarmed if hypothermic.
Thrombocytopenia is common after cardiopulmo-
nary bypass (CPB) and, coupled with platelet
dysfunction due to preoperative antiplatelet
agents, often argues for platelet transfusion in the
bleeding patient. Platelets are suspended in plas-
ma, so platelet transfusions will provide some
clotting factors as well. Less commonly, prolonga-
tion of the aPTT or PT will suggest clotting factor
depletion and the need for repletion with pro-
thrombin complex concentrate. Recombinant factor
VII concentrate is usually avoided in this popula-
tion because of the risk of precipitating bypass graft
thrombosis. Inadequate surgical hemostasis is
usually a diagnosis of exclusion, but chest drainage
exceeding 400 mL/h that does not rapidly slow
should precipitate consideration of reoperation.
Patients who receive anticoagulants after CABG
have a three-fold increased risk for bleeding,* and
recent ACCP guidelines suggest that DVT prophy-
laxis in patients undergoing CABG with an
uncomplicated postoperative course be limited to
pneumatic compression hose.*

Myocardial Dysfunction

Myocardial dysfunction is another frequent
cause of hypotension following cardiac surgery.



It may be consequent to myocardial injury or
edema consequent to cardiopulmonary bypass
(CPB), cardiac tamponade with inadequate ven-
tricular filling, left ventricular myocardial ische-
mia, or right ventricular dysfunction due to
pulmonary hypertension or right ventricular
ischemia. Postoperative cardiac tamponade may
occur even with an open pericardium due to
focal collection of blood and compression of
cardiac chambers, most often the right atrium
and/or right ventricle. The risk of tamponade is
increased by the use of anticoagulants in the
immediate perioperative period. While atypical
presentations are common, cardiac tamponade
should be suspected in the patient with tachy-
cardia, a low cardiac index, and a high CVP.
Hypotension and elevated pulmonary artery
occlusion pressure (equal to the CVP) are
frequently seen. If cardiac tamponade is suspect-
ed, echocardiography should be performed to
confirm the diagnosis. After median sternotomy;,
it is often difficult to obtain good sonographic
windows, and transesophageal echocardiogra-
phy is usually needed to detect right atrial
compression as opposed to pericardial fluid
surrounding the heart, as might be seen with a
closed pericardium. Pericardial tamponade is
almost always an indication for reoperation to
remove the compressing fluid.

Ischemic myocardial dysfunction can be due
to graft occlusion, coronary embolization, or
inadequate intraoperative myocardial protection.
Graft occlusion occurs in 5% to 10% of CABGs
and is more often due to graft kinking or other
technical problem (eg, occluding stitch) than to
thrombosis or spasm. Correction of a correctable
mechanical cause of ischemia should be under-
taken when feasible. When not possible or
unsuccessful, inotropic support is the mainstay
of therapy. Epinephrine and milrinone are the
current mainstays of inotropic support. Epineph-
rine acts at f and a receptors, providing inotropy
(Bi-receptor agonism) and support of blood
pressure. Milrinone inhibits phosphodiesterase
3 and results in both increased inotropy and
reduced afterload through vasodilation. Conse-
quently, its impact on blood pressure can be
difficult to predict (increased flow vs reduced
resistance) but usually results in a fall in blood
pressure and thus is usually used with a
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vasopressor, often phenylephrine, or a balanced
inotrope/vasopressor, such as epinephrine.

Right ventricular dysfunction can cause left
ventricular dysfunction due to forward flow
failure with reduced left ventricular filling and
by shifting of the ventricular septum toward the
left ventricle, impairing both left ventricular
filling and optimally coordinated left ventricular
contraction. Right ventricular dysfunction can be
due to ischemia or acutely worsening pulmonary
hypertension. As with left ventricular ischemia,
maintenance of coronary perfusion pressure is
important to maintain coronary blood flow to the
right ventricle. Milrinone can often reduce
pulmonary vascular resistance and improve right
ventricular systolic function. If inotropes alone
are ineffective, pulmonary vasodilators, such as
inhaled nitric oxide and inhaled epoprostenol,
may be useful to reduce right ventricular
afterload and increase cardiac output. Inhaled
epoprostenol is less expensive than nitric oxide
and has replaced nitric oxide for this indication
in many centers.

Dysrhythmias

Dysrhythmias are a frequent cause of hypo-
tension after cardiac surgery. Bradycardia due to
edema or damage of the cardiac conduction
system or secondary to ischemia (eg, from nodal
arterial interruption) is common, and most
patients will have temporary epicardial pace-
maker leads inserted intraoperatively. Following
CPB, the stroke volume is often small and fixed,
necessitating a more rapid heart rate to maintain
cardiac index. Thus it is common to pace these
patients at heart rates of 95 to 100 beats/min if
the initial cardiac index is low. The bradycardia
and small stroke volume are most often transient
and the need for pacing resolves within 24 h.

The most common tachyarrhythmia after
CABG or valve replacement surgery is atrial
fibrillation; it occurs in 25% to 35% of patients
and is an independent predictor of prolonged
hospital stay and increased costs.>’ With the
onset of atrial fibrillation, ventricular filling is
often inadequate because of both the loss of
coordinated atrial contraction and the shortening
of the filling time. This can result in loss of
cardiac output and in hypotension. In patients



who are hemodynamically unstable, D/C car-
dioversion is the preferred treatment. However,
because patients are susceptible to recurrence
and are predisposed to atrial fibrillation for
several weeks following surgery, additional
treatment directed at rate control or rhythm
control should be provided. No large prospective
trial has been performed to determine the
relative merits of rate control vs rhythm control
in postoperative atrial fibrillation, though a rate
control approach has the merit of not exposing
the patient to the risks of class I or class III
antiarrhythmic drugs. Further, the noncardiac
adverse effects of amiodarone are significant and
in a patient without markedly impaired ventric-
ular function, hypotension, or severe asthma, B-
blockers are probably the treatment of choice.
However, in patients who are hypotensive or
who have significantly depressed myocardial
function, the administration of either B-blockers
or nondihydropyridine calcium antagonists has a
higher incidence of myocardial depression and
hypotension than amiodarone.

Because of the frequency of postoperative
atrial fibrillation and its impact on cost and
length of stay, considerable attention has been
given to the prevention of atrial fibrillation. The
most effective prophylactic agents appear to be B-
blockers and amiodarone, though magnesium
and biatrial pacing have also been proposed.”'
There is insufficient evidence for definitive
recommendations; however, prophylactic B-
blockers and amiodarone appear to provide the
greatest benefit. PB-Blockers appear somewhat
more effective than amiodarone when begun
preoperatively but if begun postoperatively, B-
blockers and amiodarone appear equally, if
incompletely, effective in reducing the incidence
of atrial fibrillation. Discontinuation of B-blocker
therapy in patients receiving preoperative B-
blockers significantly increases the risk of post-
operative atrial fibrillation; thus, B-blockers
should be continued in these patients whenever
possible.

Surgery and Cardiac Stents

Over 500,000 patients undergo percutaneous
coronary intervention with stent placement an-
nually in the United States. Virtually all these
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patients require continuous antiplatelet therapy
after stent placement. However, antiplatelet
therapy poses an increased risk for perioperative
bleeding, and thus the challenge of perioperative
management of patients with intracoronary
stents is a common one. Stent thrombosis, while
uncommon with appropriate patient manage-
ment, can be catastrophic. Case fatality rates of
stent thrombosis in the perioperative period have
been reported to be 50% or greater.’” There are no
prospective trials of management strategies
focused on the perioperative period; thus, rec-
ommendations are based on evidence gleaned
from studies of discontinuation of antiplatelet
agents for various reasons. Discontinuation of
dual antiplatelet therapy within 6 weeks of
placement of a bare metal stent or 3 to 6 months
of placement of a drug-eluting stent is associated
with an increased risk stent thrombosis. Con-
versely, dual antiplatelet therapy increases the
risk of perioperative bleeding and morbidity in
patients undergoing CABG, but whether this
increased risk of bleeding extends to patients
undergoing other types of surgery is not clearly
defined. A recent systematic review of published
studies examining the risk of discontinuation of
antiplatelet agents and stent thrombosis 30 days
or more after placement of a drug-eluting stent
found that the median time to ischemic event
with cessation of thienopyridine or thienopyr-
idine plus aspirin was 7 days, while if aspirin
was continued, the median time to event was 122
days.® On the basis of these and other data, the
ninth edition of the ACCP Evidence-Based
Clinical Practice Guidelines recommends defer-
ring surgery for 6 weeks following placement of
a bare metal stent and at least 6 months following
placement of a drug-eluting stent.’® In patients in
whom non-CABG or intracranial surgery cannot
be deferred for these time periods, the current
recommendation is to continue dual antiplatelet
therapy. In patients undergoing CABG within
this early time frame, the recommendation is to
discontinue clopidogrel or prasugrel 5 days
before CABG, continue aspirin through the
perioperative period, and reload the thienopyr-
idine (eg, 300 mg clopidogrel) postoperatively.
For urgent intracranial surgery, thienopyridines
should probably be discontinued even earlier if
feasible and aspirin discontinued prior to surgery



and restarted as early as possible postoperatively
(depending on the specific surgery and perceived
bleeding risk).

Nothing to Disclose

The author has disclosed that no relation-
ships exist with any companies/organizations
whose products or services may be discussed in
this chapter.
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Chapter 3. Mechanical Ventilation

Gregory A. Schmidt, MD, FCCP

Obijectives:

* Review modes.

* Examine physiology of ventilation.

* Discuss the types of respiratory failure.
e Introduce key ventilation concepts.

* Review equation of motion.

e Discuss VILI and VIDD.

e Review autoPEEP.

* Examine permissive hypercapnia.

e Discuss the ventilator bundle.

Key words: acute lung injury; airway pressure release
ventilation; ARDS; assist-control ventilation; autoPEEP;
COPD; equation of motion; high-frequency oscillatory
ventilation; inverse ratio ventilation; lung-protective venti-
lation; mechanical ventilation; noninvasive ventilation;
permissive hypercapnia; pressure assist-control ventilation;
pressure control; pressure-regulated volume control; pres-
sure support; status asthmaticus; synchronized intermittent
mandatory ventilation; tidal volume; ventilator bundle
ventilator-induced diaphragm dysfunction; ventilator-in-
duced lung injury; volume assist-control ventilation

Synopsis:

This chapter offers an approach in which two aspects of
mechanical ventilation, oxygenation (largely determined by
Fio, and positive end-expiratory pressure [PEEP]) and
ventilation (depending mostly on mode, rate, and tidal
volume or set inspiratory pressure) are considered separately.
Then the ventilator is used as a probe of the patient’s
respiratory system mechanical derangements, and ventilator
settings are tailored to the patient’s mechanical and gas
exchange abnormalities. Modes of ventilation are analyzed
and key ventilation concepts of ventilator-induced lung
injury; ventilator-induced diaphragm dysfunction; auto-
PEEP; permissive hypercapnia; and the ventilator bundle
are covered.

The fundamental purpose of mechanical ventila-
tion is to assist in elimination of carbon dioxide
and the uptake of adequate oxygen while the
patient is unable to do so or should not be
allowed to do so. Such patients fall into two main
groups: (1) those in whom full rest of the
respiratory muscles is indicated (such as during
shock; severe, acute pulmonary derangement; or
deep sedation or anesthesia), and (2) those in
whom some degree of respiratory muscle use is
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desired (eg, to strengthen or improve the
coordination of the respiratory muscles; to assess
the ability of the patient to sustain the work of
breathing; or to begin spontaneous ventilation). It
is important for the intensivist to be explicit
about whether the respiratory muscles should be
rested or exercised because the details of venti-
lation (mode, settings) usually follow logically
from this fundamental point. For example, in a
patient in profound shock, the ventilator should
be set to fully take over the work of breathing (eg,
using volume assist-control) while the flow and
pressure waveforms are examined to determine
whether this goal has been met.

Using the Ventilator to Control
Oxygenation

The ventilator settings most concerned with
oxygenation are the fractional inspired oxygen
(Fiop) and positive end-expiratory pressure
(PEEP). Generally, mode, tidal volume, rate,
and other settings have only very modest effects
on arterial partial pressure for oxygen (Pao,). For
example, in the ARDS Network tidal volume
trial, use of 6 vs 12 mL/kg predicted body weight
was associated with a small but real decrement in
the ratio of Pao, to Fio, (P/F ratio 156 vs 178).!

Oxygen

Oxygen is clearly toxic in high concentration,
likely because of reactive oxygen species’ effects on
many biological systems. The threshold for toxicity
is uncertain, especially in the injured lung. Gener-
ally, Fio, less than 0.6 is considered nontoxic while
higher fractions are avoided when possible. There
is some experimental evidence that the injured lung
may be more resistant to oxygen-induced injury.
Given the uncertainties in this area, most clinicians
strive to limit exposure to concentrations in excess
of 0.6 to less than 24 h, using PEEP, diuresis,
positional maneuvers, or inhaled vasodilators.



PEEP

Nearly 40 years ago, PEEP was linked to
protection against gross and histologic lung
injury.® It has been postulated that PEEP limits
tidal recruitment and derecruitment, thereby
reducing lung inflammation.** Yet PEEP may
provoke deleterious effects so that choosing the
appropriate level requires balancing benefits and
costs. One widely used approach is that devised
by the ARDS Network, in which PEEP and Fio,
combinations are chosen from a table to achieve
oxygenation goals.! Three clinical trials ad-
dressed the potential role of higher levels of
PEEP than required for acceptable oxygenation.
Although each failed to demonstrate that higher
PEEP enhances survival, all showed a trend in
that direction (after adjustment for differences in
baseline Covariates),‘r”7 and meta-analyses have
shown this benefit to be statistically significant.>”

In patients with acute lung injury (ALI) and
ARDS, lung units collapse largely because of
compressive forces, especially in dependent lung
zones. One would anticipate PEEP to be effective
in keeping the lung open when it produces a
positive transpulmonary pressure. Surprisingly,
when patients are managed according to the
ARDS Network low PEEP recommendations,
transpulmonary pressure is often negative, de-
spite PEEP."’ Raising PEEP to produce a positive
transpulmonary pressure raised oxygenation and
compliance and produced a trend toward higher
survival. Alternative approaches to indivualizing
the level of PEEP include analyzing the pressure-
volume curve for evidence of the inflation limb
lower inflection point (Pflex), deflation limb
upper Pflex, maximal compliance, true inflection
point of the deflation limb, the degree of
hysteresis, or the stress index.'"'* Normally the
airway opening pressure rises linearly during
constant flow, volume-controlled ventilation be-
cause respiratory system mechanical properties
(compliance and resistance) do not vary much
over the tidal range. If compliance increases
during tidal inflation (suggesting that lung is
being recruited), the pressure-time display will
be convex upward (stress index <1): more PEEP
is likely to be helpful. If the pressure-time display
is concave upward, compliance is falling as the
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lung inflates, possibly signaling overdistention:
tidal volume or PEEP should be lowered.

Mean Airway Pressure

In addition to Fio, and PEEP, the mean
airway pressure affects recruitment and oxygen-
ation. High-frequency oscillatory ventilation
(HFOV), inverse ratio ventilation (IRV), and
airway pressure release ventilation (APRV) are
various ways to raise mean airway pressure and,
thereby, oxygen partial pressures.

Using the Ventilator to Effect Carbon
Dioxide Elimination

The arterial partial pressure for carbon
dioxide (Paco,) depends on total body carbon
dioxide production and alveolar ventilation. The
ventilator can be used to set minute ventilation,
the sum of alveolar ventilation and dead space
ventilation. Various ventilatory modes control
minute ventilation by delivering a tidal volume
(directly, as in volume-preset modes, or indirect-
ly, as in pressure-preset modes). Carbon dioxide
is also eliminated during HFOV through various
incompletely understood mechanisms.

Modes of Mechanical Ventilation

Technologic innovations have provided a
plethora of differing modes by which a patient
can be mechanically ventilated. Various modes
have been developed with the hope of improving
gas exchange, patient comfort, or speed of return
to spontaneous ventilation. Aside from minor
subtleties, however, nearly all modes allow full
rest of the patient, on the one hand, or substantial
exercise on the other. Thus, in the great majority
of patients, choice of mode is mostly a matter of
patient or physician preference. Noninvasive
ventilation should be considered before intuba-
tion and ventilation in many patients who are
hemodynamically stable and do not require an
artificial airway, especially those with acute-on-
chronic respiratory failure, postoperative respi-
ratory failure, cardiogenic pulmonary edema, or
acute respiratory failure complicating severe
immunosuppression.



The equation of motion relates the pressure at
the airway opening (Pao) to volumes, flows,
respiratory system mechanics, and patient effort:

Pao = l + VR + VI — Pmus
Crs

Where V is volume above functional residual
capacity; Crs is static compliance of the respira-
tory system; V is inspiratory flow rate; R is
inspiratory resistance; the V I term relates to
acceleration and inertia and is relevant only
during HFOV; and Pmus is the pressure pro-
duced by patient muscular effort.

During volume-preset ventilation (and as-
suming a passive patient, where Pmus = 0), the
plateau airway pressure (Pplat) is determined by
the tidal volume (VT) and the static compliance of
the respiratory system (Crs):

Pplat = V1/Crs + PEEP

where PEEP also includes autoPEEP.

Conversely, in pressure-preset modes, a fixed
inspiratory pressure (Pinsp) is applied to the
respiratory system, whatever the resulting VT.
However, the VT is predictable (again, assuming
a passive patient) when the Crs is known:

VT = (Pinsp — PEEP) X Crs

assuming time for equilibration between Pinsp
and alveolar pressure. Thus, a patient with static
Crs of 50 mL/cm H,O ventilated on volume
assist-control ventilation (VACV) at a VT of 500
mL with no PEEP (or autoPEEP) will have a
Pplat of about 10 cm H,O while the same patient
ventilated on pressure assist-control ventilation
(PACV) at 10 cm H,O will have a VT of about 500
mL. Thus, although physicians” comfort level
with volume-preset and pressure-preset modes
may be very different, the modes can be similar
as they are tied to each other through the
patient’s Crs.

A potential advantage of pressure-preset
ventilation is greater physician control over the
Ppeak (since Ppeak = Pinsp) and the peak alve-
olar pressure, which could lessen the incidence of
ventilator-induced lung injury. However, this
same reduction in volutrauma risk should be
attainable during volume-preset ventilation if a
VT appropriate to the lung derangement is
chosen. Indeed, the ARDS Network ARMA trial,
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which demonstrated a mortality reduction in the
low-VT group, used VACV and a Vt of 6 mL/kg
predicted body weight.! Pressure-preset modes
could make such a lung-protection strategy
easier to carry out by dispensing with the need
to repeatedly determine Pplat and periodically
adjust the VT. During use of pressure-preset
modes, the patient also has greater control over
inspiratory flow rate, and, therefore, potentially
increased comfort. Several features of pressure-
preset modes have raised concern that lung
protection cannot be assured. Most importantly,
a safe level of maximal alveolar pressure is not
known. Moreover, unless the patient is fully
passive, the transpulmonary pressure cannot be
controlled using pressure-preset modes and is
not even known. A final limitation is that
pressure-preset modes do not allow ready
determination of the respiratory system mechan-
ical properties.

In the following descriptions, each mode is
tirst illustrated for a passive patient, such as
following muscle paralysis, then for the more
common situation in which the patient plays an
active role in ventilation. On some ventilators, VT
can be selected by the physician or respiratory
therapist, while on others a minute ventilation
and respiratory rate (f) are chosen, secondarily
determining the Vt. Similarly, on some machines
an inspiratory flow rate is selected while on
others flow depends on the ratio of inspiratory
time (T1) to total respiratory cycle time and f, or
an inspiratory to expiratory (I:E) ratio and f.

Conventional Modes of Ventilation
Volume Assist-Control Ventilation

Volume assist-control was found to be the
most commonly used mode in an international
survey of mechanical ventilation. Among its
advantages are that it was the mode used in the
ARMA trial demonstrating reduced mortality in
patients with ALI and ARDS and that respiratory
mechanics can be measured readily.

Passive Patient: The set parameters of the
assist-control mode are the inspiratory flow rate,
frequency (f), and VT. The ventilator delivers f
equal breaths per minute, each of V1 volume. VT
and flow determine the Ti, Tg, and the I:E ratio.



Pplat is related to Vr, the compliance of the
respiratory system, and PEEP, while the differ-
ence between Ppeak and Pplat includes contri-
butions from flow and inspiratory resistance.

Active Patient: The patient has the ability to
trigger extra breaths by exerting an inspiratory
effort exceeding the preset trigger sensitivity,
each at the set Vrand flow, and to thereby change
T1, T, and LE ratio, and to potentially create or
increase autoPEEP. Typically, each patient will
display a preferred rate for a given VT and will
trigger all breaths when the controlled ventilator
frequency is set a few breaths/min below the
patient’s rate; in this way, the control rate serves
as an adequate support should the patient stop
initiating breaths. When high inspiratory effort
continues during the ventilator-delivered breath,
the patient may trigger a second, superimposed
(“stacked”) breath (rarely a third, as well).
Patient effort can be increased (if the goal is to
exercise the patient) by increasing the magnitude
of the trigger or by lowering VT (which increases
the rate of assisting). Lowering f at the same Vr
generally has no effect on work of breathing
when the patient is initiating all breaths.

Synchronized Intermittent Mandatory
Ventilation

In the passive patient, SIMV cannot be
distinguished from controlled ventilation in the
ACV mode. Ventilation is determined by the
mandatory f and V1. However, if the patient is
not truly passive, he may perform respiratory
work during the mandatory breaths. More to the
point of the SIMV mode, he can trigger addition-
al breaths by lowering the airway opening
pressure below the trigger threshold. If this
triggering effort comes in a brief, defined interval
before the next mandatory breath is due, the
ventilator will deliver the mandatory breath
ahead of schedule to synchronize with the
patient’s inspiratory effort. If a breath is initiated
outside of the synchronization window, VT, flow,
and L:E ratio are determined by patient effort and
respiratory system mechanics, not by ventilator
settings. The spontaneous breaths tend to be of
small volume and are highly variable from
breath to breath. The SIMV mode has historically
been used to gradually augment the patient’s
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work of breathing by lowering the mandatory
breath f, but SIMV has been shown to prolong
weaning.'>'* Although this mode continues to be
used widely, there is little rationale for it, and
SIMV is falling out of favor.

PACV

In the passive patient, ventilation is deter-
mined by f, the inspiratory pressure increment
(Pinsp — PEEP), LE ratio, and the time constant of
the patient’s respiratory system. In patients
without severe obstruction (ie, time constant not
elevated) given a sufficiently long Ti, there is
equilibration between the ventilator-determined
Pinsp and alveolar pressure (Palv) so that
inspiratory flow ceases. In this situation, VT is
highly predictable, based on Pinsp (= Palv) and
the mechanical properties of the respiratory
system (Crs). In the presence of severe obstruction
or if Tr is too short to allow equilibration between
ventilator and alveoli, VT will fall below that
predicted based on Pinsp and Crs. It is typically
the case during PACV that alveolar and ventilator
pressures do not equilibrate either at end-inspira-
tion or at end-expiration. Thus the maximal
inspiratory alveolar pressure is generally less than
the set inspiratory pressure on the ventilator and
the end-expiratory pressure exceeds the set
expiratory pressure (ie, there is autoPEEP).

The active patient can trigger additional
breaths by reducing the airway opening pressure
(Pao) below the triggering threshold, raising the
LE ratio. The inspiratory reduction in pleural
pressure combines with the ventilator Pinsp to
augment the transpulmonary pressure and the
V1. This point leads many intensivists to be
skeptical regarding the ability of PACV to ensure
lung-protective tidal volumes in patients with
ALI and ARDS. Because T1 is generally set by the
physician, care must be taken to discern the
patient’s neural Ti1 (from the waveforms display)
and adjust the ventilator accordingly; otherwise,
additional sedation might be necessary.

Pressure-Support Ventilation (PSV)
The patient must trigger the ventilator in

order to activate this mode, so pressure support
is not applied to passive patients. Ventilation is



determined by Pinsp, patient-determined f,
patient effort, and the respiratory mechanics.
Once a breath is triggered, the ventilator
attempts to maintain Pao at the physician-
determined Pinsp, using whatever flow is
necessary to achieve this. Eventually flow begins
to fall as a result of either cessation of the
patient’s inspiratory effort or increasing elastic
recoil of the respiratory system as VT rises. The
ventilator will maintain a constant Pinsp until
inspiratory flow falls an arbitrary amount (eg, to
25% of initial flow) or below an absolute flow
rate. Because patients’ respiratory system time-
constants vary widely (so that the time for flow
to fall to 25% varies widely), many patients have
to work actively to turn off the inspiratory
pressure, raising the work of breathing. Some
ventilators allow the intensivist to adjust the
threshold for turning off the expiratory flow,
allowing the ventilator to be tailored to the
respiratory mechanics. Especially in patients
with exacerbations of COPD, a threshold well
above 50% is often necessary to minimize this
unintended expiratory work. During PSV, the
work of breathing can be increased by lowering
Pinsp or making the trigger less sensitive, and
can inadvertently increase if respiratory system
mechanics change, despite no change in ventila-
tor settings. Respiratory system mechanical
parameters cannot be determined readily on this
mode because the ventilator and patient contri-
butions to Vr and flow are not represented by
Pao; accordingly, these important measurements
of Pplat, Ppeak —Pplat, and autoPEEP are
measured during a brief, daily switch from
PSV to volume-preset ventilation. A potential
advantage of PSV is improved patient comfort
and, for patients with very high drive, reduced
work of breathing compared with volume-preset
modes.

Mixed Modes

Some ventilators allow combinations of
modes, most commonly SIMV plus PSV. There
is little reason to use such a hybrid mode,
although some physicians use the SIMV as a
means to add sighs to PSV, an option not
otherwise generally available. Because SIMV
plus PSV guarantees some backup minute
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ventilation (which PSV does not), this mode
combination may have value in occasional
patients at high risk for abrupt deterioration in
central drive.

Dual-Control Modes

The sophisticated microprocessors included
with modern ventilators allow remarkably com-
plex modes of ventilation. These modes typically
try to meld the best features of volume-preset
and pressure-preset modes. Some cause a switch
of modes between breaths (eg, pressure-regulat-
ed volume control [PRVC]; volume support
[VSV]) or within a breath (eg, volume-assured
pressure support [VAPS]). In general, these
modes are complex, and their effects may vary
greatly depending on the details of the patient’s
effort. None has been shown to be safer or more
useful than more conventional modes. The
greatest problem with such newer modes is that
they are very complex, the algorithm describing
their function is not usually understood by
practitioners, and they change during a breath,
or from breath to breath, depending on patient
effort, sometimes in ways that can provoke
unanticipated effects.

PRVC

This is a pressure-preset mode with a set Ti
(ie, it is time-cycled) in which the ventilator
compares the V1 with a physician-set tidal
volume and automatically and gradually adjusts
P1 of subsequent breaths to deliver the desired
Vt. A downside of PRVC is that as patient effort
increases, the ventilator reduces support. Propo-
nents argue that this mode provides the benefits
of pressure-preset modes while at the same time
guaranteeing V1. Whether this guarantee makes
the mode better or worse for the patient is
debated, but this is one way to provide a lung-
protective tidal volume using a pressure-preset
mode.

vsv

Volume support is a pressure-preset mode in
which Pr is automatically varied to gradually
bring Vrin line with the desired VT over several



breaths, differing from PRVC in that Tr is not set
but, rather, depends on patient effort as in PSV. It
is unknown whether this mode speeds or
impedes weaning.

VAPS

This mode begins as PSV but, if a desired Vr
is not met, the ventilator switches to VACV
within the same breath in order to guarantee V.
As with many dual-control modes, the physician
delegates decision-making to the ventilator.
Complex adjustments and their potentially det-
rimental effects on the patient may come into
play at any time of day or night, depending on
changes in mechanical properties of the respira-
tory system or changes in the patient’s level of
consciousness, comfort, or neuromuscular com-
petence.

Choosing Mode and Settings

If full rest of the respiratory muscles is
desired, it is incumbent on the physician to
ensure that this is indeed achieved (although see
ventilator-induced diaphragm dysfunction be-
low). Although some patients are fully passive
while being ventilated (those with deep sedation
or therapeutic paralysis, some forms of coma,
metabolic alkalosis, sleep-disordered breathing),
most patients will make active respiratory efforts,
even on volume assist-control ventilation
(VACV), at times performing extraordinary
amounts of work. Unintended patient effort can
be difficult to recognize but, aside from obvious
patient effort, may be signaled by an inspiratory
fall in intrathoracic pressure (as noted on a
central venous or pulmonary artery pressure
tracing, or with an esophageal balloon) or by
triggering of the ventilator. Recognizing patient
effort has been greatly aided by the provision of
real-time displays of flow and pressure wave-
forms. Using waveforms, it is easiest to gather
information regarding the patient-ventilator in-
teraction when patients are ventilated with a
volume-preset mode [VACV or synchronized
intermittent mandatory ventilation (SIMV)]. Still,
some useful information can be gleaned from
waveforms during pressure-preset ventilation
(PSV and PACV).
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The first step is to seek signs of inspiratory
effort in the pressure tracing. In volume-preset
modes, the signs of persistent effort include the
presence of triggering, concavity during inspira-
tion, and a variable peak airway opening pressure
(Ppeak). When the goal of ventilation is to rest the
respiratory muscles, ventilator adjustments, psy-
chological measures, and pharmacologic sedation
all may be effective. Ventilator strategies to reduce
the patient’s work of breathing include increasing
the minute ventilation to reduce Pco, (although
this may run counter to other goals of ventilation,
especially in patients with ARDS or severe
obstruction), increasing the inspiratory flow rate,
and changing the mode to pressure-preset ventila-
tion (PSV or PACV). Therapeutic paralysis is
required to achieve ventilatory goals only occa-
sionally, but it is interesting that 48 h of cis-
atracurium for the sickest patients with ARDS
(P/F < 150) reduces lung inflammation, overt
barotrauma, and mortali’cy.15

The next step is to determine whether the
patient has significant airflow obstruction. This
canbe inferred by inserting a brief end-inspiratory
pause, then determining the difference between
Ppeak and plateau airway pressure (Pplat), aslong
as a constant inspiratory flow (square wave) is
used. Alternatively, one can examine the expira-
tory flow waveform, seeking low flow and
prolonged expiration, signs that are present
regardless of the mode of ventilation (VACYV,
SIMV, PSV, PACV). Bronchodilator therapy can
be assessed by noting whether expiratory flow
increases, the expiratory time (TE) shortens, or
there is a reduction in Ppeak, Pplat, or autoPEEP.

Finally, one should ensure that the patient
and ventilator are synchronized, that is, that each
attempt by the patient to trigger the ventilator
generates a breath. The most common situation
in which the patient fails to trigger breaths occurs
in severe obstruction when autoPEEP is present.
This is recognized at the bedside when the
patient makes obvious efforts that fail to produce
a breath. Using waveforms, these ineffective
efforts cause a temporary slowing of expiratory
flow, sometimes halting it completely.

Full rest of the respiratory muscles has an
adverse consequence: active disuse atrophy,
termed ventilator-induced diaphragm dysfunc-
tion (VIDD). Within hours of full respiratory



muscle rest, enhanced muscle proteolysis can be
detected and diaphragm muscle fibers atrophy.'®
Active diaphragm contraction is able to reduce
the risk of VIDD, suggesting that most patients
should be ventilated in a way to preserve some
active effort. VIDD can be sufficiently severe as to
impede extubation as the patient recovers from
critical illness.

Triggered Sensitivity

In the assist-control, SIMV, and pressure-
support modes, the patient must lower the Pao
below a preset threshold in order to “trigger” the
ventilator, or divert some flow from the ventilator
circuit (flow-triggering). There is no significant
difference in the work required to trigger
between pressure-triggered and flow-triggered
settings. When autoPEEP is present the patient
must lower Palv by the autoPEEP amount to
have any impact on Pao or divert flow. This can
dramatically increase the required effort for
breath initiation, a problem that cannot be solved
by adjusting the sensitivity or type of triggering.

Unconventional Ventilatory Modes

IRV

IRV is defined as a mode in which the I:E
ratio is >1. Compared with conventional modes
of ventilation, lung oxygen exchange is often
improved with IRV, owing to increased mean
alveolar pressure and volume consequent to the
longer time above functional residual capacity or
as a result of creation of autoPEEP. Delivering
IRV using PACV and VACV generally requires
heavy sedation with or without muscle paralysis,
leading most practitioners to use APRV when
selecting IRV.

APRV

APRV consists of CPAP, which is intermit-
tently released to allow a brief expiratory
interval. Conceptually, this mode is pressure-
controlled IRV during which the patient is
allowed to initiate spontaneous breaths. An
advantage over IRV is that patients are more
comfortable, requiring less sedation. It is not
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known whether APRV can deliver lung-protec-
tive ventilation, so this mode is not a good choice
in patients with ALI or ARDS, although it is often
selected as a rescue mode when oxygenation
cannot be maintained with usual therapy. Wheth-
er this mode provides any benefit over modern
low-VT ventilation remains to be shown.

PAV

PAV is intended only for spontaneously
breathing patients. The goal of this novel mode
is to attempt to normalize the relationship
between patient effort and the resulting ventila-
tory consequences.” The ventilator adjusts Pinsp
in proportion to patient effort both throughout
any given breath and from breath to breath. This
allows the patient to modulate his breathing
pattern and total ventilation. This is implemented
by monitoring instantaneous flow and volume (V)
of gas from the ventilator to the patient and
varying the Pinsp as follows:

Pinsp = f1 X V412 X flow

where f1 and f2 are selectable functions of volume
(elastic assist) and flow (resistive assist), values for
which can be estimated from the patient’s respi-
ratory mechanics. Potential advantages of this
method are greater patient comfort, lower Ppeak,
and enhancement of the patient’s reflex and
behavioral respiratory control mechanisms.

HFOV

Several modes of ventilation have in common
the use of V1 smaller than the dead space
volume. Gas exchange does not occur through
convection as during conventional ventilation,
but through bulk flow, Taylor diffusion, molecu-
lar diffusion, nonconvective mixing, and possibly
other mechanisms. Theoretical benefits of HFOV
include the possibility to keep the lung open
(recruited) while limiting overdistention, since
tidal excursions are small. A substantial risk is
that dynamic hyperinflation is the rule and
alveolar pressure is greatly underestimated by
monitoring pressure at the airway opening.
HFOV holds promise as the natural extension
of lowering the VT as a means to prevent
volutrauma, and there is renewed interest in this



old technique. In a controlled trial in patients
with ARDS, HFOV showed no advantage in
terms of gas exchange or of short-term or long-
term mortality but did appear to be safe, at least
during the performance of a clinical trial.'® A
nonsignificant trend toward a short-term mortal-
ity benefit for HFOV has been interpreted as a
reason to pursue additional clinical studies. It is
worth mentioning, however, that the control arm
ventilation strategy was not lung-protective,
potentially biasing the study in favor of HFOV.

Noninvasive Ventilation

Mechanical ventilation for acute respiratory
failure carries a high morbidity and mortality
caused, in part, by violation of the glottis by the
endotracheal tube. In patients with acute-on-
chronic respiratory failure, numerous studies
have demonstrated that noninvasive ventilation
(NIV) effectively relieves symptoms, improves
gas exchange, reduces the work of breathing,
lessens complications, shortens the ICU length of
stay, and improves survival.'**

Nasal, oronasal, and full facial masks, as well
as full-head helmets, have been used successful-
ly. Nasal masks are especially difficult to use in
edentulous patients who are unable to control
mouth leak. Careful attention to mask leaks and
adjusting air flow and pressure-support levels
are important considerations. Inflatable cuffs,
nasal bridge protection, and the availability of a
range of mask sizes to ensure proper fit can
minimize mask complications. The author finds
it useful to initiate ventilation by briefly holding
the mask (already connected to the ventilator)
onto the patient’s face, rather than first strapping
the mask on and then initiating ventilatory
assistance. Sedative medications are occasionally
appropriate and can improve tolerance of NIV,
but they carry some risk of respiratory depres-
sion and aspiration.

Patient-ventilator asynchrony (PVA) de-
scribes a patient’s breathing efforts that are not
coupled to machine output. During NIV, two
mechanisms of PVA are common. The first is
failure of the patient to lower sufficiently the
proximal airway pressure (mask pressure) be-
cause of the presence of autoPEEP. As during
invasive ventilation, counterbalancing the auto-
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PEEP with externally applied PEEP provides a
means by which to lower the work of triggering.
The second common mechanism for PVA is
failure of the ventilator to detect end inspiration
because the patient’s subsiding effort is cloaked
by a mask leak. Most pressure-support ventila-
tors terminate inspiration when inspiratory flow
falls to a preset threshold, often at an arbitrary
low value of flow or at a fixed percent of the peak
inspiratory flow. Mask leaks prevent the flow
from falling to this threshold, so the ventilator
fails to switch off the inspiratory pressure even
while the patient is making active expiratory
efforts. This serves to increase patient discomfort
and the work of breathing. Ventilators designed
for NIV are very “leak tolerant” as are some
newer ICU ventilators redesigned with NIV in
mind. Using other methods for terminating
inspiration, such as time-cycled pressure-support
or volume assist-control, can minimize this
problem.

Either conventional ICU ventilators or one of
many portable bilevel pressure-targeted ventila-
tors, initially designed for home ventilation, can
be used. Limitations of portable pressure-target-
ed ventilators include the lack of waveform
displays, the inability to deliver a high Fio,
(greater than about 40%; some new machines
allow an Fio; as high as 1.0), and the potential for
rebreathing of exhaled gas. Whether volume-
preset ventilation (such as assist-control) or
pressure-preset ventilation is superior for NIV
remains debated, but nearly all practitioners now
use pressure-support. Both modes have been
used successfully, but direct comparisons be-
tween modes are few.

The author believes the following points will
minimize the chances that NIV will fail:

1. Develop an individual and institutional com-
mitment to NIV.

2. Select patients carefully, excluding those with
hemodynamic instability, inadequate airway
protective reflexes, or little prospect of im-
provement within the next several days.

3. Have available a selection of masks to increase
the probability of a good fit.

4. Use the pressure-support mode, beginning
with modest settings, such as PEEP =3 cm
H,O, PSV 3=8 cm H,0, and the most



sensitive trigger, periodically removing the
mask to allow the patient to sense its effect.

5. Education, reassurance, and modest sedation
(when required) may improve tolerance to the
mask and ventilator.

6. Increase the PEEP to ease the work of
triggering with a goal of (typically) 4 to 6 cm
H,O; raise the level of PSV until the patient is
subjectively improved, the Vris sufficient, and
the rate begins to fall, with a goal of 10 to 15
cm H,O.

7. Detect and correct mask leaks by reposition-
ing, achieving a better fit, changing the type of
mask, removing nasogastric tubes (gastric
decompression is not recommended during
NIV), or adjusting the ventilator to reduce
peak airway pressure.

8. Pay particular attention in the first hour to
patient-ventilator synchrony, using waveform
displays as a guide.

Management of the Patient’s Initial
Ventilator Settings

Initial ventilator settings depend on the goals
of ventilation (eg, full respiratory muscle rest vs
partial exercise), the patient’s respiratory system
mechanics, and minute ventilation needs. Al-
though each critically ill patient presents myriad
challenges, it is possible to identify five subsets of
ventilated patients: (1) the patient with normal
lung mechanics and gas exchange; (2) the patient
with severe airflow obstruction; (3) the patient
with acute-on-chronic respiratory failure; (4) the
patient with acute hypoxemic respiratory failure,
and (5) the patient with restrictive lung or chest
wall disease.

In all patients, the initial Fio, should usually
be 0.5 to 1.0 to ensure adequate oxygenation
although it can usually be lowered within
minutes when guided by pulse oximetry and,
in the appropriate setting, applying PEEP. In the
first minutes following institution of mechanical
ventilation, the physician should remain alert for
several common problems. These include, most
notably, airway malposition, aspiration, and
hypotension. Positive-pressure ventilation may
reduce venous return and so cardiac output,
especially in patients with a low mean systemic
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pressure (eg, hypovolemia, venodilating drugs,
decreased sympathetic tone from sedating drugs,
neuromuscular disease) or a very high ventila-
tion-related pleural pressure (eg, chest wall
restriction, large amounts of PEEP, or obstruction
causing autoPEEP). If hypotension occurs, intra-
vascular volume should be rapidly expanded
while steps are taken to lower the pleural
pressure (smaller VT, less minute ventilation).

Patients With Normal Respiratory Mechanics
and Gas Exchange

Patients with normal lung mechanics and gas
exchange can require mechanical ventilation for
several reasons: (1) because of loss of central drive
to breathe (eg, drug overdose or structural injury
to the brainstem); (2) because of neuromuscular
weakness (eg, high cervical cord injury, acute
idiopathic myelitis, myasthenia gravis); (3) as an
adjunctive therapy in the treatment of shock; or (4)
to achieve hyperventilation (eg, in the treatment
of elevated intracranial pressure following head
trauma). In patients who do not have acute lung
injury, data are accumulating that using low tidal
volumes (6-8 mL/kg of predicted body weight)
reduces the risk of developing lung injury.*'

Soon after the initiation of ventilation, airway
pressure and flow waveforms should be inspect-
ed for evidence of patient-ventilator dyssyn-
chrony or undesired patient effort. If the goal of
ventilation is full rest, the patient’s drive can
often be suppressed by increasing the inspiratory
flow rate, frequency, or VT, of course, the latter
two changes may induce respiratory alkalemia. If
such adjustments do not diminish breathing
effort (despite normal blood gases) to an unde-
tectable level, sedation may be necessary. If this
does not abolish inspiratory efforts and full rest
is essential (as in shock), muscle paralysis should
be considered. A small amount of PEEP (5-7.5
cm H,0) is used to prevent atelectasis.

Patients With Severe Airflow Obstruction

Severe obstruction is seen most commonly in
patients with status asthmaticus but also rarely in
those with inhalation injury or central airway
lesions, such as tumor or foreign body, that are
not bypassed with the endotracheal tube. Some



of these patients may benefit from NIV, but most
will require invasive ventilation. These patients
are usually extremely anxious and distressed.
Deep sedation should be provided in such
instances, supplemented in some patients by
therapeutic paralysis. These interventions help to
reduce oxygen consumption (and hence carbon
dioxide production) to lower airway pressures
and to reduce the risk of self-extubation.
Because the gas exchange abnormalities of
airflow obstruction are largely limited to ventila-
tion-perfusion mismatch, an Fio, of 0.5 suffices in
the vast majority of patients. The primary
principle behind ventilation settings is to limit
minute ventilation to reduce the consequences of
dynamic hyperinflation.”* An inspiratory flow of
60 L/min is recommended, and higher flow rates
do little to increase TE. For example, if the VT is
500, the respiratory rate is 15, and the flow is 60
L/min, the Tk is 3.5 s. Raising flow (dramatically)
to 120 L/min increases the expiratory time to only
3.75 s, a trivial improvement. In contrast, a small
reduction in respiratory rate to 14/min increases
the Tk to 3.8 s. This example serves to emphasize
not only the relative lack of benefit of raising the
flow rate but also the importance of minimizing
minute ventilation when the goal is to reduce
autoPEEP. Some patients who remain agitated
during ACV can be made more comfortable by
using PSV (or PACV) with a total inspiratory
pressure of around 30 cm H,O. Finally, if the
patient is triggering the ventilator, some PEEP
should be added to reduce the work of trigger-
ing.” Although this occasionally compounds the
dynamic hyperinflation, potentially compromis-
ing cardiac output, usually autoPEEP increases
little as long as PEEP is not set higher than about
85% of the autoPEEP. The goals are (1) to
minimize alveolar overdistention (Pplat < 30)
and (2) to minimize dynamic hyperinflation
(autoPEEP < 15 cm H,O or end-inspiratory lung
volume < 20 mL/kg), a strategy that largely
prevents barotrauma. Reducing minute ventila-
tion to achieve these goals generally causes the
Pco, to rise above 40 mm Hg, often to 70 mm Hg
or higher. Although this requires sedation, such
permissive hypercapnia is tolerated quite well,
except in patients with increased intracranial
pressure and perhaps in those with ventricular
dysfunction or critical pulmonary hypertension.**
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Patients With Acute-on-Chronic Respiratory
Failure

Acute-on-chronic respiratory failure is a term
used to describe the exacerbations of chronic
ventilatory failure, often requiring ICU admis-
sion, usually occurring in patients with COPD.
Unlike patients with status asthmaticus, patients
in this population tend to have relatively smaller
increases in inspiratory resistance, their expira-
tory flow limitation arising in equal amount from
loss of elastic recoil. As a consequence, in the
patient with COPD and minimally reversible
airway disease, peak airway pressures on the
ventilator tend not to be extraordinarily high, yet
autoPEEP and its consequences are common. At
the time of intubation, hypoperfusion is com-
mon, as manifested by tachycardia and relative
hypotension, and typically responds to briefly
ceasing ventilation combined with fluid loading.

Many such patients can be ventilated effec-
tively with NIV as described above. For those
who require intubation, the goals of rest and
appropriate hypoventilation can usually be
achieved with initial ventilator settings of a VT
of 5 to 7 mL/kg and a respiratory rate of 20 to 24
breaths/min, with a VACV mode set on minimal
sensitivity. Because gas exchange abnormalities
are primarily those of ventilation-perfusion mis-
match, supplemental oxygen in the range of an
Fio, of 0.4 should achieve better than 90%
saturation of arterial hemoglobin. Daily sponta-
neous breathing trials (SBT) help identify the
earliest opportunity to extubate. Also, there may
be advantage in extubating to NIV, even after
failing an SBT.

Patients With Acute Hypoxemic Respiratory
Failure

Acute hypoxemic respiratory failure is
caused by alveolar filling with blood, pus, or
edema, the end results of which are impaired
lung mechanics and gas exchange. The gas
exchange impairment results from intrapulmo-
nary shunt that is largely refractory to oxygen
therapy. In ARDS, the significantly reduced
functional residual capacity arising from alveolar
flooding and collapse leaves many fewer alveoli
to accept the V1, making the lung appear stiff and



dramatically increasing the work of breathing.
The ARDS lung should be viewed as a small
lung, however, rather than a stiff lung. In line
with this current conception of ARDS, it is now
clearly established that excessive distention of
the ARDS lung compounds lung injury (ventila-
tor-induced lung injury) and may induce sys-
temic inflammation."*® Ventilatory strategies
have evolved markedly in the past decade,
changing clinical practice and generating tre-
mendous excitement.

The goals of ventilation are to reduce shunt,
avoid toxic concentrations of oxygen, and choose
ventilator settings that do not amplify lung
damage. The initial Fio, should be 1.0 in view of
the typically extreme hypoxemia. PEEP is indi-
cated in patients with diffuse lung lesions but may
not be helpful in patients with focal infiltrates,
such as lobar pneumonia. In patients with ARDS,
higher levels of PEEP than required for oxygen-
ation may reduce the degree of recruitment-
derecruitment, potentially improving outcomes
as discussed above. Recruitment maneuvers have
generally applied a sustained inflation pressure
while the patient is therapeutically paralyzed. For
example, CPAP of 40 cmH,O for 40 s has often
been chosen. Although these maneuvers have
shown some ability to transiently raise the Po,,
they have not been shown to change clinically
meaningful outcomes. The VT should be 6 mL/kg
on ACV; a higher VT is associated with higher
mortality. Potentially, PACV could be used as well,
but the parameters that ensure lung-protective
ventilation are not known. In either mode, the
respiratory rate should be set at 24 to 36/min. An
occasional consequence of lung-protective venti-
lation is hypercapnia. This approach of preferring
hypercapnia to alveolar overdistention, termed
“permissive hypercapnia,” is very well tolerated.

Patients With Restriction of the Lungs or
Chest Wall

A small V1 (5-7 mL/kg) and rapid rate (18-
24/min) are especially important to minimize the
hemodynamic consequences of positive-pressure
ventilation and to reduce the likelihood of
barotrauma. The Fio, is usually determined by
the degree of alveolar filling or collapse, if any.
When the restrictive abnormality involves the
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chest wall (including the abdomen), the large
ventilation-induced rise in pleural pressure has
the potential to compromise cardiac output. This
in turn will lower the mixed venous Po, and, in
the setting of ventilation/perfusion mismatch or
shunt, the Pao, as well. If the physician responds
to this falling Pao, by augmenting PEEP or
increasing the minute ventilation, further circu-
latory compromise ensues. A potentially cata-
strophic cycle of worsening gas exchange,
increasing ventilator settings, and progressive
shock is begun. This circumstance must be
recognized because the treatment is to reduce
dead space (eg, by lowering minute ventilation
or correcting hypovolemia).

The Airway During Split-Lung
Ventilation

The lungs may be separated for purposes of
differential ventilation by two major means: (1)
blocking the bronchus of a lobe or whole lung
while ventilating with a standard endotracheal
tube, or (2) passing a double-lumen tube (DLT).
A number of different devices have been used to
obstruct a bronchus, but experience is largest
with the Fogarty embolectomy catheter. DLTs
carry the advantages of allowing each lung to be
ventilated, collapsed, re-expanded, or inspected
independently.

Split-lung ventilation is only rarely useful in
the critical care unit, but occasionally its benefits
are dramatic. Large bronchopleural fistulas se-
verely compromise ventilation and may not
respond to HFOV. A DLT will maintain ventila-
tion of the healthy lung while facilitating closure
of the bronchopleural fistula. During massive
hemoptysis, lung separation may be lifesaving by
minimizing blood aspiration, maintaining airway
patency, and tamponading the bleeding site
while awaiting definitive therapy. Finally, pa-
tients with focal causes of acute hypoxemic
respiratory failure, such as lobar pneumonia or
acute total atelectasis, may benefit from differen-
tial ventilation and application of PEEP.

Ventilator Bundle

Ventilator-associated pneumonia (VAP) is
costly, may contribute to mortality, and is often



preventable. Several tactics have been shown to
reduce the risk of VAP and, when joined together,
this group is called the “ventilator bundle.” The
components include elevation of the head of the
bed to 30° or greater; daily sedative interruption;
daily spontaneous breathing trials; deep venous
thrombosis prophylaxis; and preventive measures
to reduce the risk of GI hemorrhage.

Nothing to Disclose

The author has disclosed that no relation-
ships exist with any companies/organizations
whose products or services may be discussed in
this chapter.
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Chapter 4. Hypertensive Emergencies and Urgencies

R. Phillip Dellinger, MD, MSc, FCCP; and Jean-Sebastien Rachoin, MD

Obijectives:

* Be able to recognize a hypertensive emergency.

* Have insight into characteristics of antihypertensive
medications that allow matching them to specific types
of hypertensive emergencies.

* Know toxicities and side effects of antihypertensive
drugs.

Key words: aortic dissection; hypertensive emergency;
hypertensive encephalopathy; postoperative hypertension;
stroke

Synopsis:

A hypertensive emergency is defined as hypertension
associated with acute organ dysfunction. In the presence of
a hypertensive emergency, the goal BP over the first hour
should be a reduction in mean arterial pressure no greater
than 20% to 25% (in consideration of the effects of BP
lowering on the cerebrovascular blood flow autoregulation
curve, which is likely to be shifted to the right in these
patients). Exceptions to the 20% to 25% rule include
unclipped or uncoiled aneurismal hemorrhage associated
with hypertension and aortic dissection. There are many
drugs used to treat hypertensive emergencies. Intravenous
nicardipine acts primarily as an arterial vasodilator and has a
quick onset of action but a slower offset. Clevidipine is a
newer agent similar to nicardipine but with a quicker offset.
Intravenous labetalol is a combined of3-blocker, and esmolol
is an IV B-blocker, both of potential utility. Sodium
nitroprusside has stood the test of time as a reliable agent
for effective treatment for hypertensive emergencies, al-
though there should be some caution as to cyanide toxicity
when exceeding US Food and Drug Administration labeling
instructions or in patients with renal insufficiency. Specific
clinical situations that require special considerations for
therapy include hypertensive encephalopathy, acute aortic
dissection, acute ischemic stroke, and intracerebral/sub-
arachnoid hemorrhage. Treatment of catecholamine-induced
hypertension is best managed with benzodiazepines along
with nicardipine or verapamil. postoperative hypertension is
associated with wound hemorrhage and other complications.

Definitions

Hypertension is one of the most common chronic
medical conditions affecting almost one-third of
adults in the United States." The course of this
disease can be complicated by abrupt and severe

Downloaded From: http://books.publications.chestnet.or g/ on 07/19/2012

elevation in BP resulting in end-organ damage
with dire consequences.

The nomenclature pertaining to hypertensive
crises has undergone many revisions and the
term malignant hypertension has been replaced
by two more explicit appellations, hypertensive
emergency and hypertensive urgency (based on
the presence or absence of end-organ damage).”
Distinguishing between those two syndromes
has substantial clinical implications and impacts
the goal of BP treatment as to both timing and
mode of administration of medications.

Hypertensive urgency is defined as an
elevation of BP greater than 179/109 mm Hg.
When accompanied with end-organ dysfunction,
it is called hypertensive emergency.”

Frequency, Risk Factors, and Impact
on Mortality

The exact incidence of hypertensive emer-
gency is unclear, ranging from 1% to 15% in most
studies.”™ There does not seem to be any decline
in its occurrence over the last 40 years.’> On the
other hand, however, the mortality attributable to
hypertensive emergencies has steadily declined
over the same time period from more than 70% to
less than 10% currently.®”

The most frequent risk factors for hyperten-
sive emergency include lack of access to a
primary care physician, poor compliance with
medications, drug abuse, and obesity.8 Secondary
causes of hypertension are not commonly seen
but can be considered in young nonobese
patients.

Pathogenesis

Two parallel processes synergistically interact
and result in hypertensive emergency. The
primum mauvens seems to be the rapid elevation
in BP from various mechanisms (eg, illicit drug
use) that induces both volume contraction (from
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Figure 1. Cerebral blood flow autoregulation. Reprinted
with permission from ACCP Critical Care Medicine Board
Review. 20th ed. Northbrook, IL: American College of Chest
Physicians; 2009.

pressure natriuresis) with subsequent generation
of vasoconstrictive substances and endothelial
damage with free oxygen species formation and
thrombotic microangiopathy.

Identification of End-Organ Damage

A complete history, thorough physical exam-
ination, and pertinent laboratory and imaging
need to be obtained to differentiate between
hypertensive urgency and emergency.

Headache, confusion, seizures, or visual
disturbances can indicate hypertensive encepha-
lopathy,” whereas chest pain and shortness of
breath can point toward cardiac ischemia or
aortic dissection.

The initial evaluation needs to include at least
a complete blood count (rule out hemolysis),
chemistry basic panel (acute renal insufficiency),
urine analysis, chest radiograph (congestive
heart failure or aortic dissection), and ECG
(cardiac ischemia). Appropriate ordering of CT
scan of the head or chest can be considered as
well as cardiac echocardiography, depending on
the circumstances.'® In pregnant patients, tests
for values of a urine protein and creatinine and
blood uric acid need to be ordered. Furthermore,
we typically order a urinary drug screen on all
patients.

Plasma renin activity, aldosterone, and meta-
nephrines can also be obtained if a secondary
cause is suspected. Of note, hypokalemia is not
an infrequent finding and should not by itself
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trigger a workup for a secondary cause (cause
other than essential hypertension)."!

Once the clinical picture of the patient is
classified as emergency vs urgency, appropriate
therapy can be instituted.

Principles of Treatment of
Hypertensive Urgencies and
Emergencies

In normotensive patients, cerebral blood flow
is maintained constant despite variation in
systemic BP by changing the caliber of lumen
or arterioles. This process of autoregulation can
be sustained between 50 and 150 mm Hg for
normal patients. Beyond the upper limit, the
increased BP overcomes the protective abilities of
vessels that vasodilate, leading to brain hyper-
perfusion, cerebral edema, and hypertensive
encephalopathy.'?

In chronic hypertensive patients, the same
autoregulation curve is shifted to the right, and
brain blood perfusion occurs at higher pres-
sure.”® Additionally, the curve can become a
straight line in patients with acute CNS events
(such as ischemic stroke) or significant athero-
sclerosis (Fig 1).

Overzealous lowering of BP can lead to organ
hypoperfusion.'*'> Therefore, cautious lowering
of BP should be performed, and patients with
hypertensive emergency are best managed in an
intensive care setting.

The issues that need to be addressed to guide
optimal therapy are the BP goal, the timing of
attainment, mode of administration, and type of
antihypertensive.

For hypertensive urgencies, the clinician
should aim for a progressive lowering of the BP
over 1 to 2 days. In some cases, an even longer
time period may be appropriate. In the absence
of end-organ damage, a rapid decrease in BP
may cause more harm than good. Oral medica-
tions should be used, and the clinician should
restart the patient’s regular medications. Addi-
tional oral medications can be used to lower as
needed to treat spikes in BP (see section on oral
medications).

For hypertensive emergencies, the goal BP
should be a reduction of the mean arterial
pressure of 20% to 25% within 1 h.'® Afterward,



Table 1—Treatment of Hypertensive Emergencies

Clinical Setting Goal Blood Pressure  Timing Preferred Agents Comment
Aortic dissection Systolic BP <120 or <20 min Esmolol followed by Adequate B-blockade
normalizing BP nicardipine or should precede initiation
nitroprusside or of vasodilators
labetalol
Acute ischemic Systolic BP <220 Within 1 h Labetalol, nicardipine Goal systolic BP <185 in
cerebrovascular patients eligible for
accident thrombolytic therapy
Acute hemorrhagic Systolic BP <140 Within 1 h Labetalol, nicardipine Reduces hematoma
stroke growth
Hypertensive MAP lower by 20% Within 1 h Labetalol, nicardipine, or ~ Avoid sodium
encephalopathy to 25% nitroprusside nitroprusside
Pregnancy Diastolic BP <110 Within 1 h if IV hydralazine or Addition of magnesium
preeclampsia labetalol, nicardipine for preeclampsia
(ultimate treatment is
delivery)
Postoperative Systolic BP <180 Within 1 h Nicardipine or labetalol Treat reversible factors
hypertension first

a more progressive and much slower lowering
can be done. Patient should be treated in a
controlled setting with IV antihypertensive with
close monitoring of BP using an arterial line. Oral
medications should be started in conjunction
with the parenteral infusion as soon as possible.

Unfortunately, there is a paucity of head-to-
head trials and a strong lack of good-quality
studies about superiority of one agent over
another in regard to morbidity and mortality
outcomes.'”” When choosing an IV antihyperten-
sive, physicians should take into account the
clinical presentation, patient’s demographics,
side effects, and route of elimination of the
medication.

IV Agents
Nicardipine

IV nicardipine is a second-generation calcium
channel blocker that acts primarily by arterial
vasodilation and crosses the blood-brain barrier.
Since it acts mainly on arterioles with small
resistance, it does not increase intracranial
pressure and maintains cerebral blood flow.'® Tt
increases cardiac index and coronary blood flow
and is unlikely to induce cardiac ischemia.'’

The parenteral form of nicardipine has an
acidic pH (between 3.7 and 4.7) thus should
preferentially be administered via a central line.
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If a peripheral line is used, it should be rotated
every 12 h. This medication is contraindicated in
patients with advanced aortic stenosis."”

The initial infusion rate is 5 mg/h with an
onset of action less than 20 min. It can be titrated
by increments of 2.5 mg/h up to 30 mg/h.

One study® of patients admitted through the
ED with hypertensive crisis (of which 64% had
end-organ damage) randomized subjects to
either IV nicardipine or IV labetalol. The authors
found that at 30 min, patients who received
nicardipine had a higher likelihood of achieving
their goal BP compared with those who received
labetalol.

Clevidipine

Clevidipine is a third-generation calcium
channel blocker that was recently approved for
use in the United States. It is metabolized by ester
hydrolysis, thus is not affected by hepatic or
renal dysfunction.”’ Similar to nicardipine, it
does not decrease cardiac index.

Its main drawback is that it is prepared as a
20% phospholipid emulsion. Therefore, it should
not be administered to patients with abnormal
lipid metabolism, and clinicians need to account
for the infused calories. Because of the risk for
infection, the vial should be changed 4 h after
puncturing.



The initial infusion rate is 1 to 2 mg/h with a
very rapid onset of action (less than 5 min) and
short half-life (1 min). It can be titrated by
doubling the rate every 90 s, but caution is
advised since there are limited data for high
doses (>21 mg/h) or when used for a prolonged
period (72 h).

Aronson et al** analyzed the results from
three prospective open-label parallel studies that
included 1,512 patient after cardiac surgery. The
authors found a similar impact of clevidipine
compared with nicardipine on BP control but
better than nitroglycerine or sodium nitroprus-
side. In addition, clevidipine had a mortality
benefit compared with sodium nitroprusside but
not to the other drugs.

Clevidipine was also shown to be effective for
treating patients who presented to the ED or the
ICU with hypertensive crises.”®

Overall, clevidipine is an attractive but more
expensive option for rapid, tight, and short-term
BP control, especially in the postoperative setting.

Labetalol

IV labetalol is a combined o- and B-blocker
with a 1:7 ratio.** Because of this dual property, it
reduces heart rate without decreasing cardiac
output. It also does not decrease cerebral or renal
blood flow and does not increase intracranial
pressure.”

It can be administered as intermittent IV
doses starting at 20 mg followed by increments of
20 to 80 mg every 10 min or by a constant
infusion starting at 1 mg/minute to a total dose
of 300 mg.**2® If the desired BP effect in not
achieved with a total dose of 300 mg, then an
alternate medication should be initiated. The
anticipated duration of BP control after labetalol
loading is 6 to 8 h.

It can be used in most hypertensive emer-
gency cases.

Esmolol

Esmolol is an IV B-blocker, being fairly
selective with a short half-life (less than 10 min)
and quick onset of action (1 min).? In our
experience, it does not constitute a potent
antihypertensive agent and is more useful for

Downloaded From: http://books.publications.chestnet.or g/ on 07/19/2012

chronotropic control. It has, however, substantial
importance in the treatment of aortic dissection,
where decreased inotrophy and avoidance of
tachycardia are important features of treatment.
It is administered as an infusion with a loading
dose 1 mg/kg followed by a drip at 50 pg/kg/
min.

Enalaprilat

Enalaprilat is an IV ACE inhibitor that
exhibits vasodilatory properties by reducing the
production of angiotensin II. It is administered as
intermittent IV doses with similar effect at doses
of 0.625 mg or greater.”

It does not reliably reduce BP within 60 min
and can have a peak effect up to 4 h after
administration that may last up to 24 h. Thus,
compared with other medications, it constitutes a
less attractive option.

It is contraindicated in the third trimester of
pregnancy. It may be particularly useful in severe
hypertension associated with scleroderma and
high levels of circulating angiotensin II.

Sodium Nitroprusside

Sodium nitroprusside (NTP) is a nitric oxide
donor that induces a potent arteriolar and venous
vasodilation. Although it quickly lowers BP, some
of its systemic effects are potentially problematic.

Sodium nitroprusside has been reported to
induce coronary and cerebral steal syndromes as
well as increase intracranial pressure, although
these are unlikely to be of clinical issue.”’ > When
combining several studies comparing clevidipine
(CLV) with nitroglycerin, sodium nitroprusside,
or nicardipine in patients after cardiac surgery.
there was no difference in the incidence of
myocardial infarction, stroke, or renal dysfunction
for CLV-treated patients compared with the other
treatment groups. There was also no difference in
mortality rates between the CLV and nitroglycer-
ine or CLV and nicardipine. However, mortality
was slightly greater with NTP compared with
CLV (P =.04).* Sodium nitroprusside also has the
potential to induce cyanide and thiocyanate
toxicity, although neither is likely to occur when
following US Food and Drug Administration-
recommended dosing. Despite these concerns,



NTP has been used in thousands of patients with
clinical success, including a vast number of
patients with hypertensive encephalopathy with
effective treatment of cerebral edema. In a
controlled study comparing NTP with fenodo-
pam, a dopamine-1 antagonist with similar
vasodilator characteristics as NTP, NTP was
shown to be equally effective and safe.

The use of IV NTP requires hemodynamic
monitoring with an arterial line in place. Sodium
nitoprusside has the shortest half-life of all the
effective arteriolar vasodilators used to treat
hypertensive emergencies, offering a distinct
advantage in that regard.

Hydralazine

IV hydralazine is a peripheral vasodilator
with less predictable onset of action and magni-
tude of effect.** It may induce reflex tachycardia,
which could be detrimental in the presence of
myocardial ischemia or aortic dissection. It is
thought to be a very effective drug for the
treatment of preeclampsia and eclampsia. It also
has utility in the immediate postop period, as
patient’s bridge from nil per os to capability for
oral intake (as does IV bolus metoprolol in this
circumstance).

Other

Diuretics and nitroglycerin can be considered
for patients with acute pulmonary edema or
decompensated congestive heart failure with
very high filling pressures. Nitroglycerin is a
predominantly venous dilator that can decrease
both preload and cardiac index.

Diuretic administration should be confined to
these cases since most other patients with
hypertensive crises are volume depleted.

Fenoldopam is a peripheral dopamine-1 ago-
nist with similar BP-lowering effects as nitroprus-
side but without any concerns as to cyanide
toxicity in the presence of renal insufficiency.”

Oral Medications
Captopril

Captopril is the fastest-acting angiotensin-
converting enzyme inhibitor with an onset of
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action of 15 min. It can induce a reliable drop in
the BP that lasts for 4 to 6 h.**?” The starting dose
is 6.25 mg.

Clonidine

Clonidine is a central-acting o, agonist. It
induces a decrease in the sympathetic tone with a
significant reduction in BP.*3° It can also cause
sedation and is most useful in patients with drug
or alcohol withdrawal. Doses start at 0.1 mg/ h.*

A rebound effect has been reported on
discontinuation. This side effect is worsened
with concomitant B-blockade therapy.*

Labetalol

The oral form of labetalol has an ao- to B-
blocker ratio 1:4 and can be used at doses starting
at 100 to 200 mg/h with good results.*'

Nifedipine

Nifepidine can result in significant hypoten-
sion shortly after administration with risk for
major morbidity and mortality. Its use in a short-
acting form for treatment of hypertensive urgen-
cy should be avoided in most circumstances.** Tt
does have characteristics that may offer advan-
tages in severe preeclampsia associated hyper-
tension.

Specific Clinical Situations
Hypertensive Encephalopathy

A 52-year-old man had generalized seizures
and a BP of 244/160 mm Hg. The patient
received lorazepam IV with the cessation of
seizures. He was intubated and mechanically
ventilated. A fundus examination revealed pap-
illedema, supporting the diagnosis of hyperten-
sive encephalopathy. Clinical manifestations of a
hypertensive encephalopathy-induced increase
in intracranial pressure include headache, nau-
sea, vomiting, confusion, lethargy, generalized
seizures, and coma. A differential diagnosis of
hypertensive encephalopathy includes severe
hypertension in association with subarachnoid



hemorrhage, intracerebral hematoma, or stroke.
A CT scan may be required to ensure that these
entities are absent. In hypertensive encephalop-
athy, as well as in most hypertensive emergencies
and urgencies, the initial BP therapeutic target is
to decrease the mean arterial pressure by 15% to
25%.

Acute Aortic Dissection

Aortic dissection is caused by a tear in the
intima of the aorta and is propagated by pulse
wave. It is diagnosed usually by CT scan imaging
of the aorta with IV contrast or by transesoph-
ageal echocardiography. It is classified into types
A or B, depending on whether it involves the
ascending aorta (type A involves the ascending
aorta). The mainstay of management of type A
aortic dissection is surgery coupled with BP
control. For type B, however, aggressive BP
control is considered equivalent to surgical
intervention if vital organ perfusion is not
compromised by dissection-induced obstruction
of major vessels coming off the aorta.*®

Since propagation of the arterial tear is depen-
dent mainly on the cardiac pulse wave, therapy is
aimed at decreasing shear forces while avoiding
tachycardia (but also avoiding bradycardia).
Thus, a combined approach using effective B-
blockade followed by a vasodilator is considered
the most effective treatment.** The goal of
treatment is to achieve a systolic BP of less than
120 mm Hg using parenteral agents in less than 20
min.*

Although it is only approved for use in the
perioperative settings, esmolol is considered the
B-blocker agent of choice for treatment of aortic
dissection.?®*®  After adequate p-blockade, we
usually add IV NTP or nicardipine. Alternatively,
IV labetalol can also be used as a single drug.*”

Acute Ischemic Stroke

Soon after an acute ischemic cerebral-vascu-
lar event, blood vessels surrounding the affected
area lose their capacity to autoregulate and
maintain a constant blood flow. Perfusion of the
affected and surrounding area will depend
mainly on pressure gradient. BP elevation should
therefore be viewed as a physiologic response
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aimed at overcoming changes in vessel autoreg-
ulation.*®*” Precipitous changes in BP can aggra-
vate or induce ischemic events.

The impact of BP on outcomes in stroke has a
U-shaped curve effect with worse outcomes
present at both low and high pressures.”®”!

In an observational study of 304 patients,
Castillo et al®® found that the use of antihyper-
tensive medications and a drop of greater
>20mm Hg of BP in the first 24 h were
significantly associated with adverse outcomes
(death, neurologic deterioration).

If a patient is not considered candidate for
thrombolytic therapy, recent guidelines recom-
mend initiation of antihypertensive treatment
only when the systolic BP is greater than 220 mm
Hg or diastolic >120 mm Hg. A lower threshold
(systolic of 185 and diastolic of 110) is recom-
mended for patients eligible for reperfusion
therapy.™

Nicardipine and labetalol are considered
drugs of choice. Sodium nitroprusside is recom-
mended as a second-line treatment

Intracerebral and Subarachnoid
Hemorrhage

In the setting of an intracerebral hemorrhage,
marked elevation in BP is thought to put the
patient at risk for hematoma expansion.”* This
occurs mainly in the first 24 h, may occur in the
absence of significant BP elevation, and is
associated with increased mortality.”

A recent prospective controlled study ran-
domized 404 patients into an aggressive BP
treatment goal of 140 mm Hg within 1 h and
subsequently to maintain this target level for the
next 7 days or a systolic BP of 180 mm Hg. This
study showed that intensive BP control was
associated with less hematoma growth over the
72 h following admission.”®*”

Thus, indirect evidence suggests that early
intensive BP control (systolic BP <140 mm Hg
within 1 h) could improve outcomes in patient
with intracranial hemorrhage.

Hypertension is seen in about one-third of
patients with subarachnoid hemorrhage.”® There
is a general agreement that BP should be lowered
to normal prior to the coiling or clipping of the
aneurysm and that afterward a higher BP not



only is more tolerated but also can potentially
have beneficial effects.”

Pregnancy

Hypertension can precede, occur, or compli-
cate pregnancy and is defined as an elevation of
BP >140/90 mm Hg.*

The treatment of hypertension in the preg-
nant patient needs to balance the potential
adverse effects of BP in the mother with the
decrease in placental perfusion. The threshold for
treatment is not clear, and tight BP control has
been shown to decrease only the need for
emergent hospitalization, not the incidence of
either preeclampsia or eclampsia.®*

There was no BP difference between nicardi-
pine and labetalol and no hypotensive episodes
in a study that randomized 60 pregnant patients
with hypertensive crises to one of the two
treatments.®?

Guidelines recommend treatment at a dia-
stolic >105 mm Hg or in the presence of end-
organ damage, and IV hydralazine is considered
the drug of choice for hypertensive crisis.®
Patients with preeclampsia also need to receive
intravenous magnesium sulfate.

Catecholamine-Induced Hypertension

Most of the time, this is seen in the setting of
cocaine abuse or clonidine withdrawal. In pa-
tients taking cocaine, B-blockers and even com-
bined o- and B-blockers (labetalol) should likely
be avoided because of a concern of an unopposed
a effect on BP.%° Elevated BP should be managed
with benzodiazepines along with nicardipine or
verapamil.**

Postoperative Hypertension

The incidence of postoperative hypertension
is hard to quantify since there is a lack of a
consensual definition.®® Abrupt elevation of sys-
temic pressure is not unusual after surgery and
can be due to pain, increased sympathetic tone,®”
or rapid fluid shifts and may be a short-lived
event that will not lead to adverse consequences.

Treatment threshold should be individual-
ized to patient characteristics (risk of bleeding,
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comorbid conditions) and types of procedure
(vascular or intracranial). In some situations,
maintaining adequate pressure can be crucial
for organ perfusion (such as in thoracic aneu-
rysm repair). In the specific setting of cardiotho-
racic surgery, treatment should be initiated when
BP reaches 140/90 mm Hg or with a mean
arterial pressure of 105.°°

When facing significant elevations of BP in
the postoperative setting, we usually start by
identifying and correcting reversible factors and
then discuss goals and timing of BP control with
the operating surgeon.

Most postoperative blood hypertension lasts
less than 6 h,°® and good pressure control can be
performed using nicardipine or labetalol, de-
pending on the clinical setting.*’

Hypertensive Crisis With High-
Pressure Pulmonary Edema

Clinical features of a severe hypertension-
induced rise in left ventricular (LV) end-diastolic
pressure with associated high pulmonary capil-
lary pressure and pulmonary edema include
severe hypoxemia, CO, retention, pink frothy
sputum, and pulmonary edema seen on a chest
radiograph. The typical patient will have chronic
LV hypertrophy with diastolic function and
normal or increased ejection fraction. Initial
therapy targets any intervention that lowers the
LV end-diastolic pressure. This includes an
increase in venous capacitance, a decrease in
arteriolar resistance, and increasing compliance
(softening) of the LV. Diuresis is an effective
therapy, although studies have demonstrated
that most patients with this diagnosis do not
have increased intravascular blood volume;
therefore, vasodilatation is the most effective
therapy. The use of diuretics, although effective
in abating pulmonary edema, may leave the
patient’s intravascular volume depleted with
prerenal azotemia. Since diastolic function is
often present, therapy with B-blockers is also
very effective. Labetalol may also be useful as a
combination a-/B-blocker. Acute ischemia, asso-
ciated with hypertension, may occur during
weaning from mechanical ventilation and also
may produce an increase in BP, an associated rise
in LV end-diastolic pressure, and pulmonary



edema as a cause of weaning failure. This
presentation is likely to be more insidious than
the presentation of the patient presenting to the
emergency department with acute hypertension-
induced pulmonary edema since lower ranges of
BP elevation may be present with a contribution
of myocardial ischemia-induced wall stiffness
playing a prominent role in the rise in pulmonary
capillary pressure.

Nothing to Disclose

The authors have disclosed that no relation-
ships exist with any companies/organizations
whose products or services may be discussed in
this chapter.
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